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Accelerometer

Behavioral model of MEMS accelerometer

Library

Sensors

ol
ofR -
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The Accelerometer block implements a behavioral model of a MicroElectroMechanical
Systems (MEMS) accelerometer. For the default output type Voltage level, the
accelerometer provides an output voltage that is proportional to the acceleration rate
presented at the mechanical translational physical port R. The output voltage is limited
according to the values that you provide for maximum and minimum output voltage.

Description

The block also has an alternative output type, PAM duty cycle. With this choice,
the output of the block is a PWM signal with a duty cycle that is proportional to the
measured acceleration. You can limit the variation in duty cycle to a specified range.

Optionally, you can model sensor dynamics by setting the Dynamics parameter to
Model sensor bandwidth. Including dynamics adds a first-order lag between the
angular rate presented at port R and the corresponding voltage applied to the electrical +
and - ports.

If running your simulation with a fixed-step solver, or generating code for hardware-in-
the-loop testing, MathWorks recommends that you set the Dynamics parameter to No

dynamics — Suitable for HIL, because this avoids the need for a small simulation
time step if the sensor bandwidth is high.



Accelerometer

Dialog Box and Parameters

=

Block Parameters: Accelerometer

Accelerometer

This block represents an accelerometer. The acceleration at mechanical translational port R is mapped to

either a voltage level or the duty cycle of a PWM voltage across the electrical + and - ports.

Parameters

Output type: |VOItage level -

Sensitivity: 1000 mv/gee -

Output vqltage for zero 2.5 y -

acceleration:

Maximum output voltage: 4 v -

Minimum output voltage: 1 v -

Dynamics: No dynamics - Suitable for HIL -
0K ] | Cancel | | Help Apply

Output type

Select one of the following options to define the block output type:

+ Voltage level — The amplitude of the output voltage is proportional to the

measured acceleration. This is the default option.

* PWM duty cycle — The duty cycle (on time divided by the pulse total time) is

proportional to the measured acceleration.

Sensitivity

The change in output voltage level per unit change in acceleration when the output is
not being limited. This parameter is only visible when you select Voltage level for
the Output type parameter. The default value is 1000 mV/gee.

Output voltage for zero acceleration

The output voltage from the sensor when the acceleration is zero. This parameter is
only visible when you select Voltage level for the Output type parameter. The

default valueis 2.5 V.

Maximum output voltage

The maximum output voltage from the sensor, which determines the sensor
maximum measured positive acceleration. This parameter is only visible when you
select Voltage level for the Output type parameter. The default value is 4 V.
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Minimum output voltage
The minimum output voltage from the sensor, which determines the sensor

maximum measured negative acceleration. This parameter is only visible when you
select Voltage level for the Output type parameter. The default valueis 1 V.

Duty cycle sensitivity (percent per unit acceleration)

The change in duty cycle per unit acceleration. Duty cycle is expressed as a
percentage of the PWM period. This parameter is only visible when you select PWM
duty cycle for the Output type parameter. The default value is 10 percent/gee.

Duty cycle for zero acceleration (percent)

The duty cycle output by the sensor when the acceleration is zero. This parameter is
only visible when you select PWM duty cycle for the Output type parameter. The
default value is 50%.

Maximum duty cycle (percent)

The maximum duty cycle output by the sensor. Increasing acceleration levels beyond
this point will not register an increase in duty cycle. This parameter is only visible
when you select PWM duty cycle for the Output type parameter. The default
value is 75%.

Minimum duty cycle (percent)

The minimum duty cycle output by the sensor. Decreasing acceleration levels beyond
this point will not register a decrease in duty cycle. This parameter is only visible
when you select PWM duty cycle for the Output type parameter. The default
value is 25%.

PWM frequency
The frequency of the output pulse train. This parameter is only visible when you
select PWM duty cycle for the Output type parameter. The default value is 1 kHz.
Output voltage amplitude

The amplitude of the output pulse train when high. This parameter is only visible
when you select PWM duty cycle for the Output type parameter. The default
valueis 5 V.

Dynamics
Select one of the following options for modeling sensor dynamics:
* No dynamics — Suitable for HIL — Do not model sensor dynamics. Use this
option when running your simulation fixed step or generating code for hardware-

in-the-loop testing, because this avoids the need for a small simulation time step if
the sensor bandwidth is high. This is the default option.



Accelerometer

* Model sensor bandwidth — Model sensor dynamics with a first-order
lag approximation, based on the Bandwidth and the Initial angular rate
parameter values.

Bandwidth

Specifies the 3dB bandwidth for the measured acceleration assuming a first-order
time constant. This parameter is only visible when you select Model sensor
bandwidth for the Dynamics parameter. The default value is 3 kHz.

Initial acceleration

Determines the initial condition for the lag by specifying the initial output for the
sensor, expressed in units of acceleration. This parameter is only visible when you
select Model sensor bandwidth for the Dynamics parameter. The default value
is O gee.

Ports

The block has the following ports:

R

Mechanical translational port
Positive electrical port

Negative electrical port

1-5
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Band-Limited Op-Amp

Model band-limited operational amplifier

Library

Integrated Circuits

Description

The Band-Limited Op-Amp block models a band-limited operational amplifier. If the
voltages at the positive and negative ports are Vp and Vm, respectively, the output

voltage is:
AV _-V
P m KA
Vout = ¥_Iout ’ Rout
—+1
2nf
where:

A is the gain.
R,,; 1s the output resistance.
1,,; is the output current.

s is the Laplace operator.
f1s the 3-dB bandwidth.

The input current is:

V-V
R.

1242
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Band-Limited Op-Amp

where R;, 1s the input resistance.

The block does not use the initial condition you specify using the Initial output
voltage, VO parameter if you select the Start simulation from steady state check box
in the Simscape™ Solver Configuration block.

Dialog Box and Parameters

Band-Limited Op-Amp

Parameters

Gain, A:

Input resistance, Rin:
Output resistance, Rout:
Minimum output, Vmin:

Maximum output, Vmax:

Bandwidth, f:

Initial output voltage, VO:

Block Parameters: Band-Limited Op-Amp

Vout = A®(Vp-Vm)*1/(s/(2*pi*f}+1)-Tout*Rout

==l

This block models a band-limited op-amp. If the voltages at the positive and negative pins are denoted Vp and
Vm, then the output voltage is given by

where A is the gain, Rout is the output resistance, Iout is the output current, s is the Laplace operator, and f is
the 3dB bandwidth. The input current is given by (Vp-Vm)/Rin where Rin is the input resistance. The no-load
output voltage is limited the range Vmin to Vmax, and the slew rate is limited to +Vdot.

The Initial output voltage, V0, sets the initial op-amp output voltage. Note that this does not take account of
any voltage drop across Rout. The initial condition is not used if you select the Start simulation from steady
state option in the Solver Configuration block.

Maximum slew rate, Vdot:

1000

led

100

-15

15

1000

le5

Ohm

Ohm

Vs

Hz

OK

]| Cancel ||

Help

Apply

Gain, A

The open-loop gain of the operational amplifier. The default value is 1000.

Input resistance, Rin

The resistance at the input of the operational amplifier that the block uses to

calculate the input current. The default value is 1e+06 Q.

1-7
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Output resistance, Rout

The resistance at the output of the operational amplifier that the block uses to
calculate the drop in output voltage due to the output current. The default value is
100 Q.

Minimum output, Vmin
The lower limit on the operational amplifier no-load output voltage. The default value
is -15V.

Maximum output, Vmax

The upper limit on the operational amplifier no-load output voltage. The default
value is 15 V.

Maximum slew rate, Vdot

The maximum positive or negative rate of change of output voltage magnitude. The
default value is 1000 V/s.

Bandwidth, f

The open-loop bandwidth, that is, the frequency at which the gain drops by 3 dB
compared to the low-frequency gain, A. The default value is 1e+05 Hz.

Initial output voltage, VO

The output voltage at the start of the simulation when the output current is zero. The
default valueis O V.

Note: This parameter value does not account for the voltage drop across the output
resistor.

Ports

The block has the following ports:

+

Positive electrical voltage

Negative electrical voltage
ouT
Output voltage



Band-Limited Op-Amp

See Also
Finite-Gain Op-Amp | Fully Differential Op-Amp | Op-Amp

1-9



1 Blocks — Alphabetical List

1-10

CMOS AND

Model CMOS AND gate behaviorally

Library

Logic

Description
The CMOS AND block represents a CMOS AND logic gate behaviorally:

* The block output logic level is HIGH if the logic levels of both of the gate inputs are 1.
* The block output logic level is LOW otherwise.

The block determines the logic levels of the gate inputs as follows:

+ If the gate voltage is greater than the threshold voltage, the block interprets the input
as logic 1.

+  Otherwise, the block interprets the input as logic 0.

The threshold voltage is the voltage value at midpoint between the High level input
voltage parameter value and the Low level input voltage parameter value.

Note: To improve simulation speed, the block does not model all the internal individual
MOSFET devices that make up the gate. See “Basic Assumptions and Limitations” on
page 1-11 for details.

The block models the gate as follows:

* The gate inputs have infinite resistance and finite or zero capacitance.

+ The gate output offers a selection of two models: Linear and Quadratic. For more
information, see “Selecting the Output Model for Logic Blocks”. Use the Output
current-voltage relationship parameter to specify the output model.



CMOS AND

* You can specify propagation delay for both output models. For Linear output, the
block sets the value of the gate output capacitor such that the resistor-capacitor time
constant equals the Propagation delay parameter value. For Quadratic output,
the gate input demand is lagged to approximate the Propagation delay parameter
value.

The block output voltage depends on the output model selected:

*  For Linear model, output high is the High level output voltage parameter value,
and output low is the Low level output voltage parameter value.

*  For Quadratic model, the output voltage for High and Low states is a function of the
output current, as explained in “Quadratic Model Output and Parameters”. For zero
load current, output high is Vce (the Supply voltage parameter value), and output
low is zero volts.

Basic Assumptions and Limitations

The block does not model the internal individual MOSFET devices that make up the
gate (except for the final MOSFET pair if you select the Quadratic option for the
Output current-voltage relationship parameter). This limitation has the following
implications:

* The block does not accurately model the gate's response to input noise and inputs that
are around the logic threshold voltage.

* The block does not accurately model dynamic response.

Circuits that involve a feedback path around a set of logic gates may require a nonzero
propagation delay to be set on one or more gates.

1-11
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Dialog Box and Parameters

Block Parameters: CMOS AND ==
CMOS AND

The block implements a simplified model of a CMOS AND logic gate. Set the Input low, Input high, Output low and
Output high parameters for the supply voltage used. Default values are for a supply voltage of 5 volts.

Parameters
Inputs Outputs Initial Conditions
Low level input voltage: 2 v -
High level input voltage: 3 v -
Average input capacitance: 5 pF -
0K ] | Cancel | | Help Apply

* “Inputs Tab” on page 1-12
* “Outputs Tab” on page 1-13
*  “Initial Conditions Tab” on page 1-14

Inputs Tab

Low level input voltage
Voltage value below which the block interprets the input voltage as logic LOW. The
default valueis 2 V.

High level input voltage
Voltage value above which the block interprets the input voltage as logic HIGH. The
default value is 3 V.

Average input capacitance

Fixed capacitance that approximates the input capacitance for a MOSFET gate. The
MOSFET capacitance depends on the applied voltage. When you drive this block

with another gate, the Average input capacitance produces a rise time similar to
that of the MOSFET. You can usually find this capacitance value on a manufacturer

1-12
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datasheet. The default value is 5 pF. Setting this value to zero may result in faster
simulation times.

Outputs Tab

Output current-voltage relationship
Select the output model, Linear or Quadratic. The default value is Linear.
Low level output voltage

Voltage value at the output when the output logic level is LOW. The default value is
0 V. This parameter is available when you select the Linear option for the Output
current-voltage relationship parameter.

High level output voltage

Voltage value at the output when the output logic level is HIGH. The default value is
5 V. This parameter is available when you select the Linear option for the Output
current-voltage relationship parameter.

Output resistance

Value of the series output resistor that is used to model the drop in output voltage
resulting from the output current. The default value is 25 Q. You can derive this
value from a datasheet by dividing the high-level output voltage by the maximum
low-level output current. This parameter is available when you select the Linear
option for the Output current-voltage relationship parameter.

Supply voltage

Supply voltage value applied to the gate in your circuit. The default valueis 5 V.
This parameter is available when you select the Quadratic option for the Qutput
current-voltage relationship parameter.

Measurement voltage

The gate supply voltage for which mask data output resistances and currents are
defined. The default value is 5 V. This parameter is available when you select the
Quadratic option for the Output current-voltage relationship parameter.

Logic HIGH output resistance at zero current and at I_OH

A row vector [ R_OHI R_OH2] of two resistance values. The first value R_OH]1 is
the gradient of the output voltage-current relationship when the gate is logic HIGH
and there is no output current. The second value R_OH2 is the gradient of the output
voltage-current relationship when the gate is logic HIGH and the output current

is I_OH. The default value is [ 25 250 ] Q. This parameter is available when

1-13
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you select the Quadratic option for the Output current-voltage relationship
parameter.

Logic HIGH output current I_OH when shorted to ground

The resulting current when the gate is in the logic HIGH state, but the load

forces the output voltage to zero. The default value is 63 mA. This parameter is
available when you select the Quadratic option for the Output current-voltage
relationship parameter.

Logic LOW output resistance at zero current and at I_OL

A row vector [ R_OL1 R_OL2] of two resistance values. The first value R_OL1 is

the gradient of the output voltage-current relationship when the gate is logic LOW
and there is no output current. The second value R_OLZ2 is the gradient of the output
voltage-current relationship when the gate is logic LOW and the output current

is I_OL. The default value is [ 30 800 ] Q. This parameter is available when

you select the Quadratic option for the Qutput current-voltage relationship
parameter.

Logic LOW output current I_OL when shorted to Vcc

The resulting current when the gate is in the logic LOW state, but the load forces
the output voltage to the supply voltage Vce. The default value is -45 mA. This
parameter is available when you select the Quadratic option for the Output
current-voltage relationship parameter.

Propagation delay

Time it takes for the output to swing from LOW to HIGH or HIGH to LOW after the input
logic levels change. The default value is 25 ns.

Protection diode on resistance

The gradient of the voltage-current relationship for the protection diodes when
forward biased. The default value is 5 Q. This parameter is available when you select
the Quadratic option for the Output current-voltage relationship parameter.

Protection diode forward voltage

The voltage above which the protection diode is turned on. The default value i1s 0.6
V. This parameter is available when you select the Quadratic option for the Output
current-voltage relationship parameter.

Initial Conditions Tab

Output initial state
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Specify whether the initial output state of the block is High or Low. This parameter
is used for both linear and quadratic output states, provided that the Propagation
delay parameter is greater than zero and the Solver Configuration block does not
have the Start simulation from steady state option selected. The default value is
Low.

Ports

The block has the following ports:

A

Electrical input port
B

Electrical input port
J

Electrical output port

1-15
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CMOS Buffer

Model CMOS Buffer gate behaviorally

Library

Logic

-

The CMOS Buffer block represents a CMOS Buffer logic gate behaviorally:

Description

* The block output logic level is HIGH if the logic level of the gate input is 1.
* The block output logic level is LOW otherwise.

The block determines the logic levels of the gate inputs as follows:

+ If the gate voltage is greater than the threshold voltage, the block interprets the input
as logic 1.
+  Otherwise, the block interprets the input as logic 0.

The threshold voltage is the voltage value at midpoint between the High level input
voltage parameter value and the Low level input voltage parameter value.

Note: To improve simulation speed, the block does not model all the internal individual
MOSFET devices that make up the gate. See “Basic Assumptions and Limitations” on
page 1-17 for details.

The block models the gate as follows:

* The gate inputs have infinite resistance and finite or zero capacitance.

+ The gate output offers a selection of two models: Linear and Quadratic. For more
information, see “Selecting the Output Model for Logic Blocks”. Use the Output
current-voltage relationship parameter to specify the output model.
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* You can specify propagation delay for both output models. For Linear output, the
block sets the value of the gate output capacitor such that the resistor-capacitor time
constant equals the Propagation delay parameter value. For Quadratic output,
the gate input demand is lagged to approximate the Propagation delay parameter
value.

The block output voltage depends on the output model selected:

*  For Linear model, output high is the High level output voltage parameter value,
and output low is the Low level output voltage parameter value.

*  For Quadratic model, the output voltage for High and Low states is a function of the
output current, as explained in “Quadratic Model Output and Parameters”. For zero
load current, output high is Vce (the Supply voltage parameter value), and output
low is zero volts.

Basic Assumptions and Limitations

The block does not model the internal individual MOSFET devices that make up the
gate (except for the final MOSFET pair if you select the Quadratic option for the
Output current-voltage relationship parameter). This limitation has the following
implications:

* The block does not accurately model the gate's response to input noise and inputs that
are around the logic threshold voltage.

* The block does not accurately model dynamic response.

Circuits that involve a feedback path around a set of logic gates may require a nonzero
propagation delay to be set on one or more gates.

1-17
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Dialog Box and Parameters

Block Parameters: CMOS Buffer @
CMOS Buffer
The block implements a simplified model of a CMOS buffer gate. Set the Input low, Input high, Output low and
Output high parameters for the supply voltage used. Default values are for a supply voltage of 5 volts.
Parameters
Inputs Outputs Initial Conditions
Low level input voltage: 2 v -
High level input voltage: 3 v -
Average input capacitance: 5 pF -
0K ] | Cancel | | Help Apply

* “Inputs Tab” on page 1-18

* “Outputs Tab” on page 1-19

*  “Initial Conditions Tab” on page 1-20
Inputs Tab

Low level input voltage

Voltage value below which the block interprets the input voltage as logic LOW. The

default value1s 2 V.
High level input voltage

Voltage value above which the block interprets the input voltage as logic HIGH. The

default value is 3 V.

Average input capacitance

Fixed capacitance that approximates the input capacitance for a MOSFET gate. The
MOSFET capacitance depends on the applied voltage. When you drive this block

with another gate, the Average input capacitance produces a rise time similar to
that of the MOSFET. You can usually find this capacitance value on a manufacturer




CMOS Buffer

datasheet. The default value is 5 pF. Setting this value to zero may result in faster
simulation times.

Outputs Tab

Output current-voltage relationship
Select the output model, Linear or Quadratic. The default value is Linear.
Low level output voltage

Voltage value at the output when the output logic level is LOW. The default value is
0 V. This parameter is available when you select the Linear option for the Output
current-voltage relationship parameter.

High level output voltage

Voltage value at the output when the output logic level is HIGH. The default value is
5 V. This parameter is available when you select the Linear option for the Output
current-voltage relationship parameter.

Output resistance

Value of the series output resistor that is used to model the drop in output voltage
resulting from the output current. The default value is 25 Q. You can derive this
value from a datasheet by dividing the high-level output voltage by the maximum
low-level output current. This parameter is available when you select the Linear
option for the Output current-voltage relationship parameter.

Supply voltage

Supply voltage value applied to the gate in your circuit. The default valueis 5 V.
This parameter is available when you select the Quadratic option for the Qutput
current-voltage relationship parameter.

Measurement voltage

The gate supply voltage for which mask data output resistances and currents are
defined. The default value is 5 V. This parameter is available when you select the
Quadratic option for the Output current-voltage relationship parameter.

Logic HIGH output resistance at zero current and at I_OH

A row vector [ R_OHI R_OH2] of two resistance values. The first value R_OH]1 is
the gradient of the output voltage-current relationship when the gate is logic HIGH
and there is no output current. The second value R_OH2 is the gradient of the output
voltage-current relationship when the gate is logic HIGH and the output current

is I_OH. The default value is [ 25 250 ] Q. This parameter is available when
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you select the Quadratic option for the Output current-voltage relationship
parameter.

Logic HIGH output current I_OH when shorted to ground

The resulting current when the gate is in the logic HIGH state, but the load

forces the output voltage to zero. The default value is 63 mA. This parameter is
available when you select the Quadratic option for the Output current-voltage
relationship parameter.

Logic LOW output resistance at zero current and at I_OL

A row vector [ R_OL1 R_OL2] of two resistance values. The first value R_OL1 is

the gradient of the output voltage-current relationship when the gate is logic LOW
and there is no output current. The second value R_OLZ2 is the gradient of the output
voltage-current relationship when the gate is logic LOW and the output current

is I_OL. The default value is [ 30 800 ] Q. This parameter is available when

you select the Quadratic option for the Qutput current-voltage relationship
parameter.

Logic LOW output current I_OL when shorted to Vcc

The resulting current when the gate is in the logic LOW state, but the load forces
the output voltage to the supply voltage Vce. The default value is -45 mA. This
parameter is available when you select the Quadratic option for the Output
current-voltage relationship parameter.

Propagation delay

Time it takes for the output to swing from LOW to HIGH or HIGH to LOW after the input
logic levels change. The default value is 25 ns.

Protection diode on resistance

The gradient of the voltage-current relationship for the protection diodes when
forward biased. The default value is 5 Q. This parameter is available when you select
the Quadratic option for the Output current-voltage relationship parameter.

Protection diode forward voltage

The voltage above which the protection diode is turned on. The default value i1s 0.6
V. This parameter is available when you select the Quadratic option for the Output
current-voltage relationship parameter.

Initial Conditions Tab

Output initial state
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Specify whether the initial output state of the block is High or Low. This parameter
is used for both linear and quadratic output states, provided that the Propagation
delay parameter is greater than zero and the Solver Configuration block does not
have the Start simulation from steady state option selected. The default value is

Low.

Ports

The block has the following ports:

A
Electrical input port

Electrical output port

1-21
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CMOS NAND

Model CMOS NAND gate behaviorally

Library

Logic

T~

Description
The CMOS NAND block represents a CMOS NAND logic gate behaviorally:

* The block output logic level is HIGH if the logic levels of both of the gate inputs are 0.
* The block output logic level is LOW otherwise.

The block determines the logic levels of the gate inputs as follows:

+ If the gate voltage is greater than the threshold voltage, the block interprets the input
as logic 1.

+  Otherwise, the block interprets the input as logic 0.

The threshold voltage is the voltage value at midpoint between the High level input
voltage parameter value and the Low level input voltage parameter value.

Note: To improve simulation speed, the block does not model all the internal individual
MOSFET devices that make up the gate. See “Basic Assumptions and Limitations” on
page 1-23 for details.

The block models the gate as follows:

* The gate inputs have infinite resistance and finite or zero capacitance.

+ The gate output offers a selection of two models: Linear and Quadratic. For more
information, see “Selecting the Output Model for Logic Blocks”. Use the Output
current-voltage relationship parameter to specify the output model.



CMOS NAND

* You can specify propagation delay for both output models. For Linear output, the
block sets the value of the gate output capacitor such that the resistor-capacitor time
constant equals the Propagation delay parameter value. For Quadratic output,
the gate input demand is lagged to approximate the Propagation delay parameter
value.

The block output voltage depends on the output model selected:

*  For Linear model, output high is the High level output voltage parameter value,
and output low is the Low level output voltage parameter value.

*  For Quadratic model, the output voltage for High and Low states is a function of the
output current, as explained in “Quadratic Model Output and Parameters”. For zero
load current, output high is Vce (the Supply voltage parameter value), and output
low is zero volts.

Basic Assumptions and Limitations

The block does not model the internal individual MOSFET devices that make up the
gate (except for the final MOSFET pair if you select the Quadratic option for the
Output current-voltage relationship parameter). This limitation has the following
implications:

* The block does not accurately model the gate's response to input noise and inputs that
are around the logic threshold voltage.

* The block does not accurately model dynamic response.

Circuits that involve a feedback path around a set of logic gates may require a nonzero
propagation delay to be set on one or more gates.

1-23
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Dialog Box and Parameters

Block Parameters: CMOS NAND
CMOS NAND

Parameters

Inputs | Qutputs | Initial Conditions

==l

The block implements a simplified model of a CMOS NAND logic gate. Set the Input low, Input high, Output low and
Output high parameters for the supply voltage used. Default values are for a supply voltage of 5 volts.

Average input capacitance:

Low level input voltage: 2 v -
High level input voltage: 3 v -
5 pF -

Apply
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* “Inputs Tab” on page 1-24
* “Outputs Tab” on page 1-25
*  “Initial Conditions Tab” on page 1-26

Inputs Tab

Low level input voltage
Voltage value below which the block interprets the input voltage as logic LOW. The
default valueis 2 V.

High level input voltage
Voltage value above which the block interprets the input voltage as logic HIGH. The
default value is 3 V.

Average input capacitance

Fixed capacitance that approximates the input capacitance for a MOSFET gate. The
MOSFET capacitance depends on the applied voltage. When you drive this block

with another gate, the Average input capacitance produces a rise time similar to
that of the MOSFET. You can usually find this capacitance value on a manufacturer



CMOS NAND

datasheet. The default value is 5 pF. Setting this value to zero may result in faster
simulation times.

Outputs Tab

Output current-voltage relationship
Select the output model, Linear or Quadratic. The default value is Linear.
Low level output voltage

Voltage value at the output when the output logic level is LOW. The default value is
0 V. This parameter is available when you select the Linear option for the Output
current-voltage relationship parameter.

High level output voltage

Voltage value at the output when the output logic level is HIGH. The default value is
5 V. This parameter is available when you select the Linear option for the Output
current-voltage relationship parameter.

Output resistance

Value of the series output resistor that is used to model the drop in output voltage
resulting from the output current. The default value is 25 Q. You can derive this
value from a datasheet by dividing the high-level output voltage by the maximum
low-level output current. This parameter is available when you select the Linear
option for the Output current-voltage relationship parameter.

Supply voltage

Supply voltage value applied to the gate in your circuit. The default valueis 5 V.
This parameter is available when you select the Quadratic option for the Qutput
current-voltage relationship parameter.

Measurement voltage

The gate supply voltage for which mask data output resistances and currents are
defined. The default value is 5 V. This parameter is available when you select the
Quadratic option for the Output current-voltage relationship parameter.

Logic HIGH output resistance at zero current and at I_OH

A row vector [ R_OHI R_OH2] of two resistance values. The first value R_OH]1 is
the gradient of the output voltage-current relationship when the gate is logic HIGH
and there is no output current. The second value R_OH2 is the gradient of the output
voltage-current relationship when the gate is logic HIGH and the output current

is I_OH. The default value is [ 25 250 ] Q. This parameter is available when
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you select the Quadratic option for the Output current-voltage relationship
parameter.

Logic HIGH output current I_OH when shorted to ground

The resulting current when the gate is in the logic HIGH state, but the load

forces the output voltage to zero. The default value is 63 mA. This parameter is
available when you select the Quadratic option for the Output current-voltage
relationship parameter.

Logic LOW output resistance at zero current and at I_OL

A row vector [ R_OL1 R_OL2] of two resistance values. The first value R_OL1 is

the gradient of the output voltage-current relationship when the gate is logic LOW
and there is no output current. The second value R_OLZ2 is the gradient of the output
voltage-current relationship when the gate is logic LOW and the output current

is I_OL. The default value is [ 30 800 ] Q. This parameter is available when

you select the Quadratic option for the Qutput current-voltage relationship
parameter.

Logic LOW output current I_OL when shorted to Vcc

The resulting current when the gate is in the logic LOW state, but the load forces
the output voltage to the supply voltage Vce. The default value is -45 mA. This
parameter is available when you select the Quadratic option for the Output
current-voltage relationship parameter.

Propagation delay

Time it takes for the output to swing from LOW to HIGH or HIGH to LOW after the input
logic levels change. The default value is 25 ns.

Protection diode on resistance

The gradient of the voltage-current relationship for the protection diodes when
forward biased. The default value is 5 Q. This parameter is available when you select
the Quadratic option for the Output current-voltage relationship parameter.

Protection diode forward voltage

The voltage above which the protection diode is turned on. The default value i1s 0.6
V. This parameter is available when you select the Quadratic option for the Output
current-voltage relationship parameter.

Initial Conditions Tab

Output initial state



CMOS NAND

Specify whether the initial output state of the block is High or Low. This parameter
is used for both linear and quadratic output states, provided that the Propagation
delay parameter is greater than zero and the Solver Configuration block does not
have the Start simulation from steady state option selected. The default value is
Low.

Ports

The block has the following ports:

A

Electrical input port
B

Electrical input port
J

Electrical output port
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CMOS NOR

Model CMOS NOR gate behaviorally

Library

Logic

ap

Description
The CMOS NOR block represents a CMOS NOR logic gate behaviorally:

*  The block output logic level is LOW if the logic levels of any of the gate inputs are 1.
* The block output logic level is HIGH otherwise.

The block determines the logic levels of the gate inputs as follows:

+ If the gate voltage is greater than the threshold voltage, the block interprets the input
as logic 1.

+  Otherwise, the block interprets the input as logic 0.

The threshold voltage is the voltage value at midpoint between the High level input
voltage parameter value and the Low level input voltage parameter value.

Note: To improve simulation speed, the block does not model all the internal individual
MOSFET devices that make up the gate. See “Basic Assumptions and Limitations” on
page 1-29 for details.

The block models the gate as follows:

* The gate inputs have infinite resistance and finite or zero capacitance.

+ The gate output offers a selection of two models: Linear and Quadratic. For more
information, see “Selecting the Output Model for Logic Blocks”. Use the Output
current-voltage relationship parameter to specify the output model.



CMOS NOR

* You can specify propagation delay for both output models. For Linear output, the
block sets the value of the gate output capacitor such that the resistor-capacitor time
constant equals the Propagation delay parameter value. For Quadratic output,
the gate input demand is lagged to approximate the Propagation delay parameter
value.

The block output voltage depends on the output model selected:

*  For Linear model, output high is the High level output voltage parameter value,
and output low is the Low level output voltage parameter value.

*  For Quadratic model, the output voltage for High and Low states is a function of the
output current, as explained in “Quadratic Model Output and Parameters”. For zero
load current, output high is Vce (the Supply voltage parameter value), and output
low is zero volts.

Basic Assumptions and Limitations

The block does not model the internal individual MOSFET devices that make up the
gate (except for the final MOSFET pair if you select the Quadratic option for the
Output current-voltage relationship parameter). This limitation has the following
implications:

* The block does not accurately model the gate's response to input noise and inputs that
are around the logic threshold voltage.

* The block does not accurately model dynamic response.

Circuits that involve a feedback path around a set of logic gates may require a nonzero
propagation delay to be set on one or more gates.
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Dialog Box and Parameters

Block Parameters: CMOS NOR
CMOS NOR

Parameters

Inputs | Qutputs | Initial Conditions

==l

The block implements a simplified model of a CMOS NOR logic gate. Set the Input low, Input high, Output low and
Output high parameters for the supply voltage used. Default values are for a supply voltage of 5 volts.

Low level input voltage: 2 v
High level input voltage: 3 v
Average input capacitance: 5 pF

0K ]| Cancel ||

Apply

* “Inputs Tab” on page 1-30

* “Outputs Tab” on page 1-31

*  “Initial Conditions Tab” on page 1-32
Inputs Tab

Low level input voltage

Voltage value below which the block interprets the input voltage as logic LOW. The

default value1s 2 V.
High level input voltage

Voltage value above which the block interprets the input voltage as logic HIGH. The

default value is 3 V.

Average input capacitance

Fixed capacitance that approximates the input capacitance for a MOSFET gate. The
MOSFET capacitance depends on the applied voltage. When you drive this block

with another gate, the Average input capacitance produces a rise time similar to
that of the MOSFET. You can usually find this capacitance value on a manufacturer
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datasheet. The default value is 5 pF. Setting this value to zero may result in faster
simulation times.

Outputs Tab

Output current-voltage relationship
Select the output model, Linear or Quadratic. The default value is Linear.
Low level output voltage

Voltage value at the output when the output logic level is LOW. The default value is
0 V. This parameter is available when you select the Linear option for the Output
current-voltage relationship parameter.

High level output voltage

Voltage value at the output when the output logic level is HIGH. The default value is
5 V. This parameter is available when you select the Linear option for the Output
current-voltage relationship parameter.

Output resistance

Value of the series output resistor that is used to model the drop in output voltage
resulting from the output current. The default value is 25 Q. You can derive this
value from a datasheet by dividing the high-level output voltage by the maximum
low-level output current. This parameter is available when you select the Linear
option for the Output current-voltage relationship parameter.

Supply voltage

Supply voltage value applied to the gate in your circuit. The default valueis 5 V.
This parameter is available when you select the Quadratic option for the Qutput
current-voltage relationship parameter.

Measurement voltage

The gate supply voltage for which mask data output resistances and currents are
defined. The default value is 5 V. This parameter is available when you select the
Quadratic option for the Output current-voltage relationship parameter.

Logic HIGH output resistance at zero current and at I_OH

A row vector [ R_OHI R_OH2] of two resistance values. The first value R_OH]1 is
the gradient of the output voltage-current relationship when the gate is logic HIGH
and there is no output current. The second value R_OH2 is the gradient of the output
voltage-current relationship when the gate is logic HIGH and the output current

is I_OH. The default value is [ 25 250 ] Q. This parameter is available when
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you select the Quadratic option for the Output current-voltage relationship
parameter.

Logic HIGH output current I_OH when shorted to ground

The resulting current when the gate is in the logic HIGH state, but the load

forces the output voltage to zero. The default value is 63 mA. This parameter is
available when you select the Quadratic option for the Output current-voltage
relationship parameter.

Logic LOW output resistance at zero current and at I_OL

A row vector [ R_OL1 R_OL2] of two resistance values. The first value R_OL1 is

the gradient of the output voltage-current relationship when the gate is logic LOW
and there is no output current. The second value R_OLZ2 is the gradient of the output
voltage-current relationship when the gate is logic LOW and the output current

is I_OL. The default value is [ 30 800 ] Q. This parameter is available when

you select the Quadratic option for the Qutput current-voltage relationship
parameter.

Logic LOW output current I_OL when shorted to Vcc

The resulting current when the gate is in the logic LOW state, but the load forces
the output voltage to the supply voltage Vce. The default value is -45 mA. This
parameter is available when you select the Quadratic option for the Output
current-voltage relationship parameter.

Propagation delay

Time it takes for the output to swing from LOW to HIGH or HIGH to LOW after the input
logic levels change. The default value is 25 ns.

Protection diode on resistance

The gradient of the voltage-current relationship for the protection diodes when
forward biased. The default value is 5 Q. This parameter is available when you select
the Quadratic option for the Output current-voltage relationship parameter.

Protection diode forward voltage

The voltage above which the protection diode is turned on. The default value i1s 0.6
V. This parameter is available when you select the Quadratic option for the Output
current-voltage relationship parameter.

Initial Conditions Tab

Output initial state
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Specify whether the initial output state of the block is High or Low. This parameter
is used for both linear and quadratic output states, provided that the Propagation
delay parameter is greater than zero and the Solver Configuration block does not
have the Start simulation from steady state option selected. The default value is
Low.

Ports

The block has the following ports:

A

Electrical input port
B

Electrical input port
J

Electrical output port
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CMOS NOT

Model CMOS NOT gate behaviorally

Library

Logic

1>

The CMOS NOT block represents a CMOS NOT logic gate behaviorally:

Description

* The block output logic level is HIGH if the logic level of the gate input is 0.
* The block output logic level is LOW otherwise.

The block determines the logic levels of the gate inputs as follows:

+ If the gate voltage is greater than the threshold voltage, the block interprets the input
as logic 1.
+  Otherwise, the block interprets the input as logic 0.

The threshold voltage is the voltage value at midpoint between the High level input
voltage parameter value and the Low level input voltage parameter value.

Note: To improve simulation speed, the block does not model all the internal individual
MOSFET devices that make up the gate. See “Basic Assumptions and Limitations” on
page 1-35 for details.

The block models the gate as follows:

* The gate inputs have infinite resistance and finite or zero capacitance.

+ The gate output offers a selection of two models: Linear and Quadratic. For more
information, see “Selecting the Output Model for Logic Blocks”. Use the Output
current-voltage relationship parameter to specify the output model.



CMOS NOT

* You can specify propagation delay for both output models. For Linear output, the
block sets the value of the gate output capacitor such that the resistor-capacitor time
constant equals the Propagation delay parameter value. For Quadratic output,
the gate input demand is lagged to approximate the Propagation delay parameter
value.

The block output voltage depends on the output model selected:

*  For Linear model, output high is the High level output voltage parameter value,
and output low is the Low level output voltage parameter value.

*  For Quadratic model, the output voltage for High and Low states is a function of the
output current, as explained in “Quadratic Model Output and Parameters”. For zero
load current, output high is Vce (the Supply voltage parameter value), and output
low is zero volts.

Basic Assumptions and Limitations

The block does not model the internal individual MOSFET devices that make up the
gate (except for the final MOSFET pair if you select the Quadratic option for the
Output current-voltage relationship parameter). This limitation has the following
implications:

* The block does not accurately model the gate's response to input noise and inputs that
are around the logic threshold voltage.

* The block does not accurately model dynamic response.

Circuits that involve a feedback path around a set of logic gates may require a nonzero
propagation delay to be set on one or more gates.

1-35



1

Blocks — Alphabetical List

Dialog Box and Parameters

Block Parameters: CMOS NOT
CMOS NOT

Parameters

Inputs | Qutputs | Initial Conditions

==l

The block implements a simplified model of a CMOS NOT logic gate. Set the Input low, Input high, Output low and
Output high parameters for the supply voltage used. Default values are for a supply voltage of 5 volts.

Low level input voltage: 2 v
High level input voltage: 3 v
Average input capacitance: 5 pF

0K ]| Cancel ||

Apply

* “Inputs Tab” on page 1-36

* “Outputs Tab” on page 1-37

+  “Initial Conditions Tab” on page 1-38
Inputs Tab

Low level input voltage

Voltage value below which the block interprets the input voltage as logic LOW. The

default value1s 2 V.
High level input voltage

Voltage value above which the block interprets the input voltage as logic HIGH. The

default value is 3 V.

Average input capacitance

Fixed capacitance that approximates the input capacitance for a MOSFET gate. The
MOSFET capacitance depends on the applied voltage. When you drive this block

with another gate, the Average input capacitance produces a rise time similar to
that of the MOSFET. You can usually find this capacitance value on a manufacturer
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datasheet. The default value is 5 pF. Setting this value to zero may result in faster
simulation times.

Outputs Tab

Output current-voltage relationship
Select the output model, Linear or Quadratic. The default value is Linear.
Low level output voltage

Voltage value at the output when the output logic level is LOW. The default value is
0 V. This parameter is available when you select the Linear option for the Output
current-voltage relationship parameter.

High level output voltage

Voltage value at the output when the output logic level is HIGH. The default value is
5 V. This parameter is available when you select the Linear option for the Output
current-voltage relationship parameter.

Output resistance

Value of the series output resistor that is used to model the drop in output voltage
resulting from the output current. The default value is 25 Q. You can derive this
value from a datasheet by dividing the high-level output voltage by the maximum
low-level output current. This parameter is available when you select the Linear
option for the Output current-voltage relationship parameter.

Supply voltage

Supply voltage value applied to the gate in your circuit. The default valueis 5 V.
This parameter is available when you select the Quadratic option for the Qutput
current-voltage relationship parameter.

Measurement voltage

The gate supply voltage for which mask data output resistances and currents are
defined. The default value is 5 V. This parameter is available when you select the
Quadratic option for the Output current-voltage relationship parameter.

Logic HIGH output resistance at zero current and at I_OH

A row vector [ R_OHI R_OH2] of two resistance values. The first value R_OH]1 is
the gradient of the output voltage-current relationship when the gate is logic HIGH
and there is no output current. The second value R_OH2 is the gradient of the output
voltage-current relationship when the gate is logic HIGH and the output current

is I_OH. The default value is [ 25 250 ] Q. This parameter is available when
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you select the Quadratic option for the Output current-voltage relationship
parameter.

Logic HIGH output current I_OH when shorted to ground

The resulting current when the gate is in the logic HIGH state, but the load

forces the output voltage to zero. The default value is 63 mA. This parameter is
available when you select the Quadratic option for the Output current-voltage
relationship parameter.

Logic LOW output resistance at zero current and at I_OL

A row vector [ R_OL1 R_OL2] of two resistance values. The first value R_OL1 is

the gradient of the output voltage-current relationship when the gate is logic LOW
and there is no output current. The second value R_OLZ2 is the gradient of the output
voltage-current relationship when the gate is logic LOW and the output current

is I_OL. The default value is [ 30 800 ] Q. This parameter is available when

you select the Quadratic option for the Qutput current-voltage relationship
parameter.

Logic LOW output current I_OL when shorted to Vcc

The resulting current when the gate is in the logic LOW state, but the load forces
the output voltage to the supply voltage Vce. The default value is -45 mA. This
parameter is available when you select the Quadratic option for the Output
current-voltage relationship parameter.

Propagation delay

Time it takes for the output to swing from LOW to HIGH or HIGH to LOW after the input
logic levels change. The default value is 25 ns.

Protection diode on resistance

The gradient of the voltage-current relationship for the protection diodes when
forward biased. The default value is 5 Q. This parameter is available when you select
the Quadratic option for the Output current-voltage relationship parameter.

Protection diode forward voltage

The voltage above which the protection diode is turned on. The default value i1s 0.6
V. This parameter is available when you select the Quadratic option for the Output
current-voltage relationship parameter.

Initial Conditions Tab

Output initial state
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Specify whether the initial output state of the block is High or Low. This parameter
is used for both linear and quadratic output states, provided that the Propagation
delay parameter is greater than zero and the Solver Configuration block does not
have the Start simulation from steady state option selected. The default value is

Low.

Ports

The block has the following ports:

A
Electrical input port

Electrical output port
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CMOS OR

Model CMOS OR gate behaviorally

Library

Logic
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Description
The CMOS OR block represents a CMOS OR logic gate behaviorally:

* The block output logic level is HIGH if the logic levels of any of the gate inputs are 1.
* The block output logic level is LOW otherwise.

The block determines the logic levels of the gate inputs as follows:

+ If the gate voltage is greater than the threshold voltage, the block interprets the input
as logic 1.

+  Otherwise, the block interprets the input as logic 0.

The threshold voltage is the voltage value at midpoint between the High level input
voltage parameter value and the Low level input voltage parameter value.

Note: To improve simulation speed, the block does not model all the internal individual
MOSFET devices that make up the gate. See “Basic Assumptions and Limitations” on
page 1-41 for details.

The block models the gate as follows:

* The gate inputs have infinite resistance and finite or zero capacitance.

+ The gate output offers a selection of two models: Linear and Quadratic. For more
information, see “Selecting the Output Model for Logic Blocks”. Use the Output
current-voltage relationship parameter to specify the output model.
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* You can specify propagation delay for both output models. For Linear output, the
block sets the value of the gate output capacitor such that the resistor-capacitor time
constant equals the Propagation delay parameter value. For Quadratic output,
the gate input demand is lagged to approximate the Propagation delay parameter
value.

The block output voltage depends on the output model selected:

*  For Linear model, output high is the High level output voltage parameter value,
and output low is the Low level output voltage parameter value.

*  For Quadratic model, the output voltage for High and Low states is a function of the
output current, as explained in “Quadratic Model Output and Parameters”. For zero
load current, output high is Vce (the Supply voltage parameter value), and output
low is zero volts.

Basic Assumptions and Limitations

The block does not model the internal individual MOSFET devices that make up the
gate (except for the final MOSFET pair if you select the Quadratic option for the
Output current-voltage relationship parameter). This limitation has the following
implications:

* The block does not accurately model the gate's response to input noise and inputs that
are around the logic threshold voltage.

* The block does not accurately model dynamic response.

Circuits that involve a feedback path around a set of logic gates may require a nonzero
propagation delay to be set on one or more gates.
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Dialog Box and Parameters

Block Parameters: CMOS OR @
CMOS OR

The block implements a simplified model of a CMOS OR logic gate. Set the Input low, Input high, Output low and
Output high parameters for the supply voltage used. Default values are for a supply voltage of 5 volts.

Parameters
Inputs Outputs Initial Conditions
Low level input voltage: 2 v -
High level input voltage: 3 v -
Average input capacitance: 5 pF -
0K ] | Cancel | | Help Apply

* “Inputs Tab” on page 1-42
* “Outputs Tab” on page 1-43
+  “Initial Conditions Tab” on page 1-44

Inputs Tab

Low level input voltage
Voltage value below which the block interprets the input voltage as logic LOW. The
default valueis 2 V.

High level input voltage
Voltage value above which the block interprets the input voltage as logic HIGH. The
default value is 3 V.

Average input capacitance

Fixed capacitance that approximates the input capacitance for a MOSFET gate. The
MOSFET capacitance depends on the applied voltage. When you drive this block

with another gate, the Average input capacitance produces a rise time similar to
that of the MOSFET. You can usually find this capacitance value on a manufacturer
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datasheet. The default value is 5 pF. Setting this value to zero may result in faster
simulation times.

Outputs Tab

Output current-voltage relationship
Select the output model, Linear or Quadratic. The default value is Linear.
Low level output voltage

Voltage value at the output when the output logic level is LOW. The default value is
0 V. This parameter is available when you select the Linear option for the Output
current-voltage relationship parameter.

High level output voltage

Voltage value at the output when the output logic level is HIGH. The default value is
5 V. This parameter is available when you select the Linear option for the Output
current-voltage relationship parameter.

Output resistance

Value of the series output resistor that is used to model the drop in output voltage
resulting from the output current. The default value is 25 Q. You can derive this
value from a datasheet by dividing the high-level output voltage by the maximum
low-level output current. This parameter is available when you select the Linear
option for the Output current-voltage relationship parameter.

Supply voltage

Supply voltage value applied to the gate in your circuit. The default valueis 5 V.
This parameter is available when you select the Quadratic option for the Qutput
current-voltage relationship parameter.

Measurement voltage

The gate supply voltage for which mask data output resistances and currents are
defined. The default value is 5 V. This parameter is available when you select the
Quadratic option for the Output current-voltage relationship parameter.

Logic HIGH output resistance at zero current and at I_OH

A row vector [ R_OHI R_OH2] of two resistance values. The first value R_OH]1 is
the gradient of the output voltage-current relationship when the gate is logic HIGH
and there is no output current. The second value R_OH2 is the gradient of the output
voltage-current relationship when the gate is logic HIGH and the output current

is I_OH. The default value is [ 25 250 ] Q. This parameter is available when
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you select the Quadratic option for the Output current-voltage relationship
parameter.

Logic HIGH output current I_OH when shorted to ground

The resulting current when the gate is in the logic HIGH state, but the load

forces the output voltage to zero. The default value is 63 mA. This parameter is
available when you select the Quadratic option for the Output current-voltage
relationship parameter.

Logic LOW output resistance at zero current and at I_OL

A row vector [ R_OL1 R_OL2] of two resistance values. The first value R_OL1 is

the gradient of the output voltage-current relationship when the gate is logic LOW
and there is no output current. The second value R_OLZ2 is the gradient of the output
voltage-current relationship when the gate is logic LOW and the output current

is I_OL. The default value is [ 30 800 ] Q. This parameter is available when

you select the Quadratic option for the Qutput current-voltage relationship
parameter.

Logic LOW output current I_OL when shorted to Vcc

The resulting current when the gate is in the logic LOW state, but the load forces
the output voltage to the supply voltage Vce. The default value is -45 mA. This
parameter is available when you select the Quadratic option for the Output
current-voltage relationship parameter.

Propagation delay

Time it takes for the output to swing from LOW to HIGH or HIGH to LOW after the input
logic levels change. The default value is 25 ns.

Protection diode on resistance

The gradient of the voltage-current relationship for the protection diodes when
forward biased. The default value is 5 Q. This parameter is available when you select
the Quadratic option for the Output current-voltage relationship parameter.

Protection diode forward voltage

The voltage above which the protection diode is turned on. The default value i1s 0.6
V. This parameter is available when you select the Quadratic option for the Output
current-voltage relationship parameter.

Initial Conditions Tab

Output initial state
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Specify whether the initial output state of the block is High or Low. This parameter
is used for both linear and quadratic output states, provided that the Propagation
delay parameter is greater than zero and the Solver Configuration block does not
have the Start simulation from steady state option selected. The default value is
Low.

Ports

The block has the following ports:

A

Electrical input port
B

Electrical input port
J

Electrical output port
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CMOS XOR

Model CMOS XOR gate behaviorally

Library

Logic

) >
Description .

The CMOS XOR block represents a CMOS XOR logic gate behaviorally:

* The block output logic level is HIGH if the logic level of exactly one of the gate inputs is
1.

* The block output logic level is LOW otherwise.
The block determines the logic levels of the gate inputs as follows:

+ If the gate voltage is greater than the threshold voltage, the block interprets the input
as logic 1.

* Otherwise, the block interprets the input as logic 0.

The threshold voltage is the voltage value at midpoint between the High level input
voltage parameter value and the Low level input voltage parameter value.

Note: To improve simulation speed, the block does not model all the internal individual
MOSFET devices that make up the gate. See “Basic Assumptions and Limitations” on
page 1-47 for details.

The block models the gate as follows:

+ The gate inputs have infinite resistance and finite or zero capacitance.

* The gate output offers a selection of two models: Linear and Quadratic. For more
information, see “Selecting the Output Model for Logic Blocks”. Use the Output
current-voltage relationship parameter to specify the output model.
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* You can specify propagation delay for both output models. For Linear output, the
block sets the value of the gate output capacitor such that the resistor-capacitor time
constant equals the Propagation delay parameter value. For Quadratic output,
the gate input demand is lagged to approximate the Propagation delay parameter
value.

The block output voltage depends on the output model selected:

*  For Linear model, output high is the High level output voltage parameter value,
and output low is the Low level output voltage parameter value.

*  For Quadratic model, the output voltage for High and Low states is a function of the
output current, as explained in “Quadratic Model Output and Parameters”. For zero
load current, output high is Vce (the Supply voltage parameter value), and output
low is zero volts.

Basic Assumptions and Limitations

The block does not model the internal individual MOSFET devices that make up the
gate (except for the final MOSFET pair if you select the Quadratic option for the
Output current-voltage relationship parameter). This limitation has the following
implications:

* The block does not accurately model the gate's response to input noise and inputs that
are around the logic threshold voltage.

* The block does not accurately model dynamic response.

Circuits that involve a feedback path around a set of logic gates may require a nonzero
propagation delay to be set on one or more gates.
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Dialog Box and Parameters

Block Parameters: CMOS XOR
CMOS XOR

Parameters

Inputs | Qutputs | Initial Conditions

==l

The block implements a simplified model of a CMOS XOR logic gate. Set the Input low, Input high, Output low and
Output high parameters for the supply voltage used. Default values are for a supply voltage of 5 volts.

Low level input voltage: 2 v
High level input voltage: 3 v
Average input capacitance: 5 pF

0K ]| Cancel ||

Apply

* “Inputs Tab” on page 1-48

* “Outputs Tab” on page 1-49

+  “Initial Conditions Tab” on page 1-50
Inputs Tab

Low level input voltage

Voltage value below which the block interprets the input voltage as logic LOW. The

default value1s 2 V.
High level input voltage

Voltage value above which the block interprets the input voltage as logic HIGH. The

default value is 3 V.

Average input capacitance

Fixed capacitance that approximates the input capacitance for a MOSFET gate. The
MOSFET capacitance depends on the applied voltage. When you drive this block

with another gate, the Average input capacitance produces a rise time similar to
that of the MOSFET. You can usually find this capacitance value on a manufacturer
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datasheet. The default value is 5 pF. Setting this value to zero may result in faster
simulation times.

Outputs Tab

Output current-voltage relationship
Select the output model, Linear or Quadratic. The default value is Linear.
Low level output voltage

Voltage value at the output when the output logic level is LOW. The default value is
0 V. This parameter is available when you select the Linear option for the Output
current-voltage relationship parameter.

High level output voltage

Voltage value at the output when the output logic level is HIGH. The default value is
5 V. This parameter is available when you select the Linear option for the Output
current-voltage relationship parameter.

Output resistance

Value of the series output resistor that is used to model the drop in output voltage
resulting from the output current. The default value is 25 Q. You can derive this
value from a datasheet by dividing the high-level output voltage by the maximum
low-level output current. This parameter is available when you select the Linear
option for the Output current-voltage relationship parameter.

Supply voltage

Supply voltage value applied to the gate in your circuit. The default valueis 5 V.
This parameter is available when you select the Quadratic option for the Qutput
current-voltage relationship parameter.

Measurement voltage

The gate supply voltage for which mask data output resistances and currents are
defined. The default value is 5 V. This parameter is available when you select the
Quadratic option for the Output current-voltage relationship parameter.

Logic HIGH output resistance at zero current and at I_OH

A row vector [ R_OHI R_OH2] of two resistance values. The first value R_OH]1 is
the gradient of the output voltage-current relationship when the gate is logic HIGH
and there is no output current. The second value R_OH2 is the gradient of the output
voltage-current relationship when the gate is logic HIGH and the output current

is I_OH. The default value is [ 25 250 ] Q. This parameter is available when
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you select the Quadratic option for the Output current-voltage relationship
parameter.

Logic HIGH output current I_OH when shorted to ground

The resulting current when the gate is in the logic HIGH state, but the load

forces the output voltage to zero. The default value is 63 mA. This parameter is
available when you select the Quadratic option for the Output current-voltage
relationship parameter.

Logic LOW output resistance at zero current and at I_OL

A row vector [ R_OL1 R_OL2] of two resistance values. The first value R_OL1 is

the gradient of the output voltage-current relationship when the gate is logic LOW
and there is no output current. The second value R_OLZ2 is the gradient of the output
voltage-current relationship when the gate is logic LOW and the output current

is I_OL. The default value is [ 30 800 ] Q. This parameter is available when

you select the Quadratic option for the Qutput current-voltage relationship
parameter.

Logic LOW output current I_OL when shorted to Vcc

The resulting current when the gate is in the logic LOW state, but the load forces
the output voltage to the supply voltage Vce. The default value is -45 mA. This
parameter is available when you select the Quadratic option for the Output
current-voltage relationship parameter.

Propagation delay

Time it takes for the output to swing from LOW to HIGH or HIGH to LOW after the input
logic levels change. The default value is 25 ns.

Protection diode on resistance

The gradient of the voltage-current relationship for the protection diodes when
forward biased. The default value is 5 Q. This parameter is available when you select
the Quadratic option for the Output current-voltage relationship parameter.

Protection diode forward voltage

The voltage above which the protection diode is turned on. The default value i1s 0.6
V. This parameter is available when you select the Quadratic option for the Output
current-voltage relationship parameter.

Initial Conditions Tab

Output initial state
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Specify whether the initial output state of the block is High or Low. This parameter
is used for both linear and quadratic output states, provided that the Propagation
delay parameter is greater than zero and the Solver Configuration block does not
have the Start simulation from steady state option selected. The default value is
Low.

Ports

The block has the following ports:

A

Electrical input port
B

Electrical input port
J

Electrical output port
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Comparator

Model a comparator behaviorally

Library

Integrated Circuits

Description

The Comparator block is an abstracted behavioral model of a comparator integrated
circuit. It does not model an internal transistor-level implementation. Therefore, the
block runs quickly during simulation but retains the correct I/O behavior. The block
models differential inputs electrically as having infinite resistance and a finite or zero
capacitance.

The block models the gate output as a voltage source driving a series resistor and a
capacitor that connects to ground. The output pin connects to the resistor-capacitor
connection node. If the difference in the inputs is greater than the input threshold

voltage, then the output is equal to the High level output voltage (V). Otherwise,
the output is equal to the Low level output voltage (Vg ).
Vv

A

B S—
1I"F':Z!IH

oL
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The output model is shown in the following illustration.

Resistor Gate cutput

Confrolled

@ \ioltage Capacitor ==

Souwrce

~_____ Electrical Reference

Basic Assumptions and Limitations

Modeling of the output as a controlled voltage source is representative of a totem-pole or
push-pull output stage. To model a device with an open-collector:

1 Connect the output pin to the base of an NPN Bipolar Transistor or PNP Bipolar
Transistor block.

2 Set the Output resistance parameter to a suitable value.
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Dialog Box and Parameters

Block Parameters: Comparator @
Comparator

This block implements a simplified model of a comparator. Set the input offset, output low and output high
voltages for the supply voltage used. Default output parameters are for a supply voltage of 5 volts.

Parameters

Inputs Outputs

Input offset voltage: 5 mv -

Average input capacitance: 0 pF -
0K ] | Cancel | | Help Apply

* “Inputs Tab” on page 1-54
* “Outputs Tab” on page 1-54

Inputs Tab

Input offset voltage

The voltage which the difference in the input voltages must be greater than so that
the comparator gives a logic output 1. The default value is 5 mV.

Average input capacitance

You can usually find this capacitance value on a manufacturer datasheet. The default
value is O pF. Setting this value to zero can result in faster simulation times.

Outputs Tab

Low level output voltage

The steady-state output voltage, V(;, , when the voltage difference across the inputs

is less than or equal to the threshold voltage, and the output current is zero. The
default valueis O V.

High level output voltage
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The steady-state output voltage, Vg , when the voltage difference across the inputs

is greater than the threshold voltage, and the output current is zero. The default
valueis 5V.

Output resistance

This parameter is the ratio of output voltage drop to output current. Set this
parameter to (Vo —Vog1)/ Iog1 , where Vg is the reduced output high voltage

when the output current is Iy . The default value is 50 Q.

Propagation delay

Set this value based on the high-to-low and low-to-high propagation delays. The
default value is O s.

Ports

This block has the following ports:

+

Positive electrical input port

Negative electrical input port
ouT
Electrical output port

See Also
CMOS Buffer
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Controlled PWM Voltage

Model pulse-width modulated voltage source

Library

Drivers

osref  FWhip

D'-Ef =t = |

Description

The Controlled PWM Voltage block represents a pulse-width modulated (PWM) voltage
source that depends on the reference voltage V,,; across its +ref and -ref ports. The
demanded duty cycle is

Voot = Vi
100 * Vref—me percent

max min

where:
* Vi 1s the minimum reference voltage
* Viax is the maximum reference voltage

The value of the Output voltage amplitude parameter determines amplitude of the
output voltage.

At time zero, the pulse is initialized as high, unless the Pulse delay time parameter is
greater than zero, or the demanded duty cycle is zero.

You can use parameters Pulse delay time and Pulse width offset to add a small turn-
on delay and a small turn-off advance. This can be useful when fine-tuning switching
times so as to minimize switching losses.



Controlled PWM Voltage

In PWM mode, the block has two options for the type of switching event when moving
between output high and output low states:

* Asynchronous — Best for variable-step solvers — Asynchronous events
are better suited to variable step solvers, because they require fewer simulation
steps for the same level of accuracy. In asynchronous mode the PWM switching
events generate zero crossings, and therefore switching times are always determined
accurately, regardless of the simulation maximum step size.

+ Discrete—time — Best for fixed-step solvers — Discrete-time events are
better suited to fixed-step operation, because then the switching events are always
synchronized with the simulation step. Using an asynchronous implementation with
fixed-step solvers may sometimes result in events being up to one simulation step
late. For more information, see “Simulating with Fixed Time Step — Local and Global
Fixed-Step Solvers”.

If you use a fixed-step or local solver and the discrete-time switching event type, the
following restrictions apply to the Sample time parameter value:

+  The sample time must be a multiple of the simulation step size.

* The sample time must be small compared to the PWM period, to ensure sufficient
resolution.

Basic Assumptions and Limitations

The model is based on the following assumptions:

+ The REF output of this block is floating, it is not tied to the Electrical Reference.
One consequence of this is that if you connect the PWM and REF electrical ports
directly to the H-Bridge PWM and REF electrical ports, you must attach an Electrical
Reference block to the REF connection line.

* Do not use the Controlled PWM block to drive a motor block directly. A PWM motor
driver goes open circuit in between pulses. Use the H-Bridge block to drive a motor
block.

* When driving a motor via the H-Bridge block, set the Simulation mode parameter
to Averaged to speed up simulations. You must also set the Simulation mode
parameter of the H-Bridge block to Averaged mode. This applies the average of
the demanded PWM voltage to the motor. The Averaged mode assumes that the
impedance of the motor inductive term is small at the PWM frequency. To verify
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this assumption, run the simulation using the PWM mode and compare the results to
those obtained from using the Averaged mode.

If you are linearizing your model, set the Simulation mode parameter to Averaged
and ensure that you have specified the operating point of the block correctly. You can
only linearize the block for inputs corresponding to a duty cycle greater than zero and
less than 100 percent.

When you use this block in PWM mode with the Use local solver option selected

in the Solver Configuration block, set the Switching event type parameter to
Discrete—time — Best for fixed-step solvers. Using the Asynchronous

— Best for variable-step solvers option in this situation may produce
inaccuracies, because simulation with the local solver implies fixed step, and the
PWM events will not always coincide precisely with the simulation steps. This results
in PWM events sometimes occurring one simulation step late.



Controlled PWM Voltage

Dialog Box and Parameters

Block Parameters: Controlled PWM Voltage @
Controlled PWM Voltage

This block represents a Pulse-Width Modulated (PWM) voltage source across its PWM and REF ports that
depends on the reference voltage Vref across its +ref and -ref ports. The duty cycle in percent is given by
100*(Vref-Vmin)/(Vmax-Vmin) where VYmin and Vmax are the minimum and maximum values for Vref. The
output voltage is zero when the pulse is low, and is set equal to the Output voltage amplitude parameter when
high.

At time zero, the pulse is initialized as high unless the duty cycle is set to zero or the Pulse delay time is
greater than zero.

The Simulation mode can be set to PWM or Averaged. In PWM mode, the output is a PWM signal. In Averaged
mode, the output is constant with value equal to the averaged PWM signal.

Parameters

PWM frequency: 1000 Hz -
Pulse delay time: 0 ] -
Pulse width offset: 0 s -
Input value Vmin for 0% duty 0 y -
cycle:

Input value Vmax for 100% duty 5 y -
cycle:

Output voltage amplitude: 5 v -
Simulation mode: |PWM v|
Switching event type: |Asynchr0n0us— Best for variable-step solvers v|

0K ] | Cancel | | Help Apply

PWM frequency

Frequency of the PWM output signal. The default value is 1000 Hz.

Pulse delay time

The pulse train does not start until the simulation time is equal to the Pulse delay

time. You can specify a small value for Pulse delay time to fine

-tune switching

times and ensure that an off-going device is fully off before the on-going device starts
to turn on. You can also use larger delay times, for example, if you need the pulse
train to start only after a number of cycles. The value you provide must be greater
than or equal to zero. This parameter is only visible when you select PWM for the

Simulation mode parameter. The default value is O s.
Pulse width offset
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The demanded pulse width as defined by the product of the demanded duty cycle and
one over the pulse frequency can be offset by the value you provide for Pulse width
offset. A positive value acts to lengthen the pulse by a fixed amount. A negative
value acts to shorten the pulse. You can use this parameter, along with the Pulse
delay time, to fine-tune switching times so as to minimize switching losses in some
circuits. This parameter is only visible when you select PWM for the Simulation
mode parameter. The default value is O s.

Input value Vmin for 0% duty cycle

Value of the input voltage at which the PWM signal has a 0% duty cycle. The default
valueis O V.

Input value Vmax for 100% duty cycle

Value of the input voltage at which the PWM signal has a 100% duty cycle. The
default valueis 5 V.

Output voltage amplitude

Amplitude of the PWM signal when the output is high. The default value is 5 V.

Simulation mode

The type of output voltage can be PWM or Averaged. The default mode, PWM, produces
a pulse-width modulated signal. In Averaged mode, the output is a constant whose
value is equal to the average value of the PWM signal.

Switching event type

This parameter is only visible when you select PWM for the Simulation mode

parameter. Select the switching event type when moving between output high and
output low states:

* Asynchronous — Best for variable-step solvers — This option is more
efficient for desktop simulation with variable-step solvers, because it requires
fewer simulation steps for the same level of accuracy. This is the default.

+ Discrete—time — Best for fixed-step solvers — Use with fixed-step
solvers, including the local solver. For more information, see “Simulating with
Fixed Time Step — Local and Global Fixed-Step Solvers”.

Sample time

The time between updates of the block output state. The sample time must be a
multiple of the simulation step size. In order for the PWM control to have sufficient
resolution, set the sample time to less than one hundredth of the PWM period. (The
PWM period is one over the PWM frequency.) This parameter is only visible when



Controlled PWM Voltage

you select Discrete—time — Best for fixed-step solvers for the Switching

event type parameter. The default value is 1e-6 s.

Ports

The block has the following ports:

+ref

Positive electrical reference voltage
-ref

Negative electrical reference voltage
PWM

Pulse-width modulated signal
REF

Floating zero volt reference

Examples

See the Linear Electrical Actuator (System-Level Model) and Linear Electrical Actuator

(Implementation Model) examples.

See Also

Stepper Motor Driver
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Crystal

Model stable resonator

Library

Passive Devices

Al

Description

The Crystal block represents the electrical characteristics of a crystal. The following
figure shows the equivalent circuit model of the Crystal block.

You specify the equivalent circuit parameters for this model when you set the
Parameterization parameter to EQuivalent circuit parameters.

* The capacitor CO corresponds to the capacitance you specify in the Shunt
capacitance, C0 parameter.

* The capacitor CI corresponds to the capacitance you specify in the Motional
capacitance, C1 parameter.

* The inductor LI corresponds to the inductance you specify in the Motional
inductance, L1 parameter.

+ The resistor R1 corresponds to the resistance you specify in the Equivalent series
resistance, R1 parameter.
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Most datasheets specify crystal frequency rather than inductance, so the block optionally
accepts frequency data.

* When you set the Parameterization parameter to Series resonance data,
the block uses the following relationship to calculate L1 from the series resonant
frequency:

1

1= 2mJLC,

Where f; is the Series resonance, fs parameter value.

* When you set the Parameterization parameter to Parallel resonance data,
the block uses the following relationship to calculate L1 from the parallel resonant
frequency:

1
" 2w JLC (C,+C,)/(C +Co+C))

Where:

f. 1s the Parallel resonance, fa parameter value.

C; is the Load capacitance, CL parameter value.
Some datasheets specify quality factor rather than equivalent series resistance, so the
block optionally accepts quality factor data. When you set the R1 parameterization

parameter to Qual ity Factor Q, the block uses the following relationship to calculate
R1 from the quality factor:

_onflL,

0 R

Where @ is the Quality factor, Q parameter value.

Note: The R1 parameterization parameter is only visible when you select Series
resonance dataor Parallel resonance data for the Parameterization
parameter.

1-63



1 Blocks — Alphabetical List

Basic Assumptions and Limitations

The Crystal block models only the fundamental crystal vibration mode.

Dialog Box and Parameters

Block Parameters: Crystal @

Crystal

This block implements an electrical equivalent circuit for a crystal. The equivalent circuit consists of a series

R1-L1-C1 arm to represent the mechanical dynamics, plus a parallel shunt capacitance CO.

Parameters

Parameterization: |Series resonance data v|

Series resonance, fs: 32.764 kHz -

R1 parameterization: |Equi\.ralent series resistance R1 w7 |

Equivalent series resistance, R1: 15 kohm -

Mational capacitance, C1: 0.0035 pF -

Shunt capacitance, C0: 1.6 pF -

Initial voltage: 0 v -
0K ] | Cancel | | Help Apply

Parameterization

Select one of the following methods for block parameterization:

+ Series resonance data— Provide series resonant frequency and capacitance
data for the crystal. This method is the default.

+ Parallel resonance data— Provide parallel resonant frequency and
capacitance data for the crystal.

+ Equivalent circuit parameters — Provide electrical parameters for an
equivalent circuit model of the crystal.

Series resonance, fs

Crystal series resonant frequency. This parameter is only visible when you select
Series resonance data for the Parameterization parameter. The default value
is 32.764 kHz.

Parallel resonance, fa
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Crystal parallel resonant frequency that corresponds to operating with a parallel
load capacitance specified by the Load capacitance, CL parameter. This
parameter is only visible when you select Paralllel resonance data for the
Parameterization parameter. The default value is 32.768 kHz.

Motional inductance, L1
Inductance that represents the mechanical mass of the crystal. This parameter

is only visible when you select Equivalent circuit parameters for the
Parameterization parameter. The default value is 6.742e+03 H.

R1 parameterization
Select one of the following methods for series resistance parameterization:

+ Equivalent series resistance R1— Provide the resistance value directly.
This is the default method.

+ Quality factor Q — Provide the quality factor that the block uses to calculate
the resistance value.

This parameter is only visible when you select Series resonance data or
Parallel resonance data for the Parameterization parameter.

Quality factor, Q

Crystal quality factor. This parameter is only visible when you make one of the
following selections:

Series resonance data for the Parameterization parameter and Qual ity
factor Q for the R1 parameterization parameter
+ Parallel resonance data for the Parameterization parameter and
Quality factor Q for the R1 parameterization parameter
The default value is 9e+04.
Equivalent series resistance, R1
Motional damping term. This parameter is only visible when you make one of the
following selections:

+ Series resonance data for the Parameterization parameter and

Equivalent series resistance R1 for the R1 parameterization
parameter

+ Parallel resonance data for the Parameterization parameter and

Equivalent series resistance Rl for the R1 parameterization
parameter
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+ Equivalent circuit parameters for the Parameterization parameter

The default value is 15 kQ.
Motional capacitance, C1

Capacitance that represents crystal mechanical stiffness under load. The default
value is 0.0035 pF.

Load capacitance, CL

Load capacitance that corresponds to the Parallel resonance, fa parameter value.
This parameter is only visible when you select Parallel resonance data for the
Parameterization parameter. The default value is 12.5 pF.

Shunt capacitance, C0

Electrical capacitance between the two crystal electrical connections. The parameter
value must be greater than zero. The default value is 1.6 pF.

Initial voltage

The output voltage at the start of the simulation when the output current is zero. The
default valueis 0 V.

Ports

The block has the following ports:

+

Positive electrical port

Negative electrical port
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Current-Controlled Switch

Model current-controlled switch with hysteresis

Library

SPICE-Compatible Components/Passive Devices

AT

of—=
|

Description —

The Current-Controlled Switch block represents the electrical characteristics of a switch
whose state is controlled by the current through the input ports (the controlling current):

*  When the controlling current is greater than the sum of the Threshold current,
IT and Hysteresis current, IH parameter values, the switch is closed and has a
resistance equal to the On resistance, RON parameter value.

*  When the controlling current is less than the Threshold current, IT parameter
value minus the Hysteresis current, IH parameter value, the switch is open and
has a resistance equal to the Off resistance, ROFF parameter value.

* When the controlling current is greater than or less than the Threshold current,
IT parameter value by an amount less than or equal to the Hysteresis current, IH
parameter value, the current is in the crossover region and the state of the switch
remains unchanged.

Basic Assumptions and Limitations

The block output resistance model is discontinuous during switching. The discontinuity
might cause numerical issues. Try the following actions to resolve the issues:

*  Set the On resistance, RON and Off resistance, ROFF parameter values to keep
the ratio RON/ROFF as small as possible, and less than 1le+12.

* Increase the Hysteresis current, IH parameter value to reduce switch chatter.
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+ Decrease the Max step size parameter value (in the Configuration Parameters block
dialog box).

Note: This increases the simulation time.

Dialog Box and Parameters
x5

— Current-Controlled Switch

The block represents a current controlled switch, If the controlling current is greater than the sum of the threshald current and
the hysteresis current the switch is dosed and its resistance value is RON. If the controling current is less than the difference of
the threshold current minus the hysteresis current then the switch is open and its resistance value is ROFF, If the controlling
current value is within the crossover region, the switch position is unchanged.

—Parameters

Threshald current, IT: Jo | & =
Hysteresis current, TH: Jo |a |
On resistance, RON: |1 | ohm |
Off resistance, ROFF: |1e+12 | ohm x|
Initial switch state: Jon |

I Apply |

Threshold current, IT

The current above which the block interprets the controlling current as HIGH. The
default value is O A.

Note: The controlling current must differ from the threshold current by at least the
Hysteresis current, IH parameter value to change the state of the switch.

Hysteresis current, IH

The amount by which the controlling current must exceed or fall below the
Threshold current, IT parameter value to change the state of the switch. The
default value is O A.
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On resistance, RON

The resistance of the switch when it is closed. The default value is 1 Q.
Off resistance, ROFF

The resistance of the switch when it is open. The default value is 1e+12 Q.
Initial switch state

Select one of the following options for the state of the switch at the start of the
simulation:

*  On — The switch is initially closed and its resistance value is equal to the On
resistance, RON parameter value. This is the default option.

*  OFF — The switch is initially open and its resistance value is equal to the Off
resistance, ROFF parameter value.

Ports

The block has the following ports:

+

Positive electrical input and output ports.

Negative electrical input and output ports.
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Current Limiter

Behavioral model of current limiter

Library

Semiconductor Devices

Al

Description

The Current Limiter block provides a behavioral model of a current limiter. Use it to
represent current limiting as found in power supplies and motor drives, and also to
represent components that are used to limit inrush current.

The current limiting acts for both positive and negative currents. For applications where
limiting is required in only one direction, you can augment the Current Limiter block
with a series diode (blocks any reverse current) or parallel diode (no limiting in the
reverse direction).

The block implements current limiting by using a hyperbolic tangent function:

.. 4v
L=1lr1Mm tanh[v
LIM

]Jf 8LV

where:

* i1s the current through the component.
* v is the voltage drop across the component.
* Iy 1s the current limit.

* v 1s the approximate voltage drop across the component when the current limit
becomes active.



Current Limiter

*  grv is the rate of change of current with voltage drop when on the current limit
(limit-state conductance).

When v = vy, then

1= LLIM tanh(4) + 8LV =09993LLIM + 8L1mV

Therefore the current is approximately equal to the limit. Choose the value for gy such
that grv v is small compared to iy for the maximum expected voltage drop. This term is
included in the block equation to improve numerical properties during simulation.

When choosing the value of vrn, consider that making it too small will require tight
solver tolerances and small step sizes. In practice, current limiters can be implemented
using a MOSFET and series source resistor, the gate-source voltage being driven by the
series resistor. This implementation does not produce a sharp limit, similar to the tanh
curve used in this block. You can use a datasheet plot of current against voltage to pick a
suitable value for vy

Thermal Port

The block has an optional thermal port, hidden by default. To expose the thermal port,
right-click the block in your model, and then from the context menu select Simscape >
Block choices > Show thermal port. This action displays the thermal port H on the
block icon, and adds the Thermal Port tab to the block dialog box.

The thermal port model contains a thermal mass. The power dissipated by the current
limiter, plus the heat flow into the thermal port, drives the thermal mass differential
equation:

dT
mE = Ploss +QH

where:

* m1is the thermal mass.
*  Tis the thermal port temperature.

Py 1s the electrical loss, v 1.
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* @y is the heat flow from the external network into the thermal port.

Dialog Box and Parameters

"4 Block Parameters: Current Limiter @

Current Limiter

Behavioral model of a current limiter. The current through the device is defined by i = iLim®tanh(4*v/vLim) +
gLim®v where v is the voltage across it. For currents below the current limit value (iLim), the device behaves
approximately like a resistor with high conductance value equal to iLim/vLim where vLim is the voltage drop when
the current starts to limit. As the limit is approached, the rate of change of current with voltage falls rapidly to the

limit-state conductance value (gLim).

Making vLim small will make the current-limit profile sharper, but it will also require the solver to take smaller
steps.

Settings

FParameters
Current limit: 1 A -
Voltage drop when current starts

= 0.1 v -
to limit:
Limit-state conductance: le-3 1/0hm -

[ 0K ] | Cancel | | Help | Apply

+ “Parameters Tab” on page 1-72
* “Thermal Port Tab” on page 1-73

Parameters Tab

Current limit
The maximum current magnitude. The default value is 1 A.

Voltage drop when current starts to limit

When the voltage drop is equal to this value, then the current is limited at 0.9993
times the current limit value. The default valueis 0.1 V.

Limit-state conductance

When the current is limited, this parameter defines the rate of change of current
with voltage drop if the current is driven harder onto the limit. The default value is

1le-3 1/Q.



Current Limiter

Thermal Port Tab

This tab appears only for blocks with exposed thermal ports. For more information, see
“Thermal Port” on page 1-71.

Thermal mass

The heat energy required to raise the temperature by one degree. The default value
is 100 J/K.

Initial temperature

The temperature at the start of simulation. The default value is 25 C.

Ports

The block has the following ports:

+

Electrical conserving port associated with the current limiter positive terminal

Electrical conserving port associated with the current limiter negative terminal
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Current Source

Simulate current source with DC, AC, and noise components

Library

Sources

Description

The Current Source block implements a current source with DC, AC, and noise
components. The current flowing through the source from the — terminal to the +
terminal is given by:

l=lDC +ZAC Sln(2nft+ ¢)+ZN

where:

* ipc is the steady-state DC current component.

* iac 1s the amplitude of the AC current component.

* f1s the frequency of the AC component.

* ¢ is the phase offset of the AC component.

* iy 1s the noise current.

You can configure your source as DC-only, AC-only, or a combination of both. By default,

both AC and DC components are set to 0. Define the AC/DC current by specifying
nonzero parameter values after placing the block in your model.

The noise component is also optional. If you set the Noise mode parameter to Enabled,
then the added noise current is given by:
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== N(0)
lN_\/PlW \/E

where:

* P, is the single-sided noise power spectral density for a 1 ohm load, in A*2/Hz.
+ Nis a Gaussian random number with zero mean and standard deviation of one.

* his the sampling interval.

By default, the Noise mode parameter is set to Disabled, and the current source
generates no thermal noise.

Noise Options

The block generates Gaussian noise by using the Random Number source in the
Simscape Foundation library. You can control the random number seed by setting the
Repeatability parameter:

* Not repeatable — Every time you simulate your model, the block resets the
random seed using the MATLAB® random number generator:

seed = randi(2"32-1);

* Repeatable — The block uses a hidden parameter, called auto_seed, to always
start the simulation with the same random number. The value of auto_seed is set
whenever you copy the Resistor block from the block library to the model, or when you
make a new copy of the Resistor block from an existing one in a model. The block sets
the value using the MATLAB random number generator command shown above.

+ Specify seed — If you select this option, the additional Seed parameter lets you
directly specify the random number seed value.

Basic Assumptions and Limitations

Simulating with noise enabled slows down simulation. Choose the sample time (k) so
that noise is generated only at frequencies of interest, and not higher.
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Dialog Box and Parameters

Block Parameters: Current Source @
Current Source

This block models a current source with DC, AC and noise components. The output current is defined by i = i_dc +
i_ac * sin(2*pi*f*t + phi) + i_n where i_dc is the DC amplitude, i_ac is the peak AC amplitude, f is the frequency,
phi is the phase shift and i_n is the noise current.

Parameters
DC & AC Components | Noise |
DC current: 0 A -
AC current peak amplitude: 0 A -
AC current phase shift: 0 deg -
AC current frequency: 60 Hz -
[ 0K ] | Cancel | | Help Apply

+ “DC & AC Components Tab” on page 1-76
+ “Noise Tab” on page 1-77

DC & AC Components Tab

DC current
The DC component of the output current. The default value is O A. Enter a nonzero
value to add a DC component to the current source.

AC current peak amplitude
Amplitude of the AC component of the output current. The default value is O A. Enter
a nonzero value to add an AC component to the current source.

AC current phase shift
Phase offset of the AC component of the output current. The default value 1s O
degrees.

AC current frequency
Frequency of the AC component of the output current. The default value is 60 Hz.



Current Source

Noise Tab

Noise mode

Select the noise option:

+ Disabled — No noise is produced by the current source. This is the default.

* Enabled — The current source generates thermal noise, and the associated
parameters become visible on the Noise tab.

Power spectral density

The single-sided spectrum noise power. Strictly-speaking, this is a density function
for the square of the current, commonly thought of as a power into a 1 ohm load, and
therefore units are A*2/Hz. To avoid this unit ambiguity, some datasheets quote
noise current as a noise density with units of A/NHz. In this case, you should enter
the square of the noise density quoted in the datasheet as the parameter value. The
default value is 0 A*2/Hz.

Sample time

Defines the rate at which the noise source is sampled. Choose it to reflect the
frequencies of interest in your model. Making the sample time too small will
unnecessarily slow down your simulation. The default value is 1e-3 s.

Repeatability
Select the noise control option:
+ Not repeatable — The random sequence used for noise generation is not
repeatable. This is the default.

* Repeatable — The random sequence used for noise generation is repeatable,
with a system-generated seed.

+ Specify seed — The random sequence used for noise generation is repeatable,
and you control the seed by using the Seed parameter.

Seed

Random number seed used by the noise random number generator. This parameter
is visible only if you select Specify seed for the Repeatability parameter. The
default value is O.

Ports

The block has the following ports:
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+
Positive electrical port
Negative electrical port
See Also

Resistor | Voltage Source
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DC Current Source

Model constant current source

Library

SPICE-Compatible Components/Sources

P

Description -

The DC Current Source block represents a constant current source whose output current
value is independent of the voltage across its terminals.

The block uses a small conductance internally to prevent numerical simulation issues.
The conductance connects the + and - ports of the device and has a conductance GMIN:

+ By default, GMIN matches the Minimum conductance GMIN parameter of the
SPICE Environment Parameters block, whose default value is 1e—12.

* To change GMIN, add a SPICE Environment Parameters block to your model and set
the Minimum conductance GMIN parameter to the desired value.
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Dialog Box and Parameters

[Z]Block Parameters: DC Current Source x|

—DiC Current Source

The DC Current Source block maintains a kme-invariant {constant) current through
its kerminals, independent of the voltage across its terminals. The SPICE AC
pararmeters are not supported.

—Parameters

Constant walug, DC: |0 & LI

’TI cance' | , ........... H e|p ........... ‘| Apply |

Constant value, DC
The value of the DC output current. The default value is O A.

Ports

The block has the following ports:

+

Positive electrical voltage.

Negative electrical voltage.

See Also

DC Voltage Source
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DC Motor

DC motor model with electrical and torque characteristics

Library

Rotational Actuators

Description

The DC Motor block represents the electrical and torque characteristics of a DC motor
using the following equivalent circuit model:

You specify the equivalent circuit parameters for this model when you set the Model
parameterization parameter to By equivalent circuit parameters. The resistor
R corresponds to the resistance you specify in the Armature resistance parameter.
The inductor L corresponds to the inductance you specify in the Armature inductance
parameter. The permanent magnets in the motor induce the following back emf vy, in the
armature:

v, =k,o

where &, is the Back-emf constant and o is the angular velocity. The motor produces
the following torque, which is proportional to the motor current i:

T, =ki

t
where k; is the Torque constant. The DC Motor block assumes that there are no

electromagnetic losses. This means that mechanical power is equal to the electrical power
dissipated by the back emf in the armature. Equating these two terms gives:
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T.o=v,i
kiw=k wi
k, =k,

As a result, you specify either k&, or k; in the block dialog box.

The torque-speed characteristic for the DC Motor block is related to the parameters

in the preceding figure. When you set the Model parameterization parameter to By
stall torque & no-load speedor By rated power, rated speed & no-load
speed, the block solves for the equivalent circuit parameters as follows:

1 For the steady-state torque-speed relationship, L has no effect.

2 Sum the voltages around the loop and rearrange for i:

V—v, V-ko
R R

1=

3  Substitute this value of i into the equation for torque:
k
TE = _I(V _kvw)
R

When you set the Model parameterization parameter to By stall torque &
no-load speed, the block uses the preceding equation to determine values for R
and k; (and equivalently k).

When you set the Model parameterization parameter to By rated power,
rated speed & no-load speed, the block uses the rated speed and power to
calculate the rated torque. The block uses the rated torque and no-load speed values
in the preceding equation to determine values for R and k;.

The block models motor inertia / and damping A for all values of the Model
parameterization parameter. The resulting torque across the block is:

T :%(V—kvw)—Ja')—/la)

1-82



DC Motor

It is not always possible to measure rotor damping, and rotor damping is not always
provided on a manufacturer datasheet. An alternative is to use the no-load current to
infer a value for rotor damping.

For no-load, the electrically-generated mechanical torque must equal the rotor damping
torque:

ktlnuload = )‘w

noload

where i,002q 18 the no-load current. If you select By no-load current for the Rotor
damping parameterization parameter, then this equation is used in addition to the
torque-speed equation to determine values for A and the other equation coefficients.

The value for rotor damping, whether specified directly or in terms of no-load current,
is taken into account when determining equivalent circuit parameters for Model
parameterization options By stall torque and no-load speed and By rated
power, rated speed and no-load speed.

When a positive current flows from the electrical + to - ports, a positive torque acts from
the mechanical C to R ports.

Thermal Port

The block has an optional thermal port, hidden by default. To expose the thermal port,
right-click the block in your model, and then from the context menu select Simscape >
Block choices > Show thermal port. This action displays the thermal port H on the
block icon, and adds the Temperature Dependence and Thermal Port tabs to the
block dialog box.

Use the thermal port to simulate the effects of copper resistance losses that convert
electrical power to heat. For more information on using thermal ports and on the
Temperature Dependence and Thermal Port tab parameters, see “Simulating
Thermal Effects in Rotational and Translational Actuators”.
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Dialog Box and Parameters

Block Parameters: DC Motor
DC Motor

small non-zero value.

Parameters

Electrical Torque Mechanical

This block represents the electrical and torque characteristics of a DC motor.

==l

The block assumes that no electromagnetic energy is lost, and hence the back-emf and torque constants have the
same numerical value when in SI units. Motor parameters can either be specified directly, or derived from no-load
speed and stall torque. If no information is available on armature inductance, this parameter can be set to some

When a positive current flows from the electrical + to - ports, a positive torque acts from the mechanical C to R
ports. Motor torque direction can be changed by altering the sign of the back-emf or torque constants.

Model parameterization:

IBy equivalent circuit parameters

Armature resistance: 3.9 Ohm -

Armature inductance: 1.2e-5 H -

Define back-emf or torque -

constant: ISpecn‘y back-emf constant I

Back-emf constant: 7.2e-5 Vfrpm -

Rotor damping parameterization: IBy damping value ']
[ ] I Cancel I I Help I Apply

+  “Electrical Torque Tab” on page 1-84
+ “Mechanical Tab” on page 1-87

Electrical Torque Tab

Model parameterization

Select one of the following methods for block parameterization:

* By equivalent circuit parameters — Provide electrical parameters for an

equivalent circuit model of the motor. This is the default method.

+ By stall torque & no-load speed — Provide torque and speed parameters

that the block converts to an equivalent circuit model of the motor.




DC Motor

* By rated power, rated speed & no-load speed — Provide power and
speed parameters that the block converts to an equivalent circuit model of the
motor.

Armature resistance

Resistance of the conducting portion of the motor. This parameter is only
visible when you select By equivalent circuit parameters for the Model
parameterization parameter. The default value is 3.9 Q.

Armature inductance

Inductance of the conducting portion of the motor. If you do not have information
about this inductance, set the value of this parameter to a small, nonzero number.
The default value is 1.2e-05 H.

Define back-emf or torque constant

Indicate whether you will specify the motor's back-emf constant or torque constant.
When you specify them in SI units, these constants have the same value, so

you only specify one or the other in the block dialog box. This parameter is only
visible when you select By equivalent circuit parameters for the Model
parameterization parameter. The default value is Specify back-emf constant.

Back-emf constant
The ratio of the voltage generated by the motor to the speed at which the motor is
spinning. The default value is 7.2e-05 V/rpm. This parameter is only visible when

you select Specify back-emf constant for the Define back-emf or torque
constant parameter.

Torque constant

The ratio of the torque generated by the motor to the current delivered to it. This
parameter is only visible when you select Specify torque constant for the
Define back-emf or torque constant parameter. The default value is 6.876e-04
N*m/A.

Stall torque

The amount of torque generated by the motor when the speed is approximately zero.
This parameter is only visible when you select By stall torque & no-load
speed for the Model parameterization parameter. The default value is 2.4e-04
N*m.

No-load speed

Speed of the motor when not driving a load. This parameter is only visible when you
select By stall torque & no-load speedor By rated power, rated speed
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& no-load speed for the Model parameterization parameter. The default value
is 1.91e+04 rpm.

Rated speed (at rated load)

Motor speed at the rated mechanical power level. This parameter is only visible when
you select By rated power, rated speed & no-load speed for the Model
parameterization parameter. The default value is 1.5e+04 rpm.

Rated load (mechanical power)

The mechanical power the motor is designed to deliver at the rated speed. This
parameter is only visible when you select By rated power, rated speed & no-
load speed for the Model parameterization parameter. The default value is
0.08 W.

Rated DC supply voltage

The voltage at which the motor is rated to operate. This parameter is only visible
when you select By stall torque & no-load speedor By rated power,
rated speed & no-load speed for the Model parameterization parameter.
The default valueis 1.5 V.

Rotor damping parameterization
Select one of the following methods to specify rotor damping:
+ By damping value — Specify a value for rotor damping directly, by using the
Rotor damping parameter on the Mechanical tab. This is the default.

* By no-load current — The block calculates rotor damping based on the
values that you specify for the No-load current and DC supply voltage when
measuring no-load current parameters. If you select this option, the Rotor
damping parameter is not available on the Mechanical tab.

No-load current

Specify the no-load current value, to be used for calculating the rotor damping. This
parameter is only visible when you select By no-load current for the Rotor
damping parameterization parameter. The default value is 0 A.

DC supply voltage when measuring no-load current

Specify the DC supply voltage corresponding to the no-load current value, to be used
for calculating the rotor damping. This parameter is only visible when you select By
no-load current for the Rotor damping parameterization parameter. The
default valueis 1.5 V.
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Mechanical Tab

Rotor inertia

Resistance of the rotor to change in motor motion. The default value is 0.01 g*cm?
The value can be zero.

Rotor damping

Energy dissipated by the rotor. This parameter is only visible when you select By
damping value for the Rotor damping parameterization parameter on the
Electrical tab. The default value is 1€-08 N*m/(rad/s). The value can be zero.

Initial rotor speed

Speed of the rotor at the start of the simulation. The default value is O rpm.

Ports

The block has the following ports:

+

Positive electrical input

Negative electrical input
C

Mechanical rotational conserving port
R

Mechanical rotational conserving port
Examples

See the following DC motor examples:

* Linear Electrical Actuator (Motor Model)
* Linear Electrical Actuator (System-Level Model)

* Linear Electrical Actuator (Implementation Model)
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References

[1] Bolton, W. Mechatronics: Electronic Control Systems in Mechanical and Electrical
Engineering, 3rd edition Pearson Education, 2004.

See Also

Induction Motor | Servomotor | Shunt Motor | Universal Motor
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DC Voltage Source

Model constant voltage source

Library

SPICE-Compatible Components/Sources

¢

Description -

The DC Voltage Source block represents a constant voltage source whose output voltage
value is independent of the current through the source.

Dialog Box and Parameters

[Z]Block Parameters: DC Yoltage Source x|

—DC Walkage Source

The DC Yolkage Source block maintains a time-invariant (constant) vaolkage across
its autput terminals, independent of the current through the source. The SPICE AC
pararmeters are not supported.

—Parameters

Conskant walue, D i} W ;I

’TI cance' | , ........... H e|p ........... ‘| Apply |

Constant value, DC
The value of the DC output voltage. The default valueis 0 V.
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Ports

The block has the following ports:

+

Positive electrical voltage.

Negative electrical voltage.

See Also

DC Current Source



DC-DC Converter

DC-DC Converter

Behavioral model of power converter

Library

Sources

> =k

Description

The DC-DC Converter block represents a behavioral model of a power converter. This
power converter regulates voltage on the load side, and the required amount of power
1s drawn from the supply side so as to balance input power, output power, and losses.
Optionally the converter can support regenerative power flow from load to supply.

The following circuit illustrates the behavior of the converter.

o, >

j i
Is Rout load

A @ o

O O

The Pgreq component draws a constant power, and corresponds to converter losses that
are independent of load current. The power drawn is set by the Fixed converter losses
independent of loading parameter value. The resistor Ry corresponds to losses

that increase with load current, and is determined from the value you specify for the
Percentage efficiency at rated output power parameter.

The voltage source is defined by the following equation:
U = Upef — iloadD + iloadRout
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where:

*  Uperl1s the load side voltage set point, as defined by the value you specify for the
Output voltage reference demand parameter.

* D is the value you specify for the Output voltage droop with output current
parameter. Having a separate value for droop makes control of how output voltage
varies with load independent of load-dependent losses. Instead of specifying D
directly, you can specify the Percent voltage droop at rated load.

The current source value i is calculated so that the power flowing in to the converter
equals the sum of the power flowing out plus the converter losses.

If the voltage presented by the load is higher than the converter output voltage
reference demand, then power will flow from the load to the converter. If you set the
Power direction parameter to Unidirectional power flow from supply to
regulated side, then the power is absorbed by the converter, and the current source
current i is zero. If you set the Power direction parameter to Bidirectional power
Flow, then the power is transmitted to the supply side, and i becomes negative.

Optionally the block can include voltage regulation dynamics. If you select Specify
voltage regulation time constant for the Dynamics parameter, then a first-
order lag is added to the equation defining the voltage source value. With the dynamics
enabled, a step change in load results in a transient change in output voltage, the time
constant being defined by the Voltage regulation time constant parameter.

Simulating Faults

You can use the physical signal input port F to simulate both DC supply failure and
converter failure. This type of event cannot be simulated by simply disconnecting the DC
supply, for example by opening a switch, because the average value model will attempt to
increase supply-side current to unrealistic values as supply-side voltage drops.

You control the behavior in response to the physical signal fault input F by the
parameters on the Faults tab of the block dialog box. With the default parameter
settings:

+ Fault condition is Output open circuit if F >= Fault threshold
+ Fault threshold is 0.5

you can leave the input F unconnected and the converter will work normally.



DC-DC Converter

If a signal is connected to port F, then the block operates according to the parameter
settings on the Faults tab. For example, if Fault condition is Output open circuit
iT F >= Fault threshold, then when the signal at port F rises above the Fault
threshold value, the converter stops operating, zero current is taken from the supply
side, and zero current is supplied to the load side.

Basic Assumptions and Limitations

The model is based on the following assumptions:

The two electrical networks connected to the supply-side and regulated-side terminals
must each have their own Electrical Reference block.

The supply-side equation defines a power constraint on the product of the voltage (vy)
and the current (is). For simulation, the solver must be able to uniquely determine vs.
To ensure that the solution is unique, the block implements two assertions:

c ;>0

ls < Umax

The first assertion ensures that the sign of vy is uniquely defined. The second deals
with the case when the voltage supply to the block has a series resistance. When there
is a series resistance, there are two possible steady-state solutions for i that satisfy
the power constraint, the one with the smaller magnitude being the desired one. You
should set the value for the Maximum expected supply-side current parameter
(imay) to be larger than the expected maximum current. This will ensure that when the
model is initialized the initial current does not start at the undesired solution.
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Dialog Box and Parameters

"4 Block Parameters: DC-DC Converter @
DC-DC Converter

Behavioral model of an ideal DC-DC converter. The block can be used to represent unidirectional or bidirectional
converters without the need to simulate individual switching events. The supply-side can be connected to any
voltage, and the regulated-side voltage has optional droop.

Note that the two electrical networks connected to the supply-side and regulated-side terminals must each have
their own Electrical Reference block.

Settings
Main | Losses | Dynamics | Faults |
Output voltage reference 10 iy -
demand:
Rated output power: 10 W -
Droop parameterization: IBy voltage droop with output current ']
Output voltage droop with output 01 VA -
current:
Power direction: IUnidirectionaI power flow from supply to regulated side ']
Maximum expected supply-side
2 A -
current:
0K ] I Cancel I I Help Apply

+ “Main Tab” on page 1-94

* “Losses Tab” on page 1-95

* “Dynamics Tab” on page 1-96
* “Faults Tab” on page 1-96

Main Tab

Output voltage reference demand
The set point for the voltage regulator, and the output voltage value when there is no
output current. The default value is 10 V.

Rated output power

The output power for which the percentage efficiency value is given. This parameter
1s also used to calculate droop, D, if droop is specified as a percentage. The default
value is 10 W.



DC-DC Converter

Droop parameterization
Select one of the following methods for droop parameterization:
* By voltage droop with output current — Specify the absolute value of
droop, D. This is the default option.

* By percent voltage droop at rated load — Specify droop, D, as a
percentage at rated load.

Output voltage droop with output current

The number of volts that the output voltage will drop from the set point for an output
current of 1 A. This parameter is visible only if you select By voltage droop with
output current for the Droop parameterization parameter. The default value is
0.1 V/A.

Percent voltage droop at rated load

The percentage by which voltage drops compared to the nominal output volage when
supplying the rated load. This parameter is visible only if you select By percent
voltage droop at rated load for the Droop parameterization parameter.
The default value is 2 percent.

Power direction
Select one of the following methods for the direction of power conversion:
* Unidirectional power flow from supply to regulated side — Most
small power regulators are unidirectional. This is the default option.
+ Bidirectional power Fflow — Larger power converters can be bidirectional,
for example, converters used in electric vehicles to allow regenerative braking.
Maximum expected supply-side current

Set this value to a value greater than the maximum expected supply-side current in
your model. Using twice the expected maximum current is generally sufficient. For
more information, see “Basic Assumptions and Limitations” on page 1-93. The
default value is 2 A.

Losses Tab

Percentage efficiency at rated output power

The efficiency as defined by 100 times the output load power divided by the input
supply power. The default value is 80 percent.
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Fixed converter losses independent of loading

The power drawn by the Pg..q component in the equivalent circuit diagram, which
corresponds to converter losses that are independent of load current. The default
valueis 1 W.

Dynamics Tab

Dynamics

Specify whether to include voltage regulation dynamics:

*+ No dynamics — Do not consider the voltage regulation dynamics. This is the
default option.

+ Specify voltage regulation time constant — Add a first-order lag to
the equation defining the voltage source value. With the dynamics enabled, a step
change in load results in a transient change in output voltage.

Voltage regulation time constant

The time constant associated with voltage transients when the load current

is stepped. This parameter is only visible when you select Specify voltage
regulation time constant for the Dynamics parameter. The default value is
0.02s.

Initial output voltage demand

This is the value of v, at time zero. Normally, v, is defined by the Output voltage
reference demand parameter. However, if you want to initialize the model with

no transients when delivering a steady-state load current, you can set the initial

Uret Value by using this parameter, and increase it accordingly to take account of
output resistance and droop. This parameter is only visible when you select Specify
voltage regulation time constant for the Dynamics parameter. The default
valueis 10 V.

Faults Tab

Fault condition

Selects whether the converter is disabled by a signal that is high or low:

* Qutput open circuit if F >= Fault threshold — Converter is disabled
if the signal at port F rises above the threshold value. This is the default option.
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* Output open circuit if F <= Fault threshold — Converter is disabled
if the signal at port F falls below the threshold value.

Fault threshold
The threshold value used to detect a fault. The default value is 0.5.

Ports

The block has four electrical conserving ports. Polarity is indicated by the + and - signs.

The block also has a physical signal port F to simulate faults. You can leave this port
unconnected if the parameters on the Faults tab of the block dialog box are set to their
default values.
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Diode

Diode model; piecewise linear, piecewise linear zener, or exponential diode

Library

Semiconductor Devices

Description
The Diode block represents one of the following types of diodes:

+  “Piecewise Linear” on page 1-98
+  “Piecewise Linear Zener” on page 1-98

+  “Exponential” on page 1-99

Piecewise Linear

The piecewise linear diode model is the same model found in the Simscape Diode block,
with the addition of a fixed junction capacitance. If the diode forward voltage exceeds
the value specified in the Forward voltage parameter, the diode behaves as a linear
resistor with the resistance specified in the On resistance parameter. Otherwise,

the diode behaves as a linear resistor with the small conductance specified in the Off
conductance parameter. Zero voltage across the diode results in zero current flowing.

Piecewise Linear Zener

The piecewise linear zener diode model behaves like the piecewise linear diode model for
bias voltages above —Vz, where Vz is the Reverse breakdown voltage Vz parameter
value. For voltages less than —Vz, the diode behaves as a linear resistor with the low
Zener resistance specified in the Zener resistance Rz parameter. This diode model also
includes a fixed junction capacitance.



Diode

Note: The Reverse breakdown voltage Vz parameter is defined as a positive number.
The p-n voltage at breakdown is —Vz, which is negative.

Exponential

The exponential diode model provides the following relationship between the diode
current I and the diode voltage V-

qV

I=1S .| eMTu _1 V >-BV
—q(V+V2) qV

I=—IS-|e *Tm _ Nk, V <-BV

where:

* g is the elementary charge on an electron (1.602176e—19 Coulombs).
* kis the Boltzmann constant (1.3806503e—23 J/K).

* BVis the Reverse breakdown voltage BV parameter value.

* Nis the emission coefficient.

+ IS is the saturation current.

+ T 1s the temperature at which the diode parameters are specified, as defined by the
Measurement temperature parameter value.

qV
When (¢V/ NkTy:) > 80, the block replaces ¢NtT. with (qV/ NkTym: — 79)e™®, which
matches the gradient of the diode current at (qV/ NkT,,;) = 80 and extrapolates linearly.
qV
When (¢V/ NkTy:) < =79, the block replaces ¢NkT.: with (qV/ NkTw; + 80)e ", which
also matches the gradient and extrapolates linearly. Typical electrical circuits do

not reach these extreme values. The block provides this linear extrapolation to help
convergence when solving for the constraints during simulation.

When you select Use parameters IS and N for the Parameterization parameter,
you specify the diode in terms of the Saturation current IS and Emission
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coefficient N parameters. When you select Use 1-V curve data points for the
Parameterization parameter, you specify two voltage and current measurement
points on the diode I-V curve and the block derives the IS and N values. The block then
calculates IS and N as follows:

N=((V, =V,)/V,)/ (log(I,) ~ log(l,))
IS =(1,/ (exp(V, / (NV,)) =D +1, / (exp(V, / (NV,)) =1)) / 2

where:

© Vi=kTwni/q

* V;and V; are the values in the Voltages [V1 V2] vector.
+ I, and I, are the values in the Currents [I1 I12] vector.

When you select Use an 1-V data point and IS for the Parameterization
parameter, then the block calculates N as follows:

I
N=V,/|V,log| L +1
l[tog(IS n

When you select Use an 1-V data point and N for the Parameterization
parameter, then the block calculates IS as follows:

IS = I, / (exp(Vy / (NV,) -1))

The exponential diode model provides the option to include a junction capacitance:
* When you select Include fixed or zero junction capacitance for the
Junction capacitance parameter, the capacitance is fixed.

*  When you select Use parameters CJO, VJ, M & FC for the Junction
capacitance parameter, the block uses the coefficients CJO, VJ, M, and FC to
calculate a junction capacitance that depends on the junction voltage.

* When you select Use C-V curve data points for the Junction capacitance
parameter, the block uses three capacitance values on the C-V capacitance curve
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to estimate CJO, VJ, and M and uses these values with the specified value of FC
to calculate a junction capacitance that depends on the junction voltage. The block
calculates CJO, ViJ, and M as follows:

CJ0= Cl ((VRz _VRI)/(VR2 _VRI (Cz /Cl)_l/M ))M
VJ = _(_VRz (C1 / Cz )_I/M +VR1) /(1_ (C1 /Cz)_l/M)
M =10g(C;/C,) [10g(Vy, [Vips)

where:

V1, Vre, and Vg; are the values in the Reverse bias voltages [VR1 VR2 VR3]
vector.

C;, Cs, and C; are the values in the Corresponding capacitances [C1 C2 C3]
vector.

It is not possible to estimate FC reliably from tabulated data, so you must specify its
value using the Capacitance coefficient FC parameter. In the absence of suitable
data for this parameter, use a typical value of 0.5.

The reverse bias voltages (defined as positive values) should satisfy Vzs > Vi > Vi,
This means that the capacitances should satisfy C; > Cy > C; as reverse bias widens
the depletion region and hence reduces capacitance. Violating these inequalities
results in an error. Voltages Vg, and Vg3 should be well away from the Junction
potential VJ. Voltage Vx; should be less than the Junction potential VJ, with a typical
value for Vg; being 0.1 V.

The voltage-dependent junction is defined in terms of the capacitor charge storage ) as:

For V< FC-VJ:

Q;=CJO-(VI [ (M =1)-(1=V /V])™ =1)

For V> FC-VJ:
Qj =CJO-F,+(CJO/F,)-(F,-(V-FC 'VJ)+0.5(M/VJ)-(VZ—(FC-VJ)Z))

where:
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F=WVJ/1-M))-1-(1-FC)™))
F,=(1-FO)"™))

F,=1-FC-(1+M)

These equations are the same as used in [2], except that the temperature dependence of
VoJ and FC is not modeled. This model does not include the diffusion capacitance term
that affects performance for high frequency switching applications.

Modeling Charge

For applications such as commutation diodes it can be important to model diode charge
dynamics. When a forward-biased diode has a reverse voltage applied across it, it takes
time for the charge to dissipate and hence for the diode to turn off. The time taken for
the diode to turn off is captured primarily by the transit time parameter. Once the
diode is off, any remaining charge then dissipates, the rate at which this happens being
determined by the carrier lifetime.

The Diode block uses the model of Lauritzen and Ma [3] to capture these effects. The
three defining equations are:

;- 9E—au
TT

day I _9E M _
dt 1 TT

qg = (1+TT)IS[exp[N"/Vt J—l]

where:

+ [Iis the diode current.

* Vis the diode voltage.

* N is the emission coefficient.
* @g1s the junction charge.

* gu 1s the total stored charge.
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+  TTis the transit time.

* 71is the carrier lifetime.

Datasheets do not typically provide values for 7T and 7. Therefore the Diode block
provides an alternative parameterization in terms of Peak reverse current, Irrm and
Reverse recovery time, trr. Equivalent values for 7T and 7 are calculated from these
values, plus information on the initial forward current and rate of change of current
used in the test circuit when measuring I.., and ¢,. The test circuit can consist of a
series voltage source, resistor, inductor and the diode. The polarity of the voltage source
is switched so as to move the diode from forward conduction to reverse biased. The
following figure shows an idealized diode current response.

I
.- Gradient o

frmd 10

The value of the series resistor and applied voltage value determine the initial current If.
The value of the series inductance and the applied reverse voltage value determine the
current gradient, a.

The precise values of peak reverse current and reverse recovery time depend on the
test circuit used. Also, junction capacitance has some effect on the current recovery
characteristic. However, a junction capacitor value that dominates the response is
physically unrealistic.
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Only the exponential diode supports modeling of the diode charge dynamics. If you select
the Exponential for the Diode model parameter, then the Capacitance tab contains
an additional parameter called Charge dynamics. Select between the three options:

+ Do not model charge dynamics
+ Use peak reverse current and reverse recovery time
+ Use transit time and carrier lifetime

Modeling Temperature Dependence

The default behavior for the Diode is that dependence on temperature is not modeled,
and the device is simulated at the temperature for which you provide block parameters.
The Exponential diode model contains several options for modeling the dependence of the
diode current-voltage relationship on the temperature during simulation. Temperature
dependence of the junction capacitance is not modeled, this being a much smaller effect.

When including temperature dependence, the diode defining equation remains the same.
The measurement temperature value, T},1, is replaced with the simulation temperature,
T,. The saturation current, IS, becomes a function of temperature according to the
following equation:

EG
1S, =18, (T, /T, )" -——(1-T,/T
Ts Tml ( _\/ ml) exp NkT ( A/ ml)

\}

where:

* T 1s the temperature at which the diode parameters are specified, as defined by the
Measurement temperature parameter value.

+ T, 1is the simulation temperature.
* ISty 1s the saturation current at measurement temperature.

+ ISy, 1s the saturation current at simulation temperature. This is the saturation
current value used in the standard diode equation when temperature dependence is
modeled.

*  EG is the energy gap for the semiconductor type measured in Joules. The value for
silicon is usually taken to be 1.11 eV, where 1 eV is 1.602e-19 Joules.

+ XTI is the saturation current temperature exponent. This is usually set to 3.0 for pn-
junction diodes, and 2.0 for Schottky barrier diodes.

* N is the emission coefficient.
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* kis the Boltzmann constant (1.3806503e—23 J/K).

Appropriate values for XT1T and EG depend on the type of diode and the semiconductor
material used. Default values for particular material types and diode types capture
approximate behavior with temperature. The block provides default values for common
types of diode.

In practice, the values of X7TT and EG need tuning to model the exact behavior of a
particular diode. Some manufacturers quote these tuned values in a SPICE Netlist,
and you can read off the appropriate values. Otherwise you can determine improved
estimates for EG by using a datasheet-defined current-voltage data point at a higher
temperature. The block provides a parameterization option for this. It also gives the
option of specifying the saturation current at a higher temperature ISy, directly.

You can also tune the values of X7TT and EG yourself, to match lab data for your

particular device. You can use Simulink® Design Optimization™ software to help tune
the values for X7TT and EG.

Cavution Device temperature behavior is also dependent on the emission coefficient.
An inappropriate value for the emission coefficient can give incorrect temperature
dependence, because saturation current is a function of the ratio of EG to .

If defining a finite reverse breakdown voltage BV, then the value of the reverse
breakdown voltage is modulated by the reverse breakdown temperature coefficient T7CV
(specified using the Reverse breakdown voltage temperature coefficient, dBV/dT
parameter):

BVys= BV — TCV- (Ts— Ti1)

Thermal Port

The block has an optional thermal port, hidden by default. To expose the thermal port,
right-click the block in your model, and then from the context menu select Simscape >
Block choices > Show thermal port. This action displays the thermal port H on the
block icon, and adds the Thermal Port tab to the block dialog box.

Use the thermal port to simulate the effects of generated heat and device temperature.
For more information on using thermal ports and on the Thermal Port tab parameters,
see “Simulating Thermal Effects in Semiconductors”.
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Basic Assumptions and Limitations

The Exponential diode model has the following limitations:

* When you select Use 1-V curve data points for the Parameterization
parameter, choose a pair of voltages near the diode turn-on voltage. Typically, this
is in the range from 0.05 to 1 Volt. Using values outside of this region may lead to
numerical issues and poor estimates for IS and N.

* The block does not account for temperature-dependent effects on the junction
capacitance.

You may need to use nonzero ohmic resistance and junction capacitance values to
prevent numerical simulation issues, but the simulation may run faster with these
values set to zero.

Dialog Box and Parameters

Block Parameters: Diode @

Diode

This block represents a diode. Use the Diode model parameter to select one of the following model types:
[1] Piecewise Linear Diode. This option invokes the diode model from the Simscape Foundation Library.

[2] Piecewise Linear Zener Diode (i.e. piecewise linear diode with reverse breakdown characteristics). This model
is identical to the Piecewise Linear Diode for reverse voltages above the Reverse Breakdown Voltage Vz. For
voltages below Vz the diode breaks down with a low corresponding Zener Resistance Rz.

[3] Exponential Diode. Uses the standard exponential diode equation I = Is®(exp(V/(N*Vt)}-1) where Is is the
Saturation current, Vt is the thermal voltage, and N is the emission coefficient (>=1). Vt is given by Vt = k*T/e
where k is Boltzmann's constant, T is the absolute Temperature of the p-n junction, and e is the magnitude of
charge on an electron.

Parameters
Main | Reverse Breakdown | Ohmic Resistance | Capacitance | Temperature Dependence
Diode model: |Piecewise Linear (Foundation Library) -
Forward voltage: 0.6 v -
On resistance: 0.3 Ohm -
Off conductance: le-8 S -
0K ] | Cancel | | Help Apply
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* “Main Tab” on page 1-107

+ “Reverse Breakdown Tab” on page 1-109
* “Ohmic Resistance Tab” on page 1-109

+ “Capacitance Tab” on page 1-110

+ “Temperature Dependence Tab” on page 1-112

Main Tab

Diode model

Select one of the following diode models:

* Piecewise Linear (Foundation Library) — Use a piecewise linear model
for the diode, as described in “Piecewise Linear” on page 1-98. This is the
default method.

* Piecewise Linear Zener — Use a piecewise linear model with reverse
breakdown characteristics for the diode, as described in “Piecewise Linear Zener”
on page 1-98.

+ Exponential — Use a standard exponential model for the diode, as described in
“Exponential” on page 1-99.

Forward voltage

Minimum voltage that needs to be applied for the diode to become forward-biased.
This parameter is only visible when you select Piecewise Linear (Foundation
Library) or Piecewise Linear Zener for the Diode model parameter. The
default valueis 0.6 V.

On resistance

The resistance of the diode when it is forward biased. This parameter is only visible
when you select Piecewise Linear (Foundation Library) or Piecewise
Linear Zener for the Diode model parameter. The default value is 0.3 Q.

Off conductance

The conductance of the diode when it is reverse biased. This parameter is only visible
when you select Piecewise Linear (Foundation Library) or Piecewise
Linear Zener for the Diode model parameter. The default value is 1€-08 1/Q.

Parameterization

Select one of the following methods for model parameterization:
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+ Use two 1-V curve data points — Specify measured data at two points on
the diode I-V curve. This is the default method.

+ Use parameters IS and N — Specify saturation current and emission
coefficient.

* Use an I-V data point and IS — Specify measured data at a single point on
the diode I-V curve in combination with the saturation current.

+ Use an I-V data point and N— Specify measured data at a single point on
the diode I-V curve in combination with the emission coefficient.

This parameter is only visible when you select Exponential for the Diode model
parameter.

Currents [I1 12]

A vector of the current values at the two points on the diode I-V curve that the
block uses to calculate IS and N. This parameter is only visible when you select
Exponential for the Diode model parameter and Use two I-V curve data
points for the Parameterization parameter. The default valueis [ 0.0137
0.545 ] A.

Voltages [V1 V2]

A vector of the voltage values at the two points on the diode I-V curve that the

block uses to calculate IS and N. This parameter is only visible when you select
Exponential for the Diode model parameter and Use two I-V curve data
points for the Parameterization parameter. The default valueis [ 0.6 0.7 ] V.

Current I1

A current value at the point on the diode I-V curve that the block uses for
calculations. This parameter is only visible when you select Exponential for the
Diode model parameter and either Use an 1-V data point and ISor Use an
I1-V data point and N for the Parameterization parameter. Depending on the
Parameterization value, the block uses this parameter to calculate either N or IS.
The default value is 0.07 A.

Voltage V1

A voltage value at the point on the diode I-V curve that the block uses for
calculations. This parameter is only visible when you select Exponential for the
Diode model parameter and either Use an I-V data point and ISor Use an
I1-V data point and N for the Parameterization parameter. Depending on the
Parameterization value, the block uses this parameter to calculate either N or IS.
The default valueis 0.7 V.
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Saturation current IS

The magnitude of the current that the ideal diode equation approaches
asymptotically for very large reverse bias levels. This parameter is only visible
when you select Exponential for the Diode model parameter and either
Use parameters 1S and Nor Use an I-V data point and IS for the
Parameterization parameter. The default value is 1e-14 A.

Measurement temperature

The temperature T,,; at which IS or the I-V curve was measured. This parameter
is only visible when you select Exponential for the Diode model parameter. The
default value is 25 °C.

Emission coefficient N

The diode emission coefficient or ideality factor. This parameter is only visible
when you select Exponential for the Diode model parameter and either
Use parameters IS and NorUse an 1-V data point and N for the
Parameterization parameter. The default value is 1.

Reverse Breakdown Tab

Zener resistance Rz

The resistance of the diode when the voltage is less than the Reverse breakdown
voltage Vz value. This parameter is only visible when you select Piecewise
Linear Zener for the Diode model parameter. The default value is 0.3 Q.

Reverse breakdown voltage Vz

The reverse voltage below which the diode resistance changes to the Zener
resistance Rz value. This parameter is only visible when you select Piecewise
Linear Zener for the Diode model parameter. The default value is 50 V.

Reverse breakdown voltage BV

The reverse voltage below which to model the rapid increase in conductance

that occurs at diode breakdown. This parameter is only visible when you select
Exponential for the Diode model parameter. The default value is InFV, which
effectively omits reverse breakdown from the model.

Ohmic Resistance Tab

Ohmic resistance RS
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The series diode connection resistance. This parameter is only visible when you select
Exponential for the Diode model parameter. The default value is 0.01 Q.

Capacitance Tab
Junction capacitance

* When you select Piecewise Linear (Foundation Library) or Piecewise
Linear Zener for the Diode model parameter, the Junction capacitance
parameter is the fixed junction capacitance value. The default value is 5 pF.

* When you select Exponential for the Diode model parameter, the Junction

capacitance parameter lets you select one of the following options for modeling
the junction capacitance:

Include fixed or zero junction capacitance — Model the junction
capacitance as a fixed value.

Use C-V curve data points — Specify measured data at three points on
the diode C-V curve.

+ Use parameters CJO, VJ, M & FC — Specify zero-bias junction
capacitance, junction potential, grading coefficient, and forward-bias depletion
capacitance coefficient.

Zero-bias junction capacitance CJ0

The value of the capacitance placed in parallel with the exponential diode term.
This parameter is only visible when you select Exponential for the Diode model
parameter and Include Ffixed or zero junction capacitance or Use

parameters CJO, VJ, M & FC for the Junction capacitance parameter. The
default value is 5 pF.

Reverse bias voltages [VR1 VR2 VR3]

A vector of the reverse bias voltage values at the three points on the diode C-V curve
that the block uses to calculate CJ0, VeJ, and M. This parameter is only visible when
you select Exponential for the Diode model parameter and Use C-V curve

data points for the Junction capacitance parameter. The default valueis [ 0.1
10 100 ] V.

Corresponding capacitances [C1 C2 C3]

A vector of the capacitance values at the three points on the diode C-V curve that
the block uses to calculate CJ0, VJ, and M. This parameter is only visible when you
select Exponential for the Diode model parameter and Use C-V curve data
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points for the Junction capacitance parameter. The default valueis [ 3.5 1
0.4 ] pF.

Junction potential VJ

The junction potential. This parameter is only visible when you select Exponential
for the Diode model parameter and Use parameters CJO, VJ, M & FC for the
Junction capacitance parameter. The default valueis 1 V.

Grading coefficient M

The grading coefficient. This parameter is only visible when you select Exponential
for the Diode model parameter and Use parameters CJO, VJ, M & FC for the
Junction capacitance parameter. The default value is 0.5.

Capacitance coefficient FC

Fitting coefficient that quantifies the decrease of the depletion capacitance with
applied voltage. This parameter is only visible when you select Exponential for the
Diode model parameter and Use C-V curve data pointsor Use parameters
CJO, VJ, M & FC for the Junction capacitance parameter. The default value is
0.5.

Charge model

Select one of the following methods for charge dynamics parameterization:

* Do not model charge dynamics — Do not include charge dynamics modeling.
This 1s the default method.

* Use peak reverse current and reverse recovery time — Model charge
dynamics by providing values for peak reverse current, I,,,, and reverse recovery
time, t,,, plus information on the initial forward current and rate of change of
current used in the test circuit when measuring I, and ¢... Use this option if the
manufacturer datasheet does not provide values for transit time, 77T, and carrier
lifetime, 7.

+ Use transit time and carrier lifetime — Model charge dynamics by
providing values for transit time, 7T, and carrier lifetime, 7.
Peak reverse current, Irrm

The peak reverse current measured in a test circuit. This parameter is only visible
when you select Exponential for the Diode model parameter and Use peak
reverse current and reverse recovery time for the Charge model
parameter. The default value is 7.15 A.

Starting forward current when measuring Irrm
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The initial forward current when measuring peak reverse current. This parameter is
only visible when you select Exponential for the Diode model parameter and Use
peak reverse current and reverse recovery time for the Charge model
parameter. The default value is 4 A.

Rate of change of current when measuring Irrm

The rate of change of current when measuring peak reverse current. This parameter
1s only visible when you select Exponential for the Diode model parameter and
Use peak reverse current and reverse recovery time for the Charge
model parameter. The default value is -750 A/us.

Reverse recovery time, trr

The time between the point where the current initially goes to zero when the diode
turns off, and the point where the current falls to less than ten percent of the peak
reverse current. This parameter is only visible when you select Exponential for
the Diode model parameter and Use peak reverse current and reverse
recovery time for the Charge model parameter. The default value is 115 ns.

Transit time, TT

A measure of how long it takes carriers to cross the diode junction. This parameter is
only visible when you select Exponential for the Diode model parameter and Use
transit time and carrier lifetime for the Charge model parameter. The
default value is 50 ns.

Carrier lifetime, tau

A measure of how long it takes for the carriers to dissipate once the diode is no longer
conducting. This parameter is only visible when you select Exponential for the
Diode model parameter and Use transit time and carrier lifetime for the
Charge model parameter. The default value is 100 ns.

Temperature Dependence Tab
This tab is applicable for Exponential diode models only.

Parameterization

Select one of the following methods for temperature dependence parameterization:

+ None — Simulate at parameter measurement temperature —
Temperature dependence is not modeled, or the model is simulated at the

measurement temperature Ty,; (as specified by the Measurement temperature

parameter on the Main tab). This is the default method.
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+ Use an I-V data point at second measurement temperature — If you
select this option, you specify a second measurement temperature T,,-, and the
current and voltage values at this temperature. The model uses these values,
along with the parameter values at the first measurement temperature T},1, to
calculate the energy gap value.

+ Specify saturation current at second measurement temperature —
If you select this option, you specify a second measurement temperature 7Ty,5, and
saturation current value at this temperature. The model uses these values, along
with the parameter values at the first measurement temperature 7T,;, to calculate
the energy gap value.

+ Specify the energy gap, EG— Specify the energy gap value directly.

Current I1 at second measurement temperature

Specify the diode current I1 value when the voltage is VI at the second measurement
temperature. This parameter is only visible when you select Use an 1-V data
point at second measurement temperature for the Parameterization
parameter. The default value is 0.245 A.

Voltage V1 at second measurement temperature

Specify the diode voltage VI value when the current is I1 at the second measurement
temperature. This parameter is only visible when you select Use an 1-V data
point at second measurement temperature for the Parameterization
parameter. The default valueis 0.5 V.

Saturation current, IS, at second measurement temperature

Specify the saturation current IS value at the second measurement temperature.
This parameter is only visible when you select Specify saturation current at
second measurement temperature for the Parameterization parameter. The
default value is 1.25e-7 A.

Second measurement temperature

Specify the value for the second measurement temperature. This parameter is
only visible when you select either Use an I-V data point at second
measurement temperature or Specify saturation current at second
measurement temperature for the Parameterization parameter. The default
value is 125 C.

Energy gap parameterization

This parameter is only visible when you select Specify the energy gap, EG for
the Parameterization parameter. It lets you select a value for the energy gap from
a list of predetermined options, or specify a custom value:
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* Use
+ Use
+ Use
+ Use
+ Use
* Use
+ Use

nominal
nominal
nominal
nominal
nominal
nominal
nominal

value
value
value
value
value
value
value

for
for
for
for
for
for
for

silicon (EG=1.11eV) — This is the default.
4H-SiC silicon carbide (EG=3.23eV)
6H-SiC silicon carbide (EG=3.00eV)
germanium (EG=0.67eV)

gallium arsenide (EG=1.43eV)
selenium (EG=1.74eV)

Schottky barrier diodes (EG=0.69eV)

+ Specify a custom value — If you select this option, the Energy gap, EG
parameter appears in the dialog box, to let you specify a custom value for EG.

Energy gap, EG

Specify a custom value for the energy gap, EG. This parameter is only visible when
you select Specify a custom value for the Energy gap parameterization
parameter. The default value is 1.11 eV.

Saturation current temperature exponent parameterization

Select one of the following options to specify the saturation current temperature
exponent value:

+ Use nominal value for pn-junction diode (XT1=3) — This is the
default.

* Use nominal value for Schottky barrier diode (XTI=2)

+ Specify a custom value — If you select this option, the Saturation current
temperature exponent, XTI parameter appears in the dialog box, to let you
specify a custom value for X7T1.

Saturation current temperature exponent, XTI

Specify a custom value for the saturation current temperature exponent, X71.
This parameter is only visible when you select Specify a custom value for the
Saturation current temperature exponent parameterization parameter. The

default value 1s 3.

Reverse breakdown voltage temperature coefficient, dBV/dT

This coefficient modulates the reverse breakdown voltage BV. If you define the
reverse breakdown voltage BV as a positive quantity, a positive value for TCV
implies that the magnitude of the reverse breakdown voltage decreases with
temperature. The default value is O V/K.

Device simulation temperature
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Specify the value for the temperature T, at which the device is to be simulated. The
default value is 25 C.

Ports

The block has the following ports:

+
Electrical conserving port associated with the diode positive terminal
Electrical conserving port associated with the diode negative terminal
References
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DPDT Switch

Model double-pole double-throw switch

Library

Passive Devices/Switches

Description
The DPDT Switch block models a double-pole double-throw switch:

* When the switch is closed, ports c1 and c2 are connected to ports s12 and s22,
respectively.

*  When the switch is open, ports ¢l and c2 are connected to ports s11 and s21,
respectively.

Closed connections are modeled by a resistor with value equal to the Closed resistance
parameter value. Open connections are modeled by a resistor with value equal to the
reciprocal of the Open conductance parameter value.

If the Threshold width parameter is set to zero, the switch is closed if the voltage
presented at the vT control port exceeds the value of the Threshold parameter.

If the Threshold width parameter is greater than zero, then switch conductance G
varies smoothly between off-state and on-state values:

X

G= +(1-x)Gopen

Rclosed

_ vT — Threshold
Threshold width




DPDT Switch

0 for A <0
x=432 -2 for0<Ar<1
1 fora >1

The block uses the function 312 — 21° because its derivative is zero for A =0 and A = 1.

Defining a small positive Threshold width can help solver convergence in some models,
particularly if the control port signal vT varies continuously as a function of other
network variables. However, defining a nonzero threshold width precludes the solver
making use of switched linear optimizations. Therefore, if the rest of your network is
switched linear, MathWorks recommends that you set Threshold width to zero.

Optionally, you can add a delay between the point at which the voltage at vT passes the
threshold and the switch opening or closing. To enable the delay, on the Dynamics tab,
set the Model dynamics parameter to Model turn-on and turn-off times.

Dialog Box and Parameters

"4 Block Parameters: DPDT Switch @
DPDT Switch
The block represents a Double-Pole Double-Throw (DPDT) switch controlled by an external control signal vT. If vT

is greater than the threshold, then the switch is closed, otherwise the switch is open.

If a non-zero threshold width is defined, then the switch conductance varies smoothly between off-state and on-
state values as vT varies between threshold and threshold plus threshold width. The threshold width must be zero
to enable switched linear solver optimizations.

Settings
Main Dynamics
Closed resistance: 0.01 Ohm -
Open conductance: le-6 S -
Threshold: 0 v -
Threshold width: 0 v -

0K ]| Cancel || Help Apply

* “Main Tab” on page 1-118
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* “Dynamics Tab” on page 1-118

Main Tab

Closed resistance

Resistance between the ¢ and s electrical ports when the switch is closed. The value
must be greater than zero. The default value is 0.01 Q.

Open conductance

Conductance between the ¢ and s electrical ports when the switch is open. The value
must be greater than zero. The default value is 1e-6 S.

Threshold

The threshold voltage for the control physical signal input VT above which the switch
will turn on. The default valueis 0 V.

Threshold width

The minimum increase in the control signal vT above the threshold value that will
move the switch from fully open to fully closed. The default value is 0 V.

Dynamics Tab

Model dynamics

Select whether the block models a switching delay:

* No dynamics — Do not model the delay. This is the default option.

* Model turn-on and turn-off times — Use additional parameters to model
a delay between the point at which the voltage at vT passes the threshold and the
switch opening or closing.

Turn-on delay

Time between the input voltage exceeding the threshold voltage and the switch
closing. This parameter is only visible when you select Model turn-on and turn-
off times for the Model dynamics parameter. The value must be greater than
zero. The default value is 1e-3 seconds.

Turn-off delay

Time between the input voltage falling below the threshold voltage and the switch
opening. This parameter is only visible when you select Model turn-on and



DPDT Switch

turn-off times for the Model dynamics parameter. The value must be greater
than zero. The default value is 1e-3 seconds.

Initial input value, vT

The value of the physical signal input VT at time zero. This value is used to initialize
the delayed control voltage parameter internally. This parameter is only visible
when you select Model turn-on and turn-off times for the Model dynamics
parameter. The default valueis 0 V.

Ports

This block has the following ports:

vT
Physical signal that opens and closes the switch
cl, c2,s11,s12,s21,s22

Electrical conserving ports

See Also
DPST Switch | SPDT Switch | SPST Switch | Switch
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DPST Switch

Model double-pole single-throw switch

Library

Passive Devices/Switches

Description

The DPST Switch block models a double-pole single-throw switch. When the switch is
closed, ports ¢l and c2 are connected to ports s1 and s2, respectively.

Closed connections are modeled by a resistor with value equal to the Closed resistance
parameter value. Open connections are modeled by a resistor with value equal to the

reciprocal of the Open conductance parameter value.

If the Threshold width parameter is set to zero, the switch is closed if the voltage
presented at the vT control port exceeds the value of the Threshold parameter.

If the Threshold width parameter is greater than zero, then switch conductance G
varies smoothly between off-state and on-state values:

X

G = +(1-2)Gopen

Rclosed

_ vT — Threshold
Threshold width
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0 for A <0
x=432 -2 for0<Ar<1
1 fora >1

The block uses the function 312 — 21° because its derivative is zero for A =0 and A = 1.

Defining a small positive Threshold width can help solver convergence in some models,
particularly if the control port signal vT varies continuously as a function of other
network variables. However, defining a nonzero threshold width precludes the solver
making use of switched linear optimizations. Therefore, if the rest of your network is
switched linear, MathWorks recommends that you set Threshold width to zero.

Optionally, you can add a delay between the point at which the voltage at vT passes the
threshold and the switch opening or closing. To enable the delay, on the Dynamics tab,
set the Model dynamics parameter to Model turn-on and turn-off times.

Dialog Box and Parameters

"4 Block Parameters: DPST Switch @
DPST Switch
The block represents a Double-Pole Single-Throw (DPST) switch controlled by an external control signal vT. If vT
is greater than the threshold, then the switch is closed, otherwise the switch is open.

If a non-zero threshold width is defined, then the switch conductance varies smoothly between off-state and on-
state values as vT varies between threshold and threshold plus threshold width. The threshold width must be zero
to enable switched linear solver optimizations.

Settings
Main Dynamics
Closed resistance: 0.01 Ohm -
Open conductance: le-6 S -
Threshold: 0 v -
Threshold width: 0 v -

0K ]| Cancel || Help Apply

* “Main Tab” on page 1-122
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* “Dynamics Tab” on page 1-122

Main Tab

Closed resistance

Resistance between the ¢ and s electrical ports when the switch is closed. The value
must be greater than zero. The default value is 0.01 Q.

Open conductance

Conductance between the ¢ and s electrical ports when the switch is open. The value
must be greater than zero. The default value is 1e-6 S.

Threshold

The threshold voltage for the control physical signal input VT above which the switch
will turn on. The default valueis 0 V.

Threshold width

The minimum increase in the control signal vT above the threshold value that will
move the switch from fully open to fully closed. The default value is 0 V.

Dynamics Tab

Model dynamics

Select whether the block models a switching delay:

* No dynamics — Do not model the delay. This is the default option.

* Model turn-on and turn-off times — Use additional parameters to model
a delay between the point at which the voltage at vT passes the threshold and the
switch opening or closing.

Turn-on delay

Time between the input voltage exceeding the threshold voltage and the switch
closing. This parameter is only visible when you select Model turn-on and turn-
off times for the Model dynamics parameter. The value must be greater than
zero. The default value is 1e-3 seconds.

Turn-off delay

Time between the input voltage falling below the threshold voltage and the switch
opening. This parameter is only visible when you select Model turn-on and
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turn-off times for the Model dynamics parameter. The value must be greater
than zero. The default value is 1e-3 seconds.

Initial input value, vT

The value of the physical signal input VT at time zero. This value is used to initialize
the delayed control voltage parameter internally. This parameter is only visible
when you select Model turn-on and turn-off times for the Model dynamics
parameter. The default valueis 0 V.

Ports

This block has the following ports:

vT
Physical signal that opens and closes the switch
cl,c2,s1,s2

Electrical conserving ports

See Also
DPDT Switch | SPDT Switch | SPST Switch | Switch
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Exponential Current Source

Model exponential pulse current source

Library

SPICE-Compatible Components/Sources

Description -

The Exponential Current Source block represents a current source whose output current
value is an exponential pulse as a function of time and is independent of the voltage
across the terminals of the source. The following equations describe the current through
the source as a function of time:

1,,(0<Time<TDR))=11

1, (TDR < Time <TDF )=1I1+ (12 -11)%*(1- ¢ ™™™

1, (TDF <Time) =11+ (12~ I1)* (e "m0/ - o Tme T0RITR)
where:

+ I11s the Initial value, I1 parameter value.

+ 121is the Pulse value, 12 parameter value.

* TDR is the Rise delay time, TDR parameter value.
* TR is the Rise time, TR parameter value.

+ TDFis the Fall delay time, TDF parameter value.
+ TFis the Fall time, TF parameter value.

The block uses a small conductance internally to prevent numerical simulation issues.
The conductance connects the + and - ports of the device and has a conductance GMIN:
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+ By default, GMIN matches the Minimum conductance GMIN parameter of the
SPICE Environment Parameters block, whose default value is 1e-12.

* To change GMIN, add a SPICE Environment Parameters block to your model and set
the Minimum conductance GMIN parameter to the desired value.

Dialog Box and Parameters

[=]Block Parameters: Exponential Current Source |

—Exponential Current Source

The Exponential Current Source block maintains an exponential current through its
terminals, independent of the voltage across its terminals. The Following equations
describe the current through the exponential source as a function of kme:

Touk{D<=Time<=TOR) = Il
Toub(TOR <Time<=TDF) = I1+{I2-111%{1-exp-(Time-TORJNTR))

Touk(TDF <Time) = I1+{I2-117%(1-expi-(Time-TORN TRI+(T1 -T2+ 1 -exp(-[ Time-
TOFYNTEY

TR is the rise time. TF is the Fall time. TDR. is the rise time delay. TOF is the Fall time
delay. The default walues For TR, TF and TOF differ Fram SPICE, The default rise and
fall times are one nanosecond (1e-9), and the values of TR and TF must be greater
than zero, The default walue For the Fall delay time is zero, IF TOF is less than TDR, the
middle equation above is not used.

—Parameters
Initial walue, I1: ID | a =l
Pulse value, I2: ID | a =l
Rise delay time, TDR: ID | s =l
Rise time, TR: | 1e-09 |s =]
Fall delay time, TOF: ID | s =l
Fall time, TF: | 1e-09 |s =]
oK I Cancel | Apphy |

Initial value, I1

The value of the output current at time zero. The default value is 0 A.
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Pulse value, 12

The asymptotic value of the output current when the output is high. The default
value is O A.

Rise delay time, TDR
The rise time delay. The default value is O s.
Rise time, TR

The time it takes the output current to rise from the Initial Value, I1 value to the
Pulse Value, 12 value. The default value is 1e-09 s. The value must be greater than
0.

Fall delay time, TDR

The fall time delay. The default value is O s, which differs from the SPICE default
value.

Fall time, TF

The time it takes the output current to fall from the Pulse value, I2 value to the
Initial value, I1 value. The default value is 1e-09 s. The value must be greater
than 0.

Ports

The block has the following ports:

+

Positive electrical voltage.

Negative electrical voltage.

See Also

Exponential Voltage Source
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Exponential Voltage Source

Model exponential pulse voltage source

Library

SPICE-Compatible Components/Sources

P

Description -

The Exponential Voltage Source block represents a voltage source whose output voltage
value i1s an exponential pulse as a function of time and is independent of the current
through the source. The following equations describe the output current as a function of
time:

V,,(0<Time<TDR))=V1

V.. (TDR <Time<TDF )=V1+(V2-V1)* (1 _ o Time TDR)ITR )

V. (TDF < Time) =VIi+ (V 2- Vl) * (e-(Time-TDF)/TF _ p-(Time-TDR)/TR )
where:

* V1 is the Initial value, V1 parameter value.

* V2is the Pulse value, V2 parameter value.

* TDR is the Rise delay time, TDR parameter value.
* TR is the Rise time, TR parameter value.

* TDF is the Fall delay time, TDF parameter value.
* TFis the Fall time, TF parameter value.
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Dialog Box and Parameters

[Z]Block Parameters: Exponential ¥oltage Source x|

—Exponential Woltage Source

The Exponential Yolkage Source black maintains an exponential volkage across its
terminals, independent of the current through its terminals. The Following equations
describe the voltage across the exponential source as a Function of kime:

Yout{D<=Time<=TDR) = ¥i
YoUt(TDR <Time<=TDF) = ¥1-+(4¥2-¥1%1-exp(-(Time-TORYTR))

VMouE(TDF <Time) = V1+(%2-V1 11 -expl-(Time-TOR) TRJ+(Y1-Y2 Y 1-exp(-( Time-
TOFYNTEY

TR is the rise time. TF is the Fall time. TDR. is the rise time delay. TOF is the Fall time
delay. The default walues For TR, TF and TOF differ Fram SPICE, The default rise and
fall times are one nanosecond (1e-9), and the values of TR and TF must be greater
than zero, The default walue For the Fall delay time is zero, IF TOF is less than TDR, the
middle equation above is not used.

—Parameters
Initial value, ¥1: jo v =l
Pulse value, Wa: ID | y |
Rise delay time, TDR: ID | s |
Rise time, TR: | 1e-09 |5 =]
Fall delay time, TOF: ID | s |
Fall time, TF: | 1e-09 |5 =]
oK I Cancel | | Lpply |

Initial value, V1
The value of the output voltage at time zero. The default valueis 0 V.
Pulse value, V2

The asymptotic value of the output voltage when the output is high. The default
value is O V.

Rise delay time, TDR
The rise time delay. The default value is O s.

1-128



Exponential Voltage Source

Rise time, TR

The time it takes the output voltage to rise from the Initial value, I1 value to the
Pulse value, 12 value. The default value is 1e-09 s. The value must be greater than
0.

Fall delay time, TDR
The fall time delay. The default value is O s.
Fall Time, TF

The time it takes the output voltage to fall from the Pulse value, 12 value to the
Initial value, I1 value. The default value is 1e-09 s. The value must be greater
than 0.

Ports

The block has the following ports:

+

Positive electrical voltage.

Negative electrical voltage.

See Also

Exponential Current Source
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Fault

Model electrical fault

Library

Passive Devices

SE S

The Fault block allows you to represent an electrical fault as an instantaneous change in
resistance. You can use it to replicate both open-circuit and short-circuit fault behaviors.
The block can trigger fault events:

Description

+ At a specific time
*  When a predefined voltage range or current range is exceeded

*  When an external trigger signal goes high or low

Optionally, the external trigger option also permits the fault to be reset when the trigger
signal reverts. You can enable or disable all three trigger mechanisms separately, or use
them together if more than one trigger mechanism is required in a simulation.

When no fault is triggered, the resistance between the two electrical ports is defined by
the Unfaulted resistance parameter value. The default value for this parameter is

inf ohms, i.e. the ports are open-circuit. When a fault is triggered, the block changes the
resistance between the two electrical ports to the Faulted resistance value. The default
value for this parameter is 1€-3 ohms, i.e. the ports are short-circuited.

You can choose whether to issue an assertion when a fault occurs, by using the
Reporting when a fault occurs parameter. The assertion can take the form of a
warning or an error. By default, the block does not issue an assertion.

The physical output X represents the fault state; it is 1 if the block is faulted, and 0
otherwise. The physical signal input F is the external fault trigger signal and is used only
if Enable external fault trigger is set to Yes.
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Dialog Box and Parameters

"4 Block Parameters: Fault
Fault
The block can be used to represent a circuit connection fault or a component fault.

Faults can be triggered by one or more of three mechanisms; at specified times, when permissible ranges are
exceeded, and using the external fault input F Output X is 1 if the component is faulted, and 0 otherwise.

Settings
Main | Temporal Trigger | Behavioral Trigger | External Trigger
Unfaulted resistance: inf Ohm
Faulted resistance: le-3 Ohm
Reporting when a fault occurs: None
0K ] I Cancel I I Help I Apply

* “Main Tab” on page 1-131

+ “Temporal Trigger Tab” on page 1-132

+ “Behavioral Trigger Tab” on page 1-132
+  “External Trigger Tab” on page 1-133

Main Tab

Unfaulted resistance

Resistance between the + and — ports when there is no fault. The default value is inf

Q.

Faulted resistance

Resistance between the + and — ports when the block is in the faulted state. The

default value is 1e-3 Q.
Reporting when a fault occurs

Choose whether to issue an assertion when a fault occurs:

*+ None — The block does not issue an assertion. This is the default.

+  Warn — The block issues a warning.
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* Error — Simulation stops with an error.

Temporal Trigger Tab

Enable temporal fault trigger
Select Yes to enable time-based fault triggering. The default value is No.
Simulation time for fault event

Set the simulation time at which you want the block to enter the fault state. This
parameter is visible only if the Enable temporal fault trigger parameter is set to
Yes. The default value is 1 s.

Behavioral Trigger Tab

Enable behavioral fault trigger
Select Yes to enable behavioral fault triggering. The default value is No.
Permissible voltage range

Specify a vector of length 2 that defines the permissible voltage range. If the voltage
exceeds this range for longer than the Time to fail when exceeding voltage
range parameter value, then the block enters the fault state. This parameter is
visible only if the Enable behavioral fault trigger parameter is set to Yes. The
default value is [-100, 100] V.

Time to fail when exceeding voltage range

Set the maximum length of time that the voltage can exceed the permissible voltage
range without triggering the fault. This parameter is visible only if the Enable
behavioral fault trigger parameter is set to Yes. The default value is 1 s.

Permissible current range

Specify a vector of length 2 that defines the permissible current range. If the current
exceeds this range for longer than the Time to fail when exceeding current
range parameter value, then the block enters the fault state. This parameter is
visible only if the Enable behavioral fault trigger parameter is set to Yes. The
default value is [-1, 1] A.

Time to fail when exceeding current range

Set the maximum length of time that the current can exceed the permissible current
range without triggering the fault. This parameter is visible only if the Enable
behavioral fault trigger parameter is set to Yes. The default value is 1 s.
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External Trigger Tab

Enable external fault trigger

Select Yes to enable external fault triggering. The physical signal input F provides
the external fault trigger signal. The default value is No.

External fault trigger
Choose the fault condition:
+ Faulted if F >= Fault threshold — The fault occurs when the external

signal value becomes greater than, or equal to, the Fault threshold parameter
value. This is the default.

+ Faulted if F <= Fault threshold — The fault occurs when the external
signal value becomes less than, or equal to, the Fault threshold parameter
value.

This parameter is visible only if the Enable external fault trigger parameter is set
to Yes.
Fault threshold

The threshold value that triggers the fault when the external signal crosses it in
the direction, specified by the fault condition. This parameter is visible only if the
Enable external fault trigger parameter is set to Yes. The default value is 0.5.

Fault resets when fault trigger reverts

Select Yes to have the fault reset when the trigger signal reverts. The default value
is No. This parameter is visible only if the Enable external fault trigger parameter
is set to Yes.

Ports

The block has the following ports:

+

Positive electrical port.

Negative electrical port.
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Physical signal input port that provides the external fault trigger signal.

Physical signal output port that indicates the fault state. Outputs 1 if the block is
faulted, and 0 otherwise.

See Also

Resistor

1-134



FEM-Parameterized Linear Actuator

FEM-Parameterized Linear Actuator

Model linear actuator defined in terms of magnetic flux

Library

Translational Actuators

p
b

The FEM-Parameterized Linear Actuator block implements a model of a linear actuator
defined in terms of magnetic flux. Use this block to model custom solenoids and linear
motors where magnetic flux depends on both distance and current. You parameterize the
block using data from a third-party Finite Element Magnetic (FEM) package.

Description

The block has two options for the electrical equation. The first, Define in terms of
dPhi (i,x)/dx and dPhi(i,x)/di, defines the current in terms of partial derivatives
of the magnetic flux (®) with respect to distance (x) and current (i), the equations for
which are:

di=(v_iR BCDdx)/ oD

dt Coxdt) o

The second option, Define in terms of Phi(i,X), defines the voltage across the
component directly in terms of the flux, the equation for which is:

v=iR +ifl)(x,i)
dt

Numerically, defining the electrical equation in terms of flux partial derivatives is better
because the back-emf is piecewise continuous. If using the flux directly, using a finer
grid size for current and position will improve results, as will selecting cubic or spline
interpolation.
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In both cases, you have an option to either directly specify the force as a function of
current and position, by using the Force matrix, F(i,x) parameter, or have the block
automatically calculate the force matrix.

If entering the electromagnetic force data directly, you can either use data supplied by
the finite element magnetic package (which you used to determine the flux) or calculate
the force from the flux with following equation:

9D (x,i)
ox

F= di

ot~

See the Finite Element Parameterized Solenoid example model and its initialization file
elec_fem_solenoid_ini.m for an example of how to implement this type of integration in
MATLAB.

Alternatively, the block can automatically calculate the force matrix from the flux
information that you provide. To select this option, set the Calculate force matrix?
parameter to Yes. The force matrix calculation occurs at model initialization based on
current block flux linkage information. The force is calculated by numerically integrating
the rate of change of flux linkage with respect to position over current, according to the
preceding equation. If the Electrical model parameter is set to Define in terms

of Phi(i,Xx), then the block must first estimate the Flux partial derivative wrt
displacement, dPhi(i,x)/dx parameter value from the flux linkage data. When doing
this, the block uses the interpolation method specified by the Interpolation method
parameter. Typically, the Spline option is most accurate, but the Linear option is most
robust. The potential risk of the Spl ine and Cubic methods is that nonphysical local
torque reversals may occur if the flux data is too sparse or non-smooth.

You can define @ and its partial derivatives for just positive, or positive and negative
currents. If defining for just positive currents, then the block assumes that ®(—i,x) = —
®(i,x). Therefore, if the current vector is positive only:

* The first current value must be zero.

* The flux corresponding to zero current must be zero.

* The partial derivative of flux with respect to displacement must be zero for zero
current.

To model a linear motor with a repeated flux pattern, set the Flux dependence on
displacement parameter to Cyclic. When selecting this option, the force and flux (or
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force and flux partial derivatives depending on the option chosen) must have identical
first and last columns.

Thermal Port

The block has an optional thermal port, hidden by default. To expose the thermal port,
right-click the block in your model, and then from the context menu select Simscape >
Block choices > Show thermal port. This action displays the thermal port H on the
block icon, and adds the Temperature Dependence and Thermal Port tabs to the
block dialog box.

Use the thermal port to simulate the effects of copper resistance losses that convert
electrical power to heat. For more information on using thermal ports and on the
Temperature Dependence and Thermal Port tab parameters, see “Simulating
Thermal Effects in Rotational and Translational Actuators”.

Basic Assumptions and Limitations

This block has the following limitations:

+ It is imperative that you supply a consistent set of force and flux data. There is no
checking that the force matrix is consistent with the flux data.

* When driving the FEM-Parameterized Linear Actuator block via a series inductor,
you may need to include a parallel conductance in the inductor component.
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Dialog Box and Parameters

"4 Block Parameters: FEM-Parameterized Linear Actuator @
FEM-Parameterized Linear Actuator

This block implements the electrical and mechanical characteristics of a linear motor or solenoid for which
magnetic flux linkage depends nonlinearly on current and position. The stroke may optionally be limited by
mechanical hard stops.

A positive current i from the electrical + to - ports results in the force F(i,x) acting from the mechanical C to R
ports.

Settings

Magnetic Force | Mechanical

Electrical model: [Deﬁne in terms of dPhi(i,x)/dx and dPhi(i,x)/di -

Current vector, i [0010.20304050.6070.8091] A -

Displacement vector, x: [00.050.10.150.2] mm -

Flux partial derivative wrt .

current, dPhi(i,)/di 028 0.033 0.037; 0.01 0.016 0.021 0.027 0.032 ] Wh/A

Flux partial derivative wrt o a a a a

displacement, dPhi(i,x)/dx: 8; -8.66 -8.43 -8.199999999999999 -7.97 -7.73 ] Wh/m

Calculate force matrix?: [No - specify directly ']

Force matrix, F(i,x): -21.1-19.4 -18.2; -26.5 -24.1 -22.2 -20.9 -20.1 ] M -

Flux dependence on -

displacement: [Umque ]

Interpolation method: [Linear ']

Extrapolation method: [From last 2 points ']

Winding resistance: 14 Ohm -
[ 0K ] [ Cancel ] [ Help Apply

+ “Magnetic Force Tab” on page 1-138
+ “Mechanical Tab” on page 1-142

Magnetic Force Tab

Electrical model

Select one of the following parameterization options, based on the underlying
electrical model:
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+ Define in terms of dPhi(i,x)/dx and dPhi(i,x)/di — Define the
current through the block in terms of partial derivatives of the magnetic flux with
respect to distance and current. This is the default method.

+ Define in terms of Phi(i,x) — Define the voltage across the block
terminals directly in terms of the flux.

Current vector, i

Specify a vector of monotonically increasing current values corresponding to your
force-flux data. If you specify positive currents only, the first element must be zero.
The default valueis [ 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 JA.

Displacement vector, x

Specify a vector of monotonically increasing displacement values corresponding to
your force-flux data. The default valueis [ 0 0.05 0.1 0.15 0.2 ] m/m.

Flux partial derivative wrt current, dPhi(i,x)/di

Specify a matrix of the flux partial derivatives with respect to current. This
parameter is visible only if Electrical model is set to Define in terms of
dPhi (1 ,x)/dx and dPhi(i,x)/di. The default value, in Wb/A, is:

[ 0.104 0.098

-095
.085
.076
.067
.057
.048
-038
.029

[eNeoNoNoNoNoNoNeNeNal

[eNoNoNoNoNoNoNe]

.089
.081
.073
.065
.057
.049

0.091 0.085 0.078;

.084 0.079 0.073;
.077 0.073 0.069;

0
0
0.
0
0
0

07 0.067 0.064;

-063 0.061 0.06;
.056 0.056 0.055;
-049 0.05 0.05;
.04 0.042 0.044 0.046;
.032 0.035 0.038 0.041;
.02 0.024 0.028 0.033 0.037;
.01 0.016 0.021 0.027 0.032 ]

Flux partial derivative wrt displacement, dPhi(i,x)/dx

Specify a matrix of the flux partial derivatives with respect to displacement. This
parameter is visible only if Electrical model is set to Define in terms of
dPhi(i,x)/dx and dPhi(i,x)/di. The default value, in Wh/m, is:

[000O0O;

-11.94 -10.57
-21.17 -19.92
-27.99 -26.87
-32.42 -31.43
-34.46 -33.59

-9.19 -7.81 -6.43;

-18.67 -17.42 -16.16;
-25.75 -24.62 -23.5;
-30.43 -29.43 -28.44;
-32.72 -31.85 -30.98;
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-34.09 -33.35 -32.61 -31.87 -31.12;
-31.33 -30.72 -30.1 -29.49 -28.87;
-26.17 -25.68 -25.2 -24_.71 -24.22;
-18.62 -18.26 -17.9 -17.54 -17.18;
-8.66 -8.43 -8.2 -7.97 -7.73 1]

Flux linkage matrix, Phi(i,x)

Specify a matrix of the total flux linkage, that is, flux times the number of turns.
This parameter is visible only if Electrical model is set to Define in terms of

Phi (i,Xx). The default value, in Wb, is:

[000O0O0;
0

0

0

0

0.0396 0.0377
0.0452 0.0433
0.0495 0.0478
0.0526 0.0512
0.0545 0.0537
0.0554 0.0553

[eNeNoNoNoNe)

-0085 0.0079 0.0075 0.0071 0.0067;
-0171 0.016 0.0151 0.0143 0.0137;
.0254 0.0239 0.0226 0.0215 0.0206;
-033 0.0312 0.0297 0.0283 0.0271;
-036 0.0345 0.0331;
-0415 0.0399 0.0384;
-0461 0.0446 0.0431;
-0498 0.0485 0.0472;
-0528 0.0519 0.0508;
-0551 0.0548 0.0542 ]

Calculate force matrix?

Specify the way of providing the electromagnetic force data:

* No — specify directly — Enter the electromagnetic force data directly, by
using the Force matrix, F(i,x) parameter. This is the default option.

* Yes — The block calculates the force from the flux linkage information, as a

function of current and displacement.

Force matrix, F(i,x)

Specify a matrix of the electromagnetic force applied to the plunger or moving part.
This parameter is visible only if Calculate force matrix? is set to No — specify

directly. The default value, in N, is:
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-20 -17.9 -15.9 -14.3 -12.9;

-23.3 -20.9 -18.8 -17.1 -15.7;
-25.7 -23.1 -21.1 -19.4 -18.2;
-26.5 -24.1 -22.2 -20.9 -20.1 ]

Flux dependence on displacement

Specify the flux pattern:

Unique — No flux pattern present. This is the default option.

Cyclic — Select this option to model a linear motor with a repeated flux pattern.
The force and flux (or force and flux partial derivatives, depending on the
Electrical model option chosen) must have identical first and last columns.

Interpolation method

Select one of the following interpolation methods for approximating the output value
when the input value is between two consecutive grid points:

Linear — Uses a bilinear interpolation algorithm, which is an extension of linear
interpolation for functions in two variables.

Cubic — Uses the bicubic interpolation algorithm.
Spline — Uses the bicubic spline interpolation algorithm.

For more information on interpolation algorithms, see the PS Lookup Table (2D)
block reference page.

Extrapolation method

Select one of the following extrapolation methods for determining the output value
when the input value is outside the range specified in the argument list:

From last 2 points — Extrapolates using the linear method (regardless of
the interpolation method specified), based on the last two output values at the
appropriate end of the range. That is, the block uses the first and second specified
output values if the input value is below the specified range, and the two last
specified output values if the input value is above the specified range.

From last point — Uses the last specified output value at the appropriate
end of the range. That is, the block uses the last specified output value for all
input values greater than the last specified input argument, and the first specified
output value for all input values less than the first specified input argument.

For more information on extrapolation algorithms, see the PS Lookup Table (2D)
block reference page.
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This parameter is not available if you set the Flux dependence on displacement
parameter to Cyclic.

Winding resistance

Total resistance of the electrical winding. The default value is 14 Ohm.

Mechanical Tab

Damping
Linear damping. The default value is 1 N/(m/s). The value can be zero.
Plunger mass

Mass of the moving part, which corresponds to mechanical translational port R. The
default value is 0.05 kg. The value can be zero.

Minimum stroke

The stroke at which the lower mechanical end stop 1s applied. The default value is O.
The value can be -Inf.

Maximum stroke

The stroke at which the upper mechanical end stop is applied. The default value is
0.2 mm. The value can be InT.

Initial plunger position

Position of the plunger at the start of the simulation. The default value is O mm.
Initial plunger velocity

Speed of the plunger at the start of the simulation. The default value is O mm/s.
Contact stiffness

Contact stiffness between plunger and end stops. The default value is 1€8 N/m.
Contact damping

Contact damping between plunger and end stops. The default value is 1e4 N/(m/s).

Ports

This block has the following ports:

+

Positive electrical conserving port



FEM-Parameterized Linear Actuator

Negative electrical conserving port

C

Mechanical translational conserving port connected to the actuator case
R

Mechanical translational conserving port connected to the plunger
Examples

The Finite Element Parameterized Solenoid example illustrates the use and
parameterization options of this block.

See Also

FEM-Parameterized Rotary Actuator | Solenoid
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FEM-Parameterized PMSM

Permanent magnet synchronous motor defined in terms of magnetic flux linkage

Library

Rotational Actuators

Description

The FEM-Parameterized PMSM block implements a model of a permanent magnet
synchronous motor (PMSM) defined in terms of magnetic flux linkage. You parameterize
the block by providing tabulated data of motor magnetic flux as a function of current
and rotor angle. This is the way third-party Finite Element Magnetic (FEM) packages
usually export flux information. Because of the tabulated form, the flux can vary in a
nonlinear way on both rotor angle and current. You can therefore use this block to model
PMSM with trapezoidal back-emf profile, sometimes called brushless DC motor, as well
as regular PMSM.

The figure shows the equivalent circuit. The rotor angle is zero when the permanent
magnet flux aligns with the A-phase magnetic axis.

Quadrature

Direct
magnetic axis
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In practice, the flux linking each of the three windings depends on all three currents and
rotor angle. Tabulating flux as a function of four independent variables would, however,
lead to simulation inefficiency and significant memory requirements to manage the

data. Instead, the flux linking each winding is assumed to depend nonlinearly only on
the current in that same winding, plus the rotor angle. In practice, this is a reasonable
assumption for many permanent magnet synchronous motors; however, it is less accurate
for switched reluctance motors. Given this assumption, the fluxes in the three windings
are:

Y, 0 -M, -M/|[i,| |9(6r0a)
Wy |=|-Mg 0 0 ||i|+| (i)
Ve _Ms _Ms 0 ic ¢(9raic)

where ¢ (Gr,ia) is the flux linkage for the A-phase winding as a function of rotor angle

and A-phase current. &, = 0 corresponds to the rotor d-axis aligning with the A-phase
positive magnetic flux direction. M; is the stator-stator mutual inductance.

For improved numerical performance, the equations implemented in the block actually

work with the partial derivatives of flux linkage with respect to current, Bd)(i,er) /0i,

and rotor angle, 9¢(i,6,.) /06, , rather than the flux directly. If your FEM package does

not export these partial derivatives, you can determine them using a MATLAB script.
See the Finite Element Parameterized Solenoid example model and its supporting
MATLAB script for an example of how to do this.

The electrical equations for the block, defined in terms of flux partial derivatives, are:

a :a_?dﬁ+a_¢ﬂ_Ms di+% +Rsia
i, dt 06, dt dt  dt
vy =a_.¢%+a_¢d&_Ms dﬁ.y% +Rsib
Ji, dt 00, dt dt  dt
op di, 0¢ do, di, di,
= — -M.| —=
e =%, dt o8, dt :

; +d_ j+ Rsic

where
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* Uy, Up, U are the voltages applied to the A, B, and C stator windings.
* g Ip, I are the stator currents in each of the three windings.
* R, is the resistance of each of the stator windings.

* M, 1is the stator-stator mutual inductance.

¢/ di,, 09/ 01, d¢/ di, are the partial derivatives of flux linkage with respect to

stator current in each of the three windings.

09 /086, is the partial derivative of flux linkage with respect to rotor angle.

The block can automatically calculate the torque matrix from the flux information that
you provide. Alternatively, you can set the Calculate torque matrix? parameter to
No and directly specify the torque as a function of current and rotor angle. See the FEM-
Parameterized Rotary Actuator block reference page for more information.

Thermal Ports

The block has four optional thermal ports, one for each of the three windings and one for
the rotor. These ports are hidden by default. To expose the thermal ports, right-click the
block in your model, and then from the context menu select Simscape > Block choices
> Show thermal port. This action displays the thermal ports on the block icon, and
adds the Temperature Dependence and Thermal Port tabs to the block dialog box.
These tabs are described further on this reference page.

Use the thermal ports to simulate the effects of copper resistance and iron losses that
convert electrical power to heat. For more information on using thermal ports in actuator
blocks, see “Simulating Thermal Effects in Rotational and Translational Actuators”.

Basic Assumptions and Limitations

This block has the following limitations:

+ The stator-stator mutual inductance, defined by the Stator mutual inductance, Ms
parameter value, is constant during simulation and does not vary with rotor angle.
This means that the block is suitable for modeling most PMSM and brushless DC
motors, but not switched reluctance motors.

* When modeling thermal effects, the flux linkage does not vary with temperature. In
practice, the permanent magnet flux drops as temperature increases.
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Dialog Box and Parameters

"4 Block Parameters: FEM-Parameterized PMSM @
FEM-Parameterized PMSM

This block implements the electrical and mechanical characteristics of a permanent magnet synchronous motor for
which magnetic flux linkage depends nonlinearly on current and rotor angle. It is assumed that the stator-stator
mutual inductance does not vary significantly with rotor angle.

Settings
Current vector, i [-2,0 2] A -
Rotor angle vector, theta: [0, 20, 40, 60] deg -
kgl T s, w -
ZLngle“,ns;E;iizr:tizl)fddi::taati:ve Wt 16, 0.16, 0; 0, - 0.16, 0.16, 0; 0, - 0.16, 0.16, 0]  Wh/rad v
Calculate torque matrix?: IYes ']
Interpolation method: ILinear ']
Stator resistance per phase, Rs:  0.013 Ohm -
Stator mutual inductance, Ms: 0.00002 H -
Magnetizing resistance: inf Ohm -
[ 0K ] I Cancel I I Help Apply

+  “Electrical Tab” on page 1-147

* “Mechanical Tab” on page 1-149

* “Temperature Dependence Tab” on page 1-149
* “Thermal Port Tab” on page 1-150

Electrical Tab

Current vector, i

Vector of currents corresponding to the provided flux linkage partial derivatives. The
current vector must be two-sided (have positive and negative values). The default
valueis [-2, 0, 2] A.

Rotor angle vector, theta
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Vector of rotor angles corresponding to the provided flux linkage partial derivatives.
The vector must start at zero. This value corresponds to the angle where the A-phase
magnetic flux aligns with the rotor permanent magnetic peak flux direction (the
direct-axis, or d-axis). The last value, ©,,,,, must be the rotor angle where the flux
linkage pattern peaks again. Therefore, the number of pole pairs is 360/0 ., if O . 1
expressed in degrees. The default value is [0, 20, 40, 60] deg, which corresponds
to a 6 pole-pair motor.

Flux linkage partial derivative wrt current, dPhi(i,theta)/di
Matrix of the flux linkage partial derivatives with respect to current, defined as a
function of current vector and rotor angle vector. Flux linkage is the flux times the
number of winding turns. The default value is 0.0002*ones(3,4) Wb/A, which

corresponds to the special case where stator inductance does not depend on stator
current or on rotor angle.

Flux linkage partial derivative wrt angle, dPhi(i,theta)/dtheta

Matrix of the flux linkage partial derivatives with respect to rotor angle, defined as
a function of current vector and rotor angle vector. Flux linkage is the flux times the
number of winding turns. The default value is [0, -0.16, 0.16, 0; 0, -0.16,
0.16, 0; 0, -0.16, 0.16, O] Whb/rad, which corresponds to the special case
where stator inductance does not depend on stator current.

Calculate torque matrix?
Specify the way of providing the electromagnetic torque data:
*  Yes — The block calculates the torque from the flux linkage information, as a
function of current and rotor angle. This is the default option.
* No — specify directly — Enter the electromagnetic torque data directly, by
using the Torque matrix, T(i,theta) parameter.
Torque matrix, T(i,theta)

Specify a matrix of the electromagnetic torque applied to the rotor, as a function of
current and rotor angle. This parameter is visible only if Calculate torque matrix?
is set to No — specify directly. The default valueis [0, 0.3, -0.3, 0; O,
0, 0, 0; 0, -0.3, 0.3, 0] N*m.

Interpolation method
Select one of the following interpolation methods for approximating the output value

when the input value is between two consecutive grid points:

+ Linear — Uses a bilinear interpolation algorithm, which is an extension of linear
interpolation for functions in two variables.
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* Cubic — Uses the bicubic interpolation algorithm.

* Spline — Uses the bicubic spline interpolation algorithm.

For more information on interpolation algorithms, see the PS Lookup Table (2D)
block reference page.

Stator resistance per phase, Rs
Resistance of each of the stator windings. The default value is 0.013 Ohm.
Stator mutual inductance, Ms

Stator-stator mutual inductance, which is assumed to be independent of both current
and rotor angle. The default value is 0.00002 H.

Magnetizing resistance

The rotor equivalent magnetizing resistance, represented by an equivalent resistance
parallel to each of the stator windings. It represents magnetizing losses. The default
value is inf Ohm.

Mechanical Tab

Rotor inertia

Inertia of the rotor attached to mechanical translational port R. The default value is
0.01 kg*m~*2. The value can be zero.

Rotor damping

Rotary damping. The default value is 0 N*m/(rad/s).
Initial rotor angle

Position of the rotor at the start of the simulation. The default value is O deg.
Initial rotor speed

Angular velocity of the rotor at the start of the simulation. The default value is O
rpm.

Temperature Dependence Tab

This tab appears only for blocks with exposed thermal ports. For more information, see
“Thermal Ports” on page 1-146.

Resistance temperature coefficient
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Coefficient a in the equation relating resistance to temperature, as described in
“Thermal Model for Actuator Blocks”. The first element corresponds to winding A,
and the second to winding B. The default value, 3.93e-3 1/K, is for copper.

Measurement temperature

The temperature for which motor parameters are quoted. The default value is
298.15 K.

Thermal Port Tab

This tab appears only for blocks with exposed thermal ports. For more information, see
“Thermal Ports” on page 1-146.
Thermal mass for each stator winding

The thermal mass value for the A, B, and C windings. The thermal mass is the
energy required to raise the temperature by one degree. The default value is 100 J/K.

Initial stator winding temperatures

A 1-by-3 row vector defining the temperature of the A, B, and C thermal ports at the
start of simulation. The default value is [298.15, 298.15, 298.15] K.

Rotor thermal mass

The thermal mass of the rotor, that is, the energy required to raise the temperature
of the rotor by one degree. The default value is 200 J/K.

Rotor initial temperature

The temperature of the rotor at the start of simulation. The default value is 298.15
K.

Percentage of magnetizing resistance associated with the rotor

The percentage of the magnetizing resistance associated with the magnetic path
through the rotor. It determines how much of the iron loss heating is attributed to
the rotor thermal port HR, and how much is attributed to the three winding thermal
ports HA, HB, and HC. The default value is 90%.

Ports

This block has the following ports:

a
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A-phase electrical connection.

b
B-phase electrical connection.
c
C-phase electrical connection.
n
Electrical conserving port associated with the neutral phase.
C
Mechanical rotational conserving port connected to the motor case.
R

Mechanical rotational conserving port connected to the rotor.
HA

Winding A thermal port. For more information, see “Thermal Ports” on page 1-146.
HB

Winding B thermal port. For more information, see “Thermal Ports” on page 1-146.
HC

Winding C thermal port. For more information, see “Thermal Ports” on page 1-146.
HR

Rotor thermal port. For more information, see “Thermal Ports” on page 1-146.

See Also

FEM-Parameterized Linear Actuator | FEM-Parameterized Rotary Actuator
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FEM-Parameterized Rotary Actuator

Model rotary actuator defined in terms of magnetic flux

Library

Rotational Actuators

-]

Description

The FEM-Parameterized Rotary Actuator block implements a model of a rotary actuator
defined in terms of magnetic flux. Use this block to model custom rotary actuators and
motors where magnetic flux depends on both rotor angle and current. You parameterize
the block using data from a third-party Finite Element Magnetic (FEM) package.

The block has two options for the electrical equation. The first, Define in terms of
dPhi (i,theta)/dtheta and dPhi(i,theta)/di, defines the current in terms of
partial derivatives of the magnetic flux (®) with respect to rotor angle () and current (i),
the equations for which are:

ﬂ: v—iR_a;()@ /82
dt 00 dt ol

The second option, Define in terms of Phi(i,theta), defines the voltage across
the component directly in terms of the flux, the equation for which is:

v=iR+L o)
dt

Numerically, defining the electrical equation in terms of flux partial derivatives is better
because the back-emf is piecewise continuous. If using the flux directly, using a finer
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grid size for current and position will improve results, as will selecting cubic or spline
interpolation.

In both cases, you have an option to either directly specify the torque as a function of
current and rotor angle, by using the Torque matrix, T'(i,theta) parameter, or have the
block automatically calculate the torque matrix.

If entering the electromagnetic torque data directly, you can either use data supplied by
the finite element magnetic package (which you used to determine the flux) or calculate
the torque from the flux with following equation:

i .
D
sz.wdi
, 9

See the Finite Element Parameterized Solenoid example model and its initialization file

elec_fem_solenoid_ini.m for an example of how to implement this type of integration in
MATLAB.

Alternatively, the block can automatically calculate the torque matrix from the flux
information that you provide. To select this option, set the Calculate torque matrix?
parameter to Yes. The torque matrix calculation occurs at model initialization based

on current block flux linkage information. The torque is calculated by numerically
integrating the rate of change of flux linkage with respect to angle over current,
according to the preceding equation. If the Electrical model parameter is set to Define
in terms of Phi(i,theta), then the block must first estimate the Flux partial
derivative wrt angle, Phi(i,theta)/dtheta parameter value from the flux linkage data.
When doing this, the block uses the interpolation method specified by the Interpolation
method parameter. Typically, the Spline option is most accurate, but the Linear
option is most robust. The potential risk of the Spline and Cubic methods is that
nonphysical local torque reversals may occur if the flux data is too sparse or non-smooth.

You can define @ and its partial derivatives for just positive, or positive and negative
currents. If defining for just positive currents, then the block assumes that ®(—i,x) = —
®(i,x). Therefore, if the current vector is positive only:

* The first current value must be zero.

* The flux corresponding to zero current must be zero.

* The partial derivative of flux with respect to rotor angle must be zero for zero current.
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To model a rotary motor with a repeated flux pattern, set the Flux dependence on
displacement parameter to Cyclic. When selecting this option, the torque and flux (or
torque and flux partial derivatives depending on the option chosen) must have identical
first and last columns.

Thermal Port

The block has an optional thermal port, hidden by default. To expose the thermal port,
right-click the block in your model, and then from the context menu select Simscape >
Block choices > Show thermal port. This action displays the thermal port H on the
block icon, and adds the Temperature Dependence and Thermal Port tabs to the
block dialog box.

Use the thermal port to simulate the effects of copper resistance losses that convert
electrical power to heat. For more information on using thermal ports and on the
Temperature Dependence and Thermal Port tab parameters, see “Simulating
Thermal Effects in Rotational and Translational Actuators”.

Basic Assumptions and Limitations

This block has the following limitations:
+ It is imperative that you supply a consistent set of torque and flux data. There is no
checking that the torque matrix is consistent with the flux data.

* When driving the FEM-Parameterized Rotary Actuator block via a series inductor,
you may need to include a parallel conductance in the inductor component.
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Dialog Box and Parameters

FEM-Parameterized Rotary Actuator

This block implements the electrical and mechanical characteristics of a rotary motor or actuator for which

"k Block Parameters: FEM-Parameterized Rotary Actuator

==l

magnetic flux linkage depends nonlinearly on current and rotor angle. The angle range may optionally be limited by

mechanical hard stops.

A positive current i from the electrical + to - ports results in the torque T(i,theta) acting from the mechanical C to R

ports.

Settings

Magnetic Force | Mechanical

Electrical model:
Current vector, i

Angle vector, theta:

Flux partial derivative wrt
current, dPhi(i,theta)/di:

Flux partial derivative wrt angle,
dPhi(i,theta)/dtheta:

Calculate torque matrix?:
Torque matrix, T(i,theta):

Flux dependence on
displacement:

Interpolation method:

Winding resistance:

[Deﬁne in terms of dPhi(i,theta)/dtheta and dPhi(i,theta)/di

[00.20406081] A -
'0 80 90 100 110 120 130 140 150 160 170 180 ] deg -
999999999 0.0074 0.0052 0.0035 0.0024 0.002 ] Wh/A -
.28 -0.0113 -0.008399999999999999 -0.0044 0 ] Wh/rad -
[No - specify directly ']
292 -6.4013 -6.4013 -5.6292 -4.1781 -2.2231 0 ] mH*m -
[Cyclic ']
[Linear ']
10 Ohm -

0K ][ Cancel H

Help

Apply

Magnetic Force Tab

“Magnetic Force Tab” on page 1-155
“Mechanical Tab” on page 1-158

Electrical model

Select one of the following parameterization options, based on the underlying

electrical model:
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+ Define in terms of dPhi(i,theta)/dtheta and dPhi(i,theta)/di
— Define the current through the block in terms of partial derivatives of the
magnetic flux with respect to rotor angle and current. This is the default method.

+ Define iIn terms of Phi(i,theta) — Define the voltage across the block
terminals directly in terms of the flux.

Current vector, i

Specify a vector of monotonically increasing current values corresponding to your
torque-flux data. If you specify positive currents only, the first element must be zero.
The default valueis [ 0 0.2 0.4 0.6 0.8 1 ] A.

Angle vector, theta

Specify a vector of monotonically increasing rotor angle values corresponding to your
torque-flux data. The default valueis [ 0 10 20 30 40 50 60 70 80 90 100
110 120 130 140 150 160 170 180 ] deg.

Flux partial derivative wrt current, dPhi(i,theta)/di

Specify a matrix of the flux partial derivatives with respect to current. This
parameter is visible only if Electrical model is set to Define in terms of
dPhi (i,theta)/dtheta and dPhi(i,theta)/di. The default value, in Wb/A, is:

[ 0.002 0.0024 0.0035 0.0052 0.0074 0.0096 0.0118 0.0135 0.0146 ...
0.015 0.0146 0.0135 0.0118 0.0096 0.0074 0.0052 0.0035 0.0024 0.002;
0.002 0.0024 0.0035 0.0052 0.0074 0.0096 0.0118 0.0135 0.0146 ...
0.015 0.0146 0.0135 0.0118 0.0096 0.0074 0.0052 0.0035 0.0024 0.002;
0.002 0.0024 0.0035 0.0052 0.0074 0.0096 0.0118 0.0135 0.0146 ...
0.015 0.0146 0.0135 0.0118 0.0096 0.0074 0.0052 0.0035 0.0024 0.002;
0.002 0.0024 0.0035 0.0052 0.0074 0.0096 0.0118 0.0135 0.0146 ...
0.015 0.0146 0.0135 0.0118 0.0096 0.0074 0.0052 0.0035 0.0024 0.002;
0.002 0.0024 0.0035 0.0052 0.0074 0.0096 0.0118 0.0135 0.0146 ...
0.015 0.0146 0.0135 0.0118 0.0096 0.0074 0.0052 0.0035 0.0024 0.002;
0.002 0.0024 0.0035 0.0052 0.0074 0.0096 0.0118 0.0135 0.0146 ...
0.015 0.0146 0.0135 0.0118 0.0096 0.0074 0.0052 0.0035 0.0024 0.002; ]

Flux partial derivative wrt angle, dPhi(i,theta)/dtheta

Specify a matrix of the flux partial derivatives with respect to rotor angle. This
parameter is visible only if Electrical model is set to Define in terms of
dPhi (i,theta)/dtheta and dPhi(i,theta)/di. The default value, in Wh/rad,

1S:

[0O0O0O0O0O0O0O0000000O0OOOO;
0 9e-4 0.0017 0.0023 0.0026 0.0026 0.0023 0.0017 9e-4 ...
0 -9e-4 -0.0017 -0.0023 -0.0026 -0.0026 -0.0023 -0.0017 -9e-4 0;
0 0.0018 0.0033 0.0045 0.0051 0.0051 0.0045 0.0033 0.0018 ...
0 -0.0018 -0.0033 -0.0045 -0.0051 -0.0051 -0.0045 -0.0033 -0.0018 O;
0 0.0027 0.005 0.0068 0.0077 0.0077 0.0068 0.005 0.0027 ...
0 -0.0027 -0.005 -0.0068 -0.0077 -0.0077 -0.0068 -0.005 -0.0027 O;
0 0.0036 0.0067 0.009 0.0102 0.0102 0.009 0.0067 0.0036 ...
0 -0.0036 -0.0067 -0.009 -0.0102 -0.0102 -0.009 -0.0067 -0.0036 O;
0 0.0044 0.0084 0.0113 0.0128 0.0128 0.0113 0.0084 0.0044 ...
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0 -0.0044 -0.0084 -0.0113 -0.0128 -0.0128 -0.0113 -0.0084 -0.0044 O ]
Flux linkage matrix, Phi(i,theta)

Specify a matrix of the total flux linkage, that is, flux times the number of turns.
This parameter is visible only if Electrical model is set to Define in terms of
Phi (i, theta). The default value, in Wb, is:
[00000000000000000DOO;
de-4 4.8e-4 7e-4 0.00105 0.00147 0.00193 0.00235 0.0027 0.00292 ...
0.003 0.00292 0.0027 0.00235 0.00193 0.00147 0.00105 7e-4 4.8e-4 4e-4;
8e-4 9.6e-4 0.00141 0.0021 0.00295 0.00385 0.0047 0.00539 0.00584 ...
0.006 0.00584 0.00539 0.0047 0.00385 0.00295 0.0021 0.00141 9.6e-4 8e-4;
0.0012 0.00144 0.00211 0.00315 0.00442 0.00578 0.00705 0.00809 0.00876 ...
0.009 0.00876 0.00809 0.00705 0.00578 0.00442 0.00315 0.00211 0.00144 0.0012;
0.0016 0.00191 0.00282 0.0042 0.0059 0.0077 0.0094 0.01078 0.01169 ...
0.012 0.01169 0.01078 0.0094 0.0077 0.0059 0.0042 0.00282 0.00191 0.0016;
0.002 0.00239 0.00352 0.00525 0.00737 0.00963 0.01175 0.01348 0.01461 ...
0.015 0.01461 0.01348 0.01175 0.00963 0.00737 0.00525 0.00352 0.00239 0.002 ]

Calculate torque matrix?

Specify the way of providing the electromagnetic torque data:

* No — specify directly — Enter the electromagnetic torque data directly, by
using the Torque matrix, T(i,theta) parameter. This is the default option.

* Yes — The block calculates the torque from the flux linkage information, as a
function of current and rotor angle.

Torque matrix, T'(i,theta)

Specify a matrix of the electromagnetic torque applied to the rotor. This parameter is
visible only if Calculate torque matrix? is set to No — specify directly. The
default value, in mN¥*m, is:

[0O0O0O0O0O0O0O00000000O0OOO;

0 0.0889 0.1671 0.2252 0.2561 0.2561 0.2252 0.1671 0.0889 ...

0 -0.0889 -0.1671 -0.2252 -0.2561 -0.2561 -0.2252 -0.1671 -0.0889 O;
0 0.3557 0.6685 0.9007 1.0242 1.0242 0.9007 0.6685 0.3557 ...

0 -0.3557 -0.6685 -0.9007 -1.0242 -1.0242 -0.9007 -0.6685 -0.3557 O;
0 0.8003 1.5041 2.0265 2.3045 2.3045 2.0265 1.5041 0.8003 ...

0 -0.8003 -1.5041 -2.0265 -2.3045 -2.3045 -2.0265 -1.5041 -0.8003 O;
0 1.4228 2.674 3.6027 4.0968 4.0968 3.6027 2.674 1.4228 ...

0 -1.4228 -2.674 -3.6027 -4.0968 -4.0968 -3.6027 -2.674 -1.4228 0;
0 2.2231 4.1781 5.6292 6.4013 6.4013 5.6292 4.1781 2.2231 ...

0 -2.2231 -4.1781 -5.6292 -6.4013 -6.4013 -5.6292 -4.1781 -2.2231 0 ]

Flux dependence on displacement

Specify the flux pattern:

* Unique — No flux pattern present. This is the default option.

* Cyclic — Select this option to model a rotary motor with a repeated flux pattern.
The torque and flux (or torque and flux partial derivatives, depending on the
Electrical model option chosen) must have identical first and last columns.
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Interpolation method

Select one of the following interpolation methods for approximating the output value
when the input value is between two consecutive grid points:

+ Linear — Uses a bilinear interpolation algorithm, which is an extension of linear
interpolation for functions in two variables.

* Cubic — Uses the bicubic interpolation algorithm.
* Spline — Uses the bicubic spline interpolation algorithm.

For more information on interpolation algorithms, see the PS Lookup Table (2D)
block reference page.

Extrapolation method

Select one of the following extrapolation methods for determining the output value
when the input value is outside the range specified in the argument list:

* From last 2 points — Extrapolates using the linear method (regardless of
the interpolation method specified), based on the last two output values at the
appropriate end of the range. That is, the block uses the first and second specified
output values if the input value is below the specified range, and the two last
specified output values if the input value is above the specified range.

* From last point — Uses the last specified output value at the appropriate
end of the range. That is, the block uses the last specified output value for all
input values greater than the last specified input argument, and the first specified
output value for all input values less than the first specified input argument.

For more information on extrapolation algorithms, see the PS Lookup Table (2D)
block reference page.

This parameter is not available if you set the Flux dependence on displacement
parameter to Cyclic.

Winding resistance
Total resistance of the electrical winding. The default value is 10 Ohm.

Mechanical Tab

Damping
Rotary damping. The default value is 1e-4 N*m/(rad/s). The value can be zero.

Rotor inertia
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Inertia of the rotor attached to mechanical translational port R. The default value is
5e-5 kg*m~2. The value can be zero.

Minimum rotor angle

The rotor angle at which the lower mechanical end stop is applied. The default value
is -Inf.

Maximum rotor angle

The rotor angle at which the upper mechanical end stop is applied. The default value
is Inf.

Initial rotor position
Position of the rotor at the start of the simulation. The default value is O deg.
Initial rotor velocity

Angular velocity of the rotor at the start of the simulation. The default value is O deg/
S.

Contact stiffness

Contact stiffness between rotor and end stops. The default value i1s 1€8 N*m/rad.
Contact damping

Contact damping between rotor and end stops. The default value is 1e4 N*m/(rad/s).

Ports

This block has the following ports:

+
Positive electrical conserving port
Negative electrical conserving port
C
Mechanical rotational conserving port connected to the actuator case
R
Mechanical rotational conserving port connected to the rotor
See Also

FEM-Parameterized Linear Actuator | FEM-Parameterized PMSM | Solenoid
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Finite-Gain Op-Amp

Model gain-limited operational amplifier

Library

Integrated Circuits

Description

The Finite-Gain Op-Amp block models a gain-limited operational amplifier. If the
voltages at the positive and negative ports are Vp and Vm, respectively, the output
voltage is:

*R

out

Vour = A(Vy -V, )1

out

where:

+ Ais the gain.
R,,; 1s the output resistance.

1,,; 1s the output current.
The input current is:

Vo -V
R,

m

where R;, is the input resistance.

The output voltage is limited by the minimum and maximum output values you specify
in the block dialog box.
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Dialog Box and Parameters

Block Parameters: Finite-Gain Op-Amp @
Finite-Gain Op-Amp
This block models a gain-limited op-amp. If the voltages at the positive and negative pins are denoted Vp and
Vm, then the output voltage is given by Vout = A*(Vp-Vm)}-Tout*Rout where A is the gain, Rout is the output
resistance and Iout is the output current. The input current is given by (Vp-Vm)/Rin where Rin is the input
resistance. The output voltage is limited by the minimum and maximum values Vmin and Vmax.
Parameters
Gain, A: 1000
Input resistance, Rin: 1led Ohm -
Output resistance, Rout: 100 Ohm -
Minimum output, Vmin: -15 v -
Maximum output, Vmax: 15 v -
0K ] | Cancel | | Help Apply
Gain, A

The open-loop gain of the operational amplifier. The default value is 1000.
Input resistance, Rin

The resistance at the input of the operational amplifier that the block uses to
calculate the input current. The default value is 1e+06 Q.

Output resistance, Rout

The resistance at the output of the operational amplifier that the block uses to
calculate the drop in output voltage due to output current. The default value is 100
Q.

Minimum output, Vmin

The lower limit on the operational amplifier output voltage. The default value is -15
V.

Maximum output, Vmax

The upper limit on the operational amplifier output voltage. The default value is 15

V.
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Ports

The block has the following ports:

+

Positive electrical voltage

Negative electrical voltage
ouT
Output voltage

See Also
Band-Limited Op-Amp | Fully Differential Op-Amp | Op-Amp
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Fully Differential Op-Amp

Model operational amplifier with fully differential output, that is, not referenced to
ground

Library

Integrated Circuits

o=
-m=apa
o o

The Fully Differential Op-Amp block models a fully differential operational amplifier.
Differential signal transmission is better than single-ended transmission due to reduced
susceptibility to external noise sources. Applications include data acquisition where
inputs are differential, for example, sigma-delta converters.

Description

The following diagram shows the internal representation of the amplifier.

R1a

R1b

Vout+

VCWE1 with
dynamics, limits
and gain-AZ

Cila

AN

VCWS3 |J
+ WCVS2 with
C) dynamics, limits
. T | and gain-A2

Cib

AN
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Parameters for the circuit components are derived from the block parameters that you
provide. The gain of the two voltage-controlled voltage sources (VCVS1 and VCVS2) is set
to half of the differential gain value. Similarly the slew rate of each of the voltage sources
is set to half of the differential maximum slew rate value. The voltages of the two output
ports Vout+ and Vout- are both limited to be within the minimum and maximum output
voltages that you specify.

The output voltage for zero differential input voltage is controlled by the common-

mode port, cm. If no current is drawn from the cm port by the external circuit, then the
output voltage is set to be the average of the positive and negative supply voltages by
the resistor ladder of R3a and R3b. Note that the negative supply voltage can be zero,
which corresponds to operation when a split supply is not available. The values for the
minimum and maximum output voltages that you provide must be consistent with the
values for the supply voltages that you provide. So, for example, the maximum output
high voltage will be less than the positive supply voltage, the difference corresponding to
the number of p-n junction voltage drops in the circuit.

Note Physical Network block diagrams do not allow unconnected Conserving ports. If
you want to leave pin cm open-circuit, connect it to an Open Circuit block from the
Simscape Foundation library.

Basic Assumptions and Limitations

This block provides a behavioral model of a fully differential operational amplifier.

It does not represent nonlinear effects, such as variation in gain with output voltage
amplitude, and the nonlinear nature of the output voltage-current relationship for large
load currents.



Fully Differential Op-Amp

Dialog Box and Parameters

Block Parameters: Fully Differential Op-Amp

Fully Differential Op-Amp

This block models a fully differential op-amp. The output common-mode voltage is controlled by the common-mode
port cm. Internal resistors set the nominal output common-mode voltage to be midway between the values you
provide for the positive and negative supply voltages. Consult the block reference documentation for an op-amp
model equivalent circuit.

The Initial differential output voltage does not take account of the voltage drop due to the output resistance. The
initial condition is not used if you select the Start simulation from steady state option in the Solver Configuration
block.

Parameters

Gain | Input Impedance | Output Limits | Output Bias | Initial Conditions

Differential gain: 1000

Bandwidth: 1.5 GHz -

0K H Cancel H Help Apply

==l

“Gain Tab” on page 1-165

“Input Impedance Tab” on page 1-166
“Output Limits Tab” on page 1-166
“Output Bias Tab” on page 1-166
“Initial Conditions Tab” on page 1-167

Gain Tab

Differential gain

The gain applied to a voltage difference between the + and — inputs. The default

value 1s 1000.

Bandwidth
The frequency at which the differential voltage gain drops by 3 dB from its dc value.

The default value is 1.5 GHz.
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Input Impedance Tab

Differential input resistance

The input resistance seen by a voltage source applied across the + and — inputs. The
default value is 1.3 MOhm.

Differential input capacitance

The input capacitance seen by a current source applied across the + and — inputs.
The default value is 1.8 pF.

Common-mode input resistance

The input resistance seen by a voltage source applied between ground and the +
input, or between ground and the — input. The default value is 1 MOhm.

Common-mode input capacitance

The input capacitance seen by a current source applied between ground and the +
input, or between ground and the — input. The default value is 2.3 pF.

Output Limits Tab

Output resistance

The output resistance of either of the outputs with respect to the common-mode
voltage reference. Differential output resistance is therefore twice the value of the
output resistance R_out. The default value is 1 Ohm.

Minimum output voltage low

The minimum output voltage for either of the two output pins with respect to ground.
The default valueis -1.4 V.

Maximum output voltage low

The maximum output voltage for either of the two output pins with respect to
ground. The default valueis 1.4 V.

Differential maximum slew rate

The maximum slew rate of the differential output voltage. The default value is 5000
Vips.

Output Bias Tab

Common-mode port input resistance
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The input resistance seen by a voltage source applied between ground and the
common mode port. The default value is 23 kOhm.

Negative supply voltage

The value of the negative supply voltage connected to common-mode bias resistor
R3b (see diagram). The default value is -5 V.

Positive supply voltage

The value of the positive supply voltage connected to common-mode bias resistor R3a
(see diagram). The default value is 5 V.

Initial Conditions Tab

Initial differential output voltage

The initial differential voltage across the two outputs if the output current is zero.
The default valueis 0 V.

Ports

The block has the following ports:

+
Noninverting input.
Inverting input.

cm
Common-mode port. If you want to leave this pin open-circuit, connect a voltage
sensor between the cm port and a reference port.

Vout+
Noninverting output.

Vout-
Inverting output.

See Also

Band-Limited Op-Amp | Finite-Gain Op-Amp | Op-Amp
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Fuse

Model fuse that protects against excessive current

Library

Passive Devices

oft——n
Description
The Fuse block breaks the circuit in which it is connected. It does so when the current

through the device exceeds the rated current at which the fuse is designed to blow and
continues to exceed it for a specified amount of time.

Dialog Box and Parameters

Block Parameters: Fuse @

Fuse

The block represents a fuse. The fuse blows if the current through it exceeds the Rated current for more
than T seconds, where T is the Time to fuse parameter.

The Fuse resistance R and Open-circuit conductance G must be greater than zero.

Parameters

Rated current: 1 A -
Time to fuse: 0 ] -
Fuse resistance R: 0.01 Ohm -
Open-circuit conductance G: le-8 1/0hm -

0K ]| Cancel || Help | Apply

Rated current

The current value at which the fuse blows when exceeded for a specified amount of
time. The default value is 1 A.
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Time to fuse

The time for which the current must exceed the rated current for the fuse to blow.
The default value is O s.

Fuse resistance R

The fuse resistance. The parameter value must be greater than zero. The default
value is 0.01 Q.

Open-circuit conductance G

The open-circuit fuse conductance when the fuse has blown. The parameter value
must be greater than zero. The default value is 1e-08 1/Q.

Ports

The block has the following ports:

+

Positive electrical port

Negative electrical port
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Generic Battery

Simple battery model

Library

Sources

-+
T

The Generic Battery block represents a simple battery model. If you select InFinite
for the Battery charge capacity parameter, the block models the battery as a series
resistor and a constant voltage source. If you select Finite for the Battery charge
capacity parameter, the block models the battery as a series resistor and a charge-
dependent voltage source whose voltage as a function of charge has the following
reciprocal relationship:

| [ et-n
I

where:

Description

+ x1is the ratio of the ampere-hours left to the number of ampere-hours, AH, for which
the battery is rated.

*  V),is the voltage when the battery is fully charged, as defined by the Nominal
voltage, V_nominal parameter.

* The block calculates the constants ¢ and f to satisfy the following battery conditions:

* The battery voltage is zero when the charge is zero, that is, when x = 0.

The battery voltage is V1 (the Voltage V1 < V_nominal when charge is AH1
parameter value) when the charge is the Charge AH1 when no-load volts are
V1 parameter value, that is, when x = AHI1/AH.



Generic Battery

The equation defines a reciprocal relationship between voltage and remaining charge.

It is an approximation to what happens in a real battery, but it does replicate the
increasing rate of voltage drop at low charge values. It also ensures that the battery
voltage becomes zero when the charge level is zero. This simple model has the advantage
of requiring very few parameters, and these are parameters that are readily available on
most datasheets.

Dialog Box and Parameters

Block Parameters: Generic Battery =
Generic Battery

This block models a generic battery. If you select Infinite for the Battery charge capacity parameter, the block
models the battery as a series resistor and a constant voltage source. If you select Finite for the Battery
charge capacity parameter, the block models the battery as a series resistor plus a charge-dependent voltage
source defined by:

V =V_nominal®(1 - alpha®(1-x)/(1-beta™(1-x)}))

where x = (Ampere-Hours remaining)/(Rated Ampere-Hours). Coefficients alpha and beta are calculated to
satisfy a user-defined data point [AH1,V1] and zero voltage for zero charge.

Parameters

Nominal voltage, V_nominal: 12 v -
Internal resistance, R1: 2 Ohm -
Battery charge capacity: Infinite -

[ 0K ]| Cancel || Help Apply

Nominal voltage, V_nominal

The voltage at the output port when the battery is fully charged. The default value is
12'V.

Internal resistance, R1
Internal connection resistance. The default value is 2 Q.
Battery charge capacity
Select one of the following options for modeling the charge capacity of the battery:
* Infinite — The battery voltage is independent of charge drawn from the
battery. This is the default option.

* Finite — The battery voltage decreases as charge decreases.
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Ampere-Hour rating, AH

The maximum battery charge in ampere-hours. This parameter is only visible when
you select Finite for the Battery charge capacity parameter. The default value is
50 hr*A.

Initial charge

The battery charge at the start of the simulation. This parameter is only visible when
you select Finite for the Battery charge capacity parameter. The default value is
50 hr*A.

Voltage V1 < V_nominal when charge is AH1

The battery output voltage when the charge level is AH1 hr*A. This parameter is
only visible when you select Finite for the Battery charge capacity parameter.
The default valueis 11.5 V.

Charge AH1 when no-load volts are V1

The battery charge level in hr*A when the no-load output voltage is V1. This
parameter is only visible when you select Finite for the Battery charge capacity
parameter. The default value is 25 hr*A.

Self-discharge resistance, R2
Select one of the following options for modeling the self-discharge resistance of the
battery:
*  Omit — Do not include resistance across the battery output terminals in the
model.
* Include — Include resistance R2 across the battery output terminals in the
model.
R2

The resistance across the battery output terminals that represents battery self-
discharge. This parameter is only visible when you select Include for the Self-
discharge resistance, R2 parameter. The default value is 2e+03 Q.

Ports

The block has the following ports:

+

Positive electrical voltage
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Negative electrical voltage

Examples

For an example of how you can create a detailed battery model, see the Simscape Lead-
Acid Battery example.

See Also

Controlled Voltage Source | DC Voltage Source
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Generic Linear Actuator

Model generic linear actuator driven from DC voltage source or PWM driver

Library

Translational Actuators

L
b

The Generic Linear Actuator block implements a model of a generic linear actuator
designed to be driven from a DC voltage source or a PWM driver. Define force-speed
characteristics in terms of tabulated values for powering the motor at the rated voltage.
This functionality enables you to model a motor without referencing an equivalent
circuit.

Description

The motor or actuator architecture determines the way in which electrical losses depend
on force. For example, a DC motor has losses that are proportional to the square of the
current. As force is proportional to current, losses are also proportional to mechanical
force. Most motors have an electrical loss term that is proportional to the square of
mechanical force. The Generic Linear Actuator block calculates this loss term using the
Motor efficiency (percent) and Speed at which efficiency is measured parameters
that you provide.

Some motors also have a loss term that is independent of force. An example is a shunt
motor where the field winding draws a constant current regardless of load. The Force-
independent electrical losses parameter accounts for this effect.

The motor efficiency is the mechanical power divided by the sum of the mechanical power
and both electrical loss terms. The block assumes that the speed at which the motor
efficiency is defined is in the motoring quadrant and, therefore, positive.

You can operate the block in the reverse direction by changing the sign of the voltage
applied. The H-Bridge block, for example, reverses motor direction if the voltage at the



Generic Linear Actuator

REV port is greater than the Reverse threshold voltage parameter. However, if you
are using the block in reverse, specify the force-speed data for forward operation:

* Positive forces and positive speeds in the motoring quadrant.

* Positive force and negative speeds in the generating counterclockwise quadrant.

+ Negative force and positive speed in the generating clockwise quadrant.

Thermal Port

The block has an optional thermal port, hidden by default. To expose the thermal port,
right-click the block in your model, and then from the context menu select Simscape >
Block choices > Show thermal port. This action displays the thermal port H on the
block icon, and adds the Temperature Dependence and Thermal Port tabs to the
block dialog box.

Use the thermal port to simulate the effects of copper resistance losses that convert
electrical power to heat. For more information on using thermal ports and on the
Temperature Dependence and Thermal Port tab parameters, see “Simulating
Thermal Effects in Rotational and Translational Actuators”.

Basic Assumptions and Limitations

This block has the following limitations:
* The force-speed curve data corresponds only to the rated voltage, so the block
produces accurate results only when driven by plus or minus the rated voltage.

* The block requires you to provide force-speed data for the full range over which you
use the actuator. To use the actuator in the generating and braking regions, provide
additional data outside of the normal motoring region.

*  Model behavior is sensitive to force-speed data. For example, no-load speed is
correctly defined and finite only when the data crosses the speed axis.

* To drive the block from the H-Bridge block:

* Do not place any other blocks between the H-Bridge and the Generic Linear
Actuator blocks.

In the H-Bridge block dialog box, set the Freewheeling mode to Via one
semiconductor switch and one freewheeling diode . Selecting Via two
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freewheeling diodes does not set the bridge output voltage to zero when the
PWM input signal is low.

* In the H-Bridge, Generic Linear Actuator, and Controlled PWM Voltage block
dialog boxes, ensure that the Simulation mode is the same for all three blocks.

Dialog Box and Parameters

Block Parameters: Generic Linear Actuator @
Generic Linear Actuator

This block implements a model of generic linear actuator designed to be driven from a DC voltage source or PWM
driver. The force-speed characteristics are defined in terms of tabulated values for when the motor is powered at
the rated voltage. The block can be driven in PWM or Averaged mode. In PWM mode, the applied voltage should
either be the rated supply voltage, or a PWM voltage with amplitude equal to the rated supply voltage. In Averaged
mode, the applied voltage should be the rated supply voltage multiplied by the fraction of the PWM period for which
the motor is powered. If driving the block with the H-Bridge block, the Simulation mode parameter value must be
the same for both blocks and also for the Controlled PWM Voltage block if used.

Electrical losses are assumed to be the sum of a force-independent term plus a term proportional to the square of

the force.

Parameters
Speed values: [-15-10-5051015202530] m/s -
Force values: [43532521.510.50-0.5] N -
Rated voltage: 12 v -
Mator efficiency (percent): 70
I?npes_-as_-sciI raeizd\::'Jhich efficiency is 20 m/s -
::Uosrscees-:independent electrical 2 W -
Simulation mode: PWM ']

[ 0K ] I Cancel I I Help I Apply

+  “Electrical Force Tab” on page 1-176
* “Mechanical Tab” on page 1-178

Electrical Force Tab

Speed values
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Specify a vector of speeds, including their units, for your force-speed data. The
default valueis [ -15 -10 -5 0 5 10 15 20 25 30 ] m/s.

Force values

Specify a vector of forces, including their units, for your force-speed data. The default
valueis[ 4 3.5 3 2.521.510.50 -0.5]N.

Rated voltage

Indicate the voltage for which the device you are modeling is rated. The default value
is12V.

Motor efficiency (percent)

Efficiency that the block uses to calculate force-dependent electrical losses. The
default value is 70.

Speed at which efficiency is measured

Speed that the block uses to calculate force-dependent electrical losses. The default
value is 20 m/s.

Force-independent electrical losses

Fixed electrical loss associated with the actuator when the force is zero. The default
value is 2 W.

Simulation mode

If you set the Simulation mode parameter to PWM, apply a PWM waveform
switching between zero and rated volts to the block electrical terminals. The current
drawn from the electrical supply is equal to the amount required to deliver the
mechanical power and to compensate for electrical losses. If the applied voltage
exceeds the rated voltage, the resultant force scales proportionately. However,
applying anything other than the rated voltage can provide unrepresentative results.
PWM is the default setting.

If you set the Simulation mode parameter to Averaged, the force generated in
response to an applied voltage V,,, is

h X F(U)

rated

where F(v) is the force value at speed v . The current drawn from the supply is

such that the product of the current and V,, is equal to the average power that is

consumed.
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Mechanical Tab

Plunger mass

Mass of the moving part of the motor. The default value is 0.1 kg. The value can be
Zero.

Linear damping
Linear damping. The default value is 1e-05 N/(im/s). The value can be zero.
Initial plunger speed

Speed of the plunger at the start of the simulation. The default value is O m/s.

Ports

This block has the following ports:

+
Positive electrical conserving port
Negative electrical conserving port
C
Mechanical translational conserving port connected to the actuator case
R
Mechanical translational conserving port connected to the plunger
See Also

Generic Rotary Actuator | H-Bridge
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Generic Rotary Actuator

Model generic rotary actuator driven from DC voltage source or PWM driver

Library

Rotational Actuators

Description

The Generic Rotary Actuator block implements a model of a generic rotary actuator
designed to be driven from a DC voltage source or PWM driver. You define torque-speed
characteristics in terms of tabulated values for powering the motor at the rated voltage.
This functionality allows you to model a motor without referencing an equivalent circuit.

The motor or actuator architecture determines the way in which electrical losses depend
on torque. For example, a DC motor has losses that are proportional to the square of the
current. As torque is proportional to current, losses are also proportional to mechanical
torque. Most motors have an electrical loss term that is proportional to the square of
mechanical torque. The Generic Rotary Actuator block calculates this loss term using the
Motor efficiency (percent) and Speed at which efficiency is measured parameters
that you provide.

Some motors also have a loss term that is independent of torque. An example is a shunt
motor where the field winding draws a constant current regardless of load. The Torque-
independent electrical losses parameter accounts for this effect.

The motor efficiency is the mechanical power divided by the sum of the mechanical power
and both electrical loss terms. The block assumes that the speed at which the motor
efficiency is defined is in the motoring quadrant and, therefore, positive.

You can operate the block in the reverse direction by changing the sign of the voltage
that you apply. The H-Bridge block, for example, reverses motor direction if the voltage
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at the REV port is greater than the Reverse threshold voltage parameter. However, if
you are using the block in reverse, specify the torque-speed data for forward operation:

* Positive torques and positive speeds in the motoring quadrant.

+ Positive torque and negative speeds in the generating counterclockwise quadrant.

* Negative torque and positive speed in the generating clockwise quadrant.

Thermal Port

The block has an optional thermal port, hidden by default. To expose the thermal port,
right-click the block in your model, and then from the context menu select Simscape >
Block choices > Show thermal port. This action displays the thermal port H on the
block icon, and adds the Temperature Dependence and Thermal Port tabs to the
block dialog box.

Use the thermal port to simulate the effects of copper resistance losses that convert
electrical power to heat. For more information on using thermal ports and on the
Temperature Dependence and Thermal Port tab parameters, see “Simulating
Thermal Effects in Rotational and Translational Actuators”.

Basic Assumptions and Limitations

This block has the following limitations:

* The torque-speed curve data corresponds only to the rated voltage, so the block
produces accurate results only when driven by plus or minus the rated voltage.

* In this block requires, you must provide torque-speed data for the full range over
which you use the actuator. To use the actuator in the generating and braking
regions, provide additional data outside of the normal motoring region.

*  Model behavior is sensitive to torque-speed data. For example, no-load speed is
correctly defined and finite only when the data crosses the speed axis.

* To drive the block from the H-Bridge block:

* Do not place any other blocks between the H-Bridge and the Generic Rotary
Actuator blocks.

In the H-Bridge block dialog box, set the Freewheeling mode to Via one
semiconductor switch and one freewheeling diode. Selecting Via two
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freewheeling diodes does not set the bridge output voltage to zero when the
PWM input signal is low.

+ In the H-Bridge, Generic Rotary Actuator, and Controlled PWM Voltage block
dialog boxes, ensure that the Simulation mode is the same for all three blocks.

Dialog Box and Parameters

Block Parameters: Generic Rotary Actuator @
Generic Rotary Actuator

This block implements a model of generic rotary actuator designed to be driven from a DC voltage source or PWM
driver. The torque-speed characteristics are defined in terms of tabulated values for when the motor is powered at
the rated voltage. The block can be driven in PWM or Averaged mode. In PWM mode, the applied voltage should
either be the rated supply voltage, or a PWM voltage with amplitude equal to the rated supply voltage. In Averaged
mode, the applied voltage should be the rated supply voltage multiplied by the fraction of the PWM period for which
the motor is powered. If driving the block with the H-Bridge block, the Simulation mode parameter value must be
the same for both blocks and also for the Controlled PWM Voltage block if used.

Electrical losses are assumed to be the sum of a torque-independent term plus a term proportional to the square
of the torque.

Parameters
Electrical Torque Mechanical
Speed values: 100 -500 0 500 1000 1.5e+3 2e+3 2.5e+3 3e+3 ] rpm -
Torque values: .035 0.03 0.025 0.02 0.015 0.01 0.005 0-0.005 ] N*m -
Rated voltage: 12 v -
Mator efficiency (percent): 80
Speed at which efficiency is 2643 rpm -
measured:
Torque-independent electrical 01 W -
losses:
Simulation mode: PWM v|

[ 0K ] | Cancel | | Help | Apply

+  “Electrical Torque Tab” on page 1-181
* “Mechanical Tab” on page 1-183

Electrical Torque Tab

Speed values
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Specify a vector of speeds, including their units, for your torque-speed data. The
default valueis [ -1.5e+03 -1000 -500 O 500 1000 1.5e+03 2e+03 2.5e
+03 3e+03 ] rpm.

Torque values

Specify a vector of torques, including their units, for your torque-speed data. The
default valueis [ 0.04 0.035 0.03 0.025 0.02 0.015 0.01 0.005 O
-0.005 ] Nm.

Rated voltage

Indicate the voltage for which the device you are modeling is rated. The default value
is 12 V.

Motor efficiency (percent)

The efficiency that the block uses to calculate torque-dependent electrical losses. The
default value is 80.

Speed at which efficiency is measured

The speed that the block uses to calculate torque-dependent electrical losses. The
default value is 2e+03 rpm.

Torque-independent electrical losses

Fixed electrical loss associated with the actuator when the torque is zero. The default
valueis 0.1 W.

Simulation mode

If you set the Simulation mode parameter to PWM, apply a PWM waveform
switching between zero and rated volts to the block electrical terminals. The current
drawn from the electrical supply is equal to the amount required to deliver the
mechanical power and to compensate for electrical losses. If the applied voltage
exceeds the rated voltage, the resultant torque scales proportionately. However,
applying anything other than the rated voltage can provide unrepresentative results.
PWM is the default setting.

If you set the Simulation mode parameter to Averaged, the torque generated in
response to an applied voltage V,,, is

V(LU X T(a))

rated




Generic Rotary Actuator

where T (@) is the torque value at speed @ . The current drawn from the supply is

such that the product of the current and V, is equal to the average power that is
consumed.

Mechanical Tab

Rotor inertia

Rotor resistance to change in motor motion. The default value is 1e-04 kg*m?. The
value can be zero.

Rotor damping
Rotor damping. The default value is 1e-08 N*m/(rad/s). The value can be zero.
Initial rotor speed

Speed of the rotor at the start of the simulation. The default value is O rpm.

Ports

This block has the following ports:

+
Positive electrical conserving port
Negative electrical conserving port
C
Mechanical rotational conserving port
R
Mechanical rotational conserving port
See Also

Generic Linear Actuator | H-Bridge
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Gyro

Behavioral model of MEMS gyro

Library

Sensors

ofR

Description

The Gyro block implements a behavioral model of a MicroElectroMechanical Systems
(MEMS) gyro. The gyro provides an output voltage that is proportional to the angular
rotation rate presented at the mechanical rotational physical port R. The output voltage
is limited according to the values that you provide for maximum and minimum output
voltage.

Optionally, you can model sensor dynamics by setting the Dynamics parameter to
Model sensor bandwidth. Including dynamics adds a first-order lag between the
angular rate presented at port R and the corresponding voltage applied to the electrical +
and - ports.

If running your simulation with a fixed-step solver, or generating code for hardware-in-
the-loop testing, MathWorks recommends that you set the Dynamics parameter to No

dynamics — Suitable for HIL, because this avoids the need for a small simulation
time step if the sensor bandwidth is high.



Gyro

Dialog Box and Parameters

Block Parameters: Gyro
[%al i
Gyro

This block represents a gyro. The gyro maps the angular rotation rate at mechanical rotational port R to a
voltage across the + and - electrical ports.

It is recommended that sensor dynamics be omitted for fixed-step simulation or HIL to avoid the need for a
very small time step.

Parameters

Sensitivity: 12.5 s*mV/deg -
Output voltage for zero rotation: 2.5 v -
Maximum output voltage: 4 v -
Minimum output voltage: 1 v -
Dynamics: No dynamics - Suitable for HIL -
0K ] | Cancel | | Help Apply

Sensitivity

The change in output voltage level per unit change in rotation rate when the output
1s not being limited. The default value is 12.5 mV/(deg/s).

Output voltage for zero rotation

The output voltage from the sensor when the rotation rate is zero. The default value
is2.5V.

Maximum output voltage

The maximum output voltage from the sensor, which determines the sensor
maximum measured rotational rate. The default value is 4 V.

Minimum output voltage

The minimum output voltage from the sensor, which determines the sensor minimum
measured rotational rate. The default value is 1 V.

Dynamics

Select one of the following options for modeling sensor dynamics:

* No dynamics — Suitable for HIL — Do not model sensor dynamics. Use this
option when running your simulation fixed step or generating code for hardware-
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in-the-loop testing, because this avoids the need for a small simulation time step if
the sensor bandwidth is high. This is the default option.

* Model sensor bandwidth — Model sensor dynamics with a first-order
lag approximation, based on the Bandwidth and the Initial angular rate
parameter values.

Bandwidth

Specifies the 3dB bandwidth for the measured rotational rate assuming a first-
order time constant. This parameter is only visible when you select Model sensor
bandwidth for the Dynamics parameter. The default value is 3 kHz.

Initial angular rate

Determines the initial condition for the lag by specifying the initial output for the
sensor, expressed in units of angular rotation rate. This parameter is only visible
when you select Model sensor bandwidth for the Dynamics parameter. The
default value is O deg/s.

Ports

The block has the following ports:

R

Mechanical rotational port
Positive electrical port

Negative electrical port
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H-Bridge

Model H-bridge motor driver

Library

Drivers

Description

=T

Bk

The H-Bridge block represents an H-bridge motor driver. The block has the following two
Simulation mode options:

PWM — The H-Bridge output is a controlled voltage that depends on the input signal
at the PWM port. If the input signal has a value greater than the Enable threshold
voltage parameter value, the H-Bridge output is on and has a value equal to the
value of the Output voltage amplitude parameter. If it has a value less than the
Enable threshold voltage parameter value, the block maintains the load circuit
using one of the following three Freewheeling mode options:

Via one semiconductor switch and one freewheeling diode
Via two freewheeling diodes
* Via two semiconductor switches and one freewheeling diode

The first and third options are sometimes referred to as synchronous operation.

The signal at the REV port determines the polarity of the output. If the value of the
signal at the REV port is less than the value of the Reverse threshold voltage
parameter, the output has positive polarity; otherwise, it has negative polarity.

Averaged — This mode has two Load current characteristics options:

Smoothed
Unsmoothed or discontinuous
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The Smoothed option assumes that the current is practically continuous due to load
inductance. In this case, the H-Bridge output is:

Vovﬂ —IpgrRon
Apwm

where:

Vo is the value of the Output voltage amplitude parameter.
*  Vpwa 1s the value of the voltage at the PWM port.
*  Apwy is the value of the PWM signal amplitude parameter.
Ipyris the value of the output current.

* Ronis the Bridge on resistance parameter.

The current will be smooth if the PWM frequency is large enough. Synchronous
operation where freewheeling is via a bridge arm back to the supply also helps smooth
the current. For cases where the current is not smooth, or possibly discontinuous (that
1s, it goes to zero between PWM cycles), use the Unsmoothed or discontinuous
option. For this option, you must also provide values for the Total load series
resistance, Total load series inductance and PWM frequency. During
simulation, the block uses these values to calculate a more accurate value for H-
bridge output voltage that achieves the same average current as would be present if
simulating in PWM mode.

Set the Simulation mode parameter to Averaged to speed up simulations when
driving the H-Bridge block with a Controlled PWM Voltage block. You must also set the
Simulation mode parameter of the Controlled PWM Voltage block to Averaged mode.
This applies the average of the demanded PWM voltage to the motor. The accuracy of the
Averaged mode simulation results relies on the validity of your assumption about the
load current. If you specify that the current is Unsmoothed or discontinuous, then
the accuracy also depends on the values you provide for load resistance and inductance
being representative. This mode also makes some simplifying assumptions about the
underlying equations for the case when current is discontinuous. For typical motor

and bridge parameters, accuracy should be within a few percent. To verify Averaged
mode accuracy, run the simulation using the PWM mode and compare the results to those
obtained from using the Averaged mode.
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Braking mode is invoked when the voltage presented at the BRK port is larger than the
Braking threshold voltage. Regardless of whether in PWM or Averaged mode, when in
braking mode the H-bridge is modeled by a series combination of two resistances R1 and
R2 where:

* RI1 is the resistance of a single bridge arm, that is, half the value of the Total bridge
on resistance parameter.

*  R2is the resistance of a single bridge arm in parallel with a diode resistance, that is,
R1 -Rd/(RI1+ Rd), where Rd is the diode resistance.

Thermal Port

The block has an optional thermal port, hidden by default. To expose the thermal port,
right-click the block in your model, and then from the context menu select Simscape >
Block choices > Show thermal port. This action displays the thermal port H on the
block icon, and adds the Temperature Dependence and Thermal Port tabs to the
block dialog box. These tabs are described further on this reference page.

When the thermal port is visible:

* The heat generated by the bridge on-resistance and freewheeling diodes is added
to the thermal port. The thermal port has an associated thermal mass and initial
temperature that you can set from the Thermal Port tab.

* The bridge on-resistance and freewheeling diode resistance become functions
of temperature. You can define the values for these resistances and the second
measurement temperature from the Temperature Dependence tab. Resistance is
assumed to vary linearly between the two measurement temperatures. Extrapolation
is used for temperatures outside of this range, except for when simulating in averaged
mode with discontinuous load current characteristics.

Basic Assumptions and Limitations

The model has the following limitations:

+ If you are linearizing your model, set the Simulation mode parameter to Averaged
and ensure that you have specified the operating point correctly. You can only
linearize the H-Bridge block for inputs that are greater than zero and less than the
PWM signal amplitude.
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No forward voltage is modeled for the freewheeling diodes. They are approximated as
ideal resistances when forward biased, with resistance equal to the Freewheeling
diode on resistance parameter value.

In Averaged mode, and with the Unsmoothed or discontinuous choice for

Load current characteristics, you must provide representative values for load
inductance and resistance. If driving a DC Motor, then the resistance is the armature
resistance, and the inductance is the sum of the armature inductance plus series
smoothing inductor (if present). For a Universal Motor, total resistance is the sum

of the armature and field windings, and total inductance is the sum of armature

and field inductances plus any series smoothing inductance. For a Shunt Motor,
MathWorks recommends that you draw a Thévenin equivalent circuit to determine
appropriate values.

Dialog Box and Parameters

Block Parameters: H-Bridge @
H-Bridge

This block represents an H-bridge motor driver. The block can be driven by the Controlled PWM Voltage block in
PWM or Averaged mode. In PWM mode, the motor is powered if the PWM port v2 V is above the Enable threshold
voltage. In Averaged mode, the PWM port voltage divided by the PWM signal amplitude parameter defines the
ratio of the on-time to the PWM period. Using this ratio and assumptions about the load, the block applies an
average voltage to the load that achieves the correct average load current. The Simulation mode parameter value
must be the same for the Controlled PWM Voltage and H-Bridge blocks.

If the REV port voltage is greater than the Reverse threshold voltage, then the output voltage polarity is reversed.
If the BRK port voltage is greater than the Braking threshold voltage, then the output terminals are short circuited
via one bridge arm in series with the parallel combination of a second bridge arm and a freewheeling diode.

Voltages at ports PWM, REV and BRK are defined relative to the REF port.

Parameters
Simulation Mode & Load Assumptions | Input Thresholds | Bridge Parameters
Simulation mode: |PWM v|
Freewheeling mode: |Via one semiconductor switch and one freewheeling diode v|
[ 0K ] | Cancel | | Help | Apply

“Simulation Mode & Load Assumptions Tab” on page 1-191
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* “Input Thresholds Tab” on page 1-193
* “Bridge Parameters Tab” on page 1-193

+ “Temperature Dependence Tab” on page 1-194
* “Thermal Port Tab” on page 1-194

Simulation Mode & Load Assumptions Tab

Simulation mode

Select one of the following options for the type of output voltage:

PWM — The output voltage is a pulse-width modulated signal. This is the default
option.

Averaged — The output voltage is a constant whose value is equal to the average
value of the PWM signal.

Freewheeling mode

Select one of the following options for the type of H-Bridge dissipation circuit:

Via one semiconductor switch and one freewheeling diode — In
this mode, the block controls the load by maintaining one high-side bridge arm
permanently on and using the PWM signal to modulate the corresponding low-
side bridge arm. This means that the block uses only one of the freewheeling
diodes in completing the dissipation circuit when the bridge turns off. This option
is the default.

Via two freewheeling diodes — In this mode, all bridge arms are off during
the bridge off-state. This means that the block dissipates the load current across
the power supply by two freewheeling diodes.

Via two semiconductor switches and one freewheeling diode —

In this mode, the block controls the load by maintaining one high-side bridge

arm permanently on and using the PWM signal to toggle between enabling the
corresponding low-side bridge arm and the opposite high-side bridge arm. This
means that the block uses a freewheeling diode in parallel with a bridge arm, plus
another series bridge arm, to complete the dissipation circuit when the bridge
turns off.

This parameter is only visible when you select PWM for the Simulation mode
parameter, or when you select Averaged for the Simulation mode parameter
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and Unsmoothed or discontinuous for the Load current characteristics
parameter.

Load current characteristics

Select one of the following options for the type of load current:

+ Smoothed — Assumes that the current is practically continuous due to load
inductance. This option is the default.

+ Unsmoothed or discontinuous — Use this option for cases where the current
1s not smooth, or possibly discontinuous (that is, it goes to zero between PWM
cycles). For this option, you must also provide values for the Total load series
resistance, Total load series inductance, and PWM frequency parameters.
During simulation, the block uses these values to calculate a more accurate value
for H-bridge output voltage that achieves the same average current as would be
present if simulating in PWM mode.

This parameter is only visible when you select Averaged for the Simulation mode
parameter.

Load total series resistance

The total load series resistance seen by the H-bridge. The default value is 10 Q.

This parameter is only visible when you select Averaged for the Simulation
mode parameter and Unsmoothed or discontinuous for the Load current
characteristics parameter.

Load total series inductance

The total load series inductance seen by the H-bridge. As well as motor inductance,
you should include any series inductance added external to the motor to smooth
current. The default value is 1e-5 H.

This parameter is only visible when you select Averaged for the Simulation
mode parameter and Unsmoothed or discontinuous for the Load current
characteristics parameter.

PWM frequency

The PWM frequency at which the H-bridge is driven. For consistency, this should
be the same value as the PWM frequency specified by the Controlled PWM Voltage
block driving the H-Bridge. The default value is 10 kHz.

This parameter is only visible when you select Averaged for the Simulation
mode parameter and Unsmoothed or discontinuous for the Load current
characteristics parameter.
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Input Thresholds Tab

Enable threshold voltage

Threshold above which the voltage at the PWM port must rise to enable the H-Bridge
output. This parameter is used only when the Simulation mode parameter on the
Simulation Mode & Load Assumptions tab is set to PWM. The default value is 2.5
V.

PWM signal amplitude

The amplitude of the signal at the PWM input. The H-Bridge block uses this
parameter only when the Simulation mode parameter on the Simulation Mode &
Load Assumptions tab is set to Averaged. The default valueis 5 V.

Reverse threshold voltage

When the voltage at the REV port is greater than this threshold, the output polarity
becomes negative. The default valueis 2.5 V.

Braking threshold voltage

When the voltage at the BRK port is greater than this threshold, the H-Bridge output
terminals are short-circuited via the following series of devices:

* One bridge arm

*  One bridge arm in parallel with a conducting freewheeling diode

The default valueis 2.5 V.

Bridge Parameters Tab

Output voltage amplitude

The amplitude of the voltage across the H-Bridge output ports when the output is on.
The default value is 12 V.

Total bridge on resistance

The total effective resistance of the two semiconductor switches that connect the load
to the two power rails when the voltage at the PWM port is greater than the value

of the Enable threshold voltage parameter on the Input Thresholds tab. The
default valueis 0.1 Q.

Freewheeling diode on resistance

The total resistance in the freewheeling diodes that dissipate the current that flows
through the motor when the voltage at the PWM port is less than the value of the
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Enable threshold voltage parameter on the Input Thresholds tab. The default
value is 0.05 Q.

Measurement temperature

The temperature for which for which the resistance values on the Bridge
Parameters tab are specified. This parameter appears only for blocks with exposed
thermal port. For more information, see “Thermal Port” on page 1-189. The default
value is 298.15 K.

Temperature Dependence Tab

This tab appears only for blocks with exposed thermal port. For more information, see
“Thermal Port” on page 1-189.
Total bridge on resistance at second measurement temperature

The total effective resistance of the two semiconductor switches that connect the load
to the two power rails (as described in the Total bridge on resistance parameter
definition), quoted at the Second measurement temperature. The default value is
0.1Q.

Freewheeling diode on resistance at second measurement temperature

The total resistance in the freewheeling diodes that dissipate the current that flows
through the motor (as described in the Total bridge on resistance parameter
definition), quoted at the Second measurement temperature. The default value is
0.05 Q.

Second measurement temperature

The temperature for which for which the resistance values on the Temperature
Dependence tab are specified. The default value is 398.15 K.

Thermal Port Tab

This tab appears only for blocks with exposed thermal port. For more information, see
“Thermal Port” on page 1-189.
Thermal mass

Thermal mass associated with the thermal port H. It represents the energy required
to raise the temperature of the thermal port by one degree. The default value is 100
J/IK.

Initial temperature



H-Bridge

The temperature of the thermal port at the start of simulation. The default value is

298.15 K.

Ports

The block has the following ports:

+ref
Positive electrical output voltage.
-ref
Negative electrical output voltage.
PWM
Pulse-width modulated signal. The voltage is defined relative to the REF port.
REF
Floating zero volt reference.
REV

Voltage that controls when to reverse the polarity of the H-Bridge output. The
voltage is defined relative to the REF port.

BRK

Voltage that controls when to short circuit the H-Bridge output. The voltage is
defined relative to the REF port.

Thermal port. For more information, see “Thermal Port” on page 1-189.

Examples

See the Controlled DC Motor, Linear Electrical Actuator (System-Level Model) and
Linear Electrical Actuator (Implementation Model) examples.
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Incandescent Lamp

Model incandescent lamp, with resistance depending on temperature

Library

Passive Devices

-

The Incandescent Lamp block models an incandescent lamp, the key characteristic of
which is that the resistance increases as the filament warms up.

Description

Under the simplifying assumption that the rate of heat loss from the filament is
proportional to temperature difference to ambient, the temperature of the filament is
governed by

ktpd—T: °R — kT
" dt

and the filament resistance is governed by the following equation
R =R, (1 +aoT )

where:

* Ry is the initial resistance at turn-on (when filament is at ambient temperature).
+  Tis the filament temperature relative to ambient temperature.

* o is the resistance temperature coefficient.

* i.1s the thermal time constant.

* Fkis the heat transfer coefficient.



Incandescent Lamp

* R is the filament resistance.

* 11is the filament current.
There are two parameterization options:

+ Ifyou select Specify resistance values directly, the block uses values that
you provide for filament resistance when on and at turn-on to determine the value for
the heat transfer coefficient.

+ If you select Specify currents, the block uses values that you provide for
filament current when on and at turn-on to determine the value for the heat transfer
coefficient.

Optionally you can specify a simulation time at which the lamp fails by providing a finite
value for the Time at which lamp goes open circuit parameter on the Faults tab.
When in the open-circuit state, the lamp resistance is set to be the value of the Open-
circuit resistance parameter.

Dialog Box and Parameters

Block Parameters: Incandescent Lamp =
Incandescent Lamp

This block models an incandescent lamp. The resistance is given by R = R0*(1+alpha®deltaT) where R0 is the
initial resistance at turn-on, alpha is the resistance temperature coefficient and deltaT is the change in
temperature.

Parameters

Resistance | Dynamics | Faults

Parameterization: ISpecify resistance values directly -
Initial resistance at turn-on: 0.15 Ohm -
Steady-state resistance when on: 1 Ohm -
Rated voltage: 12 v -
i -
[ 0K ] I Cancel I I Help I Apply

* “Resistance Tab” on page 1-198
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* “Dynamics Tab” on page 1-199
+ “Faults Tab” on page 1-199

Resistance Tab

Parameterization

Select one of the following methods for block parameterization:

+ Specify resistance values directly — Provide the values for filament
resistance at turn-on and when on in steady state. The block determines the value
for the heat transfer coefficient based on these values. This is the default option.

+ Specify currents — Provide the values for filament current at turn-on and
when on in steady state. The block determines the value for the heat transfer
coefficient based on these values.

Initial resistance at turn-on

The resistance seen by the external circuit when the lamp is initially turned on.
This parameter is only visible when you select Specify resistance values
directly for the Parameterization parameter. The default value is 0.15 Q.

Steady-state resistance when on

The resistance seen by the external circuit when the lamp is on and in steady state.
This parameter is only visible when you select Specify resistance values
directly for the Parameterization parameter. This resistance should be greater
than the Initial resistance at turn-on. The default value is 1 Q.

Inrush current at turn-on

The current through the lamp when it is initially turned on. This parameter is only
visible when you select Specify currents for the Parameterization parameter.
The default value is 70 A.

Steady-state current when on

The current through the lamp when it is on and in steady state. This parameter

is only visible when you select Specify currents for the Parameterization
parameter. This current should be less than the Inrush current at turn-on. The
default value is 10 A.

Rated voltage

The rated voltage for the lamp, and the voltage value for which the resistance or
current values are provided in the on and turn-on states. The default value is 12 V.



Incandescent Lamp

Resistance temperature coefficient

The fractional increase in resistance per unit increase in temperature. The default
value is 0.004 1/K.

Dynamics Tab

Thermal time constant

The first-order thermal time constant for filament temperature when the lamp is
turned on or off. The default value is 25 ms.

Initial lamp state
Select between On and OFF. The default is OFF.

Faults Tab

Time at which lamp goes open circuit

For simulation times greater than this parameter value the filament resistance
becomes equal to the Open-circuit resistance. The default value is inf seconds.
Specifying a finite value for this parameter lets you simulate the fault dynamics
when the bulb burns out.

Open-circuit resistance

The value of the filament resistance used when the lamp goes open-circuit. The
default value is 1€6 Q.

Ports

The block has the following ports:

=+

Positive electrical port

Negative electrical port
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Incremental Shaft Encoder

Model device that converts information about angular shaft position into electrical pulses

Library

Sensors
R LI1AF
1 LBk
o “_L%n
. . Y ——FHEFRD
Description

The Incremental Shaft Encoder block represents a device that converts information
about the angular position of a shaft into electrical pulses. The block produces N pulses
on ports A and B per shaft revolution, where N is the value you specify for the Pulses
per revolution parameter. Pulses A and B are 90 degrees out of phase. If the shaft
rotates in a positive direction, then A leads B. The block produces a single index pulse
on port Z once per revolution. The Z pulse positive transition always coincides with an
A pulse positive transition, and Z pulse length is equal to that for the A and B pulses.
The voltages at output ports A, B, and Z are defined relative to the REF reference port
voltage.

Use this block if you need to model the shaft encoder signals, either to support
development of a decoding algorithm, or to include the quantization effects. Otherwise,
use the Simscape Ideal Rotational Motion Sensor block.

Basic Assumptions and Limitations

The Incremental Shaft Encoder block has the following limitations:

*  The Incremental Shaft Encoder block is not linearizable. Use the Simscape Ideal
Rotational Motion Sensor block for control design studies where you need to linearize
your model.
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Dialog Box and Parameters

Block Parameters: Incremental Shaft Encoder @
Incremental Shaft Encoder

This block represents an incremental shaft encoder. N pulses are produced on ports A and B per shaft
revolution, where N is the value you specify for the Pulses per revolution parameter. Pulses A and B are 90
degrees out of phase. If the shaft rotates in a positive direction, then A leads B. The block produces a single
index pulse on output Z once per revolution. The Z pulse positive transition always coincides with an A pulse
positive transition. Output terminals A, B and Z are defined relative to the REF reference terminal.

Parameters
Pulses per revolution: 2
Output voltage amplitude: 5 v -

Index pulse offset relative to

shaft initial angle: o deg M

0K ]| Cancel || Help Apply

Pulses per revolution

The number of pulses produced on each of the A and B phases per revolution of the
shaft. The default value is 2.

Output voltage amplitude

The amplitude of the shaft encoder output voltage when the output is high. The
default valueis 5 V.

Index pulse offset relative to shaft initial angle

The offset of the index pulse Z relative to the angle of the shaft at the start of the
simulation. This parameter lets you set the initial location of the index pulse. The
default value is 0°.

Ports

The block has the following ports:

R
Mechanical rotational conserving port associated with the sensor positive probe

Mechanical rotational conserving port associated with the sensor negative (reference)
probe
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Encoded electrical output
Encoded electrical output

Index, or synchronization, electrical output
REF

Floating zero volt reference

See Also

Ideal Rotational Motion Sensor
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Induction Motor

Induction Motor

Model induction motor powered by ideal AC supply

Library

Rotational Actuators

Fo

<y @mm [

g
Description v

The Induction Motor block represents the electrical and torque characteristics of

an induction motor powered by an ideal AC supply. The following figure shows the
equivalent circuit model of the Induction Motor block.

I R, I R,
E
(5]
=
s —
2
o
o
O
In the figure:

R, is the stator resistance.
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* R, is the rotor resistance with respect to the stator.
+ L, is the stator inductance.

* Ly is the rotor inductance with respect to the stator.
* L, is magnetizing inductance.

* s1is the rotor slip.

V and I are the sinusoidal supply voltage and current phasors.

Rotor slip s is defined in terms of the mechanical rotational speed @,,, the number of

pole pairs p, and the electrical supply frequency o by

P
w

This means that the slip is one when starting, and zero when running synchronously
with the supply frequency.

For an n-phase induction motor the torque-speed relationship is given by:

np R2 ‘/rmsz

T =

N 1-s

2
[R1+R2+ sz +(X,+X,)

S
where:

V,.ms 1s the line-neutral supply voltage for a star-configuration induction motor, and
the line-to-line voltage for a delta-configuration induction motor.

* n1is the number of phases.

You can parameterize this block in terms of the preceding equivalent circuit model
parameters or in terms of the motor ratings the block uses to derive these parameters.

This block produces a positive torque acting from the mechanical C to R ports.
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Thermal Ports

The block has two optional thermal ports, one per winding, hidden by default. To expose
the thermal ports, right-click the block in your model, and then from the context menu
select Simscape > Block choices > Show thermal port. This action displays the
thermal ports on the block icon, and adds the Temperature Dependence and Thermal
Port tabs to the block dialog box. These tabs are described further on this reference page.

Use the thermal ports to simulate the effects of copper resistance losses that convert
electrical power to heat. For more information on using thermal ports in actuator blocks,
see “Simulating Thermal Effects in Rotational and Translational Actuators”.

Basic Assumptions and Limitations

The model is based on the following assumptions:

* The block does not model the starting mechanism for a single-phase induction motor.

* When you parameterize the block by motor ratings, the block derives the equivalent
circuit model parameters by assuming that the effect of the magnetizing inductance
L, is negligible, and the magnetizing inductance is not included in the simulated
component.

1-205



1 Blocks — Alphabetical List

1-206

Dialog Box and Parameters

Block Parameters: Induction Motor
Induction Motor

shaded-pole) is not modeled.

Parameters

The block produces a positive torque acting from the mechanical C to R ports.

Electrical Torque | Power Supply | Mechanical

==l

This block represents the electrical and torque characteristics of an induction motor powered by an ideal AC supply.
The block may be parameterized via motor ratings or equivalent circuit parameters expressed with respect to the
stator. Physical signal outputs are provided for slip (s), real power (W), imaginary power (VAR) and mechanical
speed (wm). If used to model a single-phase induction motor, then the effect of the starting mechanism (e.g.

Model parameterization: [By motor ratings w7

Rated mechanical power: 825 w -

Rated speed: 3.5e+3 rpm -

Rated RMS line-to-line voltage: 200 v -

Rated supply frequency: 60 Hz -

Rated RMS line current: 2.7 A -

R1 parameterization: [From motor efficiency w7

Mator efficiency (percent): 95

Number of pole pairs: 1

Number of phases: 3

Stator connections: Star configuration ']
] [ Cancel ] [ Apply

+  “Electrical Torque Tab” on page 1-206

+ “Power Supply Tab” on page 1-209
* “Mechanical Tab” on page 1-209

* “Temperature Dependence Tab” on page 1-210

* “Thermal Port Tab” on page 1-210

Electrical Torque Tab

Model parameterization




Induction Motor

Select one of the following methods for block parameterization:

* By motor ratings — Provide electrical torque parameters that the block
converts to an equivalent circuit model of the motor assuming that the effect of
the magnetizing inductance L, is negligible. This is the default method.

* By equivalent circuit parameters — Provide electrical parameters for an
equivalent circuit model of the motor.

Stator resistance R1

Resistance of the stator winding. The default value is 1 Q. This parameter is only
visible when you select By equivalent circuit parameters for the Model
parameterization parameter.

Rotor resistance R2

Resistance of the rotor, specified with respect to the stator. The default value is
1 Q. This parameter is only visible when you select By equivalent circuit
parameters for the Model parameterization parameter.

Stator inductance L1

Inductance of the stator winding. The default value is 0.02 H. This parameter is
only visible when you select By equivalent circuit parameters for the Model
parameterization parameter.

Rotor inductance L2

Inductance of the rotor, specified with respect to the stator. The default value is
0.02 H. This parameter is only visible when you select By equivalent circuit
parameters for the Model parameterization parameter.

Magnetizing inductance Lm

Magnetizing inductance of the stator. This parameter is only visible when you

select By equivalent circuit parameters for the Model parameterization
parameter. Its value is hard to estimate from motor parameters, but the effect is
usually small. If you do not know its value, use a typical value of 25 times the Stator
inductance L1 value. The default value is 0.5 H.

Rated mechanical power

Mechanical power the motor delivers when running at the rated speed. The default
value is 825 W. This parameter is only visible when you select By motor ratings
for the Model parameterization parameter.

Rated speed
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Speed at which the motor delivers the specified Rated mechanical power value.
The default value is 3.5e+03 rpm. This parameter is only visible when you select By
motor ratings for the Model parameterization parameter.

Rated RMS line-to-line voltage

Line-to-line voltage at which the motor ratings are specified. The default value is 200
V. This parameter is only visible when you select By motor ratings for the Model
parameterization parameter.

Rated supply frequency

Frequency of the AC supply voltage at which the motor ratings are specified. The
default value is 60 hertz. This parameter is only visible when you select By motor
ratings for the Model parameterization parameter.

Rated RMS line current

Line current at which the motor delivers the specified Rated mechanical power
value. The default value is 2.7 A. This parameter is only visible when you select By
motor ratings for the Model parameterization parameter.

R1 parameterization
Select one of the following parameterizations for the equivalent circuit resistance, Ry,
of the motor:
+ From motor efficiency — Calculate R, from the motor efficiency. This is the
default method.
* From power factor — Calculate R; from the motor power factor.
* Use measured stator resistance R1 — Measure R; directly.
This parameter is only visible when you select By motor ratings for the Model
parameterization parameter.
Motor efficiency (percent)

the percentage of input power to the motor that gets delivered to the mechanical load
when running at the Rated speed value. The default value is 95. This parameter is
only visible when you select By motor ratings for the Model parameterization
parameter and From motor efficiency for the R1 parameterization parameter.

Motor power factor

The cosine of the angle by which the supply current lags the supply voltage
when running at the Rated mechanical power value. The default value is
0.93. This parameter is only visible when you select By motor ratings for

1-208



Induction Motor

the Model parameterization parameter and From power factor for the R1
parameterization parameter.

Measured stator resistance R1

the measured stator resistance. The default value is 1 Q. This parameter is only
visible when you select By motor ratings for the Model parameterization
parameter and Use measured stator resistance R1 for the R1
parameterization parameter.

Number of pole pairs
Total number of pole pairs for the motor. The default value is 1.
Number of phases
Number of supply phases. The default value is 3.
Stator connections
Select one of the following motor configurations:
+ Delta configuration — Connect the motor stator windings in delta
configuration. This is the default method.

+ Star configuration — Connect the motor stator windings in star
configuration.

Power Supply Tab

Supply RMS line-to-line voltage

The line-to-line voltage that supplies the motor. The default value is 200 V.
Supply frequency

Frequency of the AC supply voltage. The default value is 60 hertz.

Mechanical Tab

Rotor inertia

Rotor inertia. The default value is 0.1 kg*m?. The value can be zero.
Rotor damping

Rotor damping. The default value is 2e-06 N*m/(rad/s). The value can be zero.
Initial rotor speed

Speed of the rotor at the start of the simulation. The default value is O rpm.
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Temperature Dependence Tab

This tab appears only for blocks with exposed thermal ports. For more information, see
“Thermal Ports” on page 1-205.
Resistance temperature coefficients, [alpha_1 alpha_2]

A 1 by 2 row vector defining the coefficient a in the equation relating resistance to
temperature, as described in “Thermal Model for Actuator Blocks”. The first element
corresponds to the stator, and the second to rotor. The default value is for copper, and
is [ 0.00393 0.00393 ] 1/K.

Measurement temperature

The temperature for which motor parameters are defined. The default value is 25 C.

Thermal Port Tab

This tab appears only for blocks with exposed thermal ports. For more information, see
“Thermal Ports” on page 1-205.
Thermal masses, [M_1 M_2]

A 1 by 2 row vector defining the thermal mass for the stator and rotor windings. The
thermal mass is the energy required to raise the temperature by one degree. The
default value is [ 100 100 ] J/K.

Initial temperatures, [T_A T_B]

A 1 by 2 row vector defining the temperature of the stator and rotor thermal ports at
the start of simulation. The default valueis [ 25 25 ] C.

Ports

The block has the following ports:
W

Real power.
wm

Mechanical speed.
VAR

Imaginary power.
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S

Motor slip.
C

Mechanical rotational conserving port.
R

Mechanical rotational conserving port.
H1

Stator thermal port. For more information, see “Thermal Ports” on page 1-205.
H2

Rotor thermal port. For more information, see “Thermal Ports” on page 1-205.

References

[1] S.E. Lyshevski. Electromechanical Systems, Electric Machines, and Applied
Mechatronics, CRC, 1999.

See Also

DC Motor | Servomotor | Shunt Motor | Universal Motor

1-211



1 Blocks — Alphabetical List

1-212

Light-Emitting Diode

Model light-emitting diode as exponential diode and current sensor in series

Library

Sensors

WL
I

Description

The Light-Emitting Diode block represents a light-emitting diode as an exponential diode
in series with a current sensor. The optical power presented at the signal port W is equal
to the product of the current flowing through the diode and the Optical power per unit
current parameter value.

The exponential diode model provides the following relationship between the diode
current I and the diode voltage V:

qV
I=1S | eMTu —1

where:

* qis the elementary charge on an electron (1.602176e—19 Coulombs).
* kis the Boltzmann constant (1.3806503e—23 J/K).

* N is the emission coefficient.

+ IS is the saturation current.

*  Tn1s the temperature at which the diode parameters are specified, as defined by the
Measurement temperature parameter value.



Light-Emitting Diode

qV
When (¢V/ NkTy:) > 80, the block replaces ¢NtT.: with (qV/ NETwmi— 79)e®, which
matches the gradient of the diode current at (qV/ NkTy1) = 80 and extrapolates linearly.
qV
When (¢V/ NkTy:) <79, the block replaces ¢NtT. with (qV/ NkTw; + 80)e ", which

also matches the gradient and extrapolates linearly. Typical electrical circuits do
not reach these extreme values. The block provides this linear extrapolation to help
convergence when solving for the constraints during simulation.

When you select Use parameters IS and N for the Parameterization parameter,
you specify the diode in terms of the Saturation current IS and Emission
coefficient N parameters. When you select Use I-V curve data points for the
Parameterization parameter, you specify two voltage and current measurement points
on the diode I-V curve and the block derives the IS and N values. When you specify
current and voltage measurements, the block calculates IS and N as follows:

N = ((V, =V,) /V,)/ (log(I,) ~log(I, ))
1S= (1, / (exp(V; /(NV,)) = 1)+1, / (exp(V, / (NV,)) = 1)) / 2

where:

© Vi=kTw/q.
* V;and V; are the values in the Voltages [V1 V2] vector.

+ I, and I, are the values in the Currents [I1 I12] vector.

The exponential diode model provides the option to include a junction capacitance:

* When you select Fixed or zero junction capacitance for the Junction
capacitance parameter, the capacitance is fixed.

*  When you select Use parameters CJO, VJ, M & FC for the Junction
capacitance parameter, the block uses the coefficients CJO, VJ, M, and FC to
calculate a junction capacitance that depends on the junction voltage.

* When you select Use C-V curve data points for the Junction capacitance
parameter, the block uses three capacitance values on the C-V capacitance curve
to estimate CJO, VJ, and M and uses these values with the specified value of FC
to calculate a junction capacitance that depends on the junction voltage. The block
calculates CJO, VJ, and M as follows:
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CJ0= Cl ((sz _VRI)/(VRZ _VRI (Cz /Cl )_I/M ))M
VI =~V (C, 1 C)™™ + V) 1A= (C, /1 C,)™™)
M =log(C, /C,)/1og(Vy, [Vgs)

where:

V&1, Vre, and Vgs are the values in the Reverse bias voltages [VR1 VR2 VR3]
vector.

C;, Cs, and Cj; are the values in the Corresponding capacitances [C1 C2 C3]
vector.

It is not possible to estimate FC reliably from tabulated data, so you must specify its
value using the Capacitance coefficient FC parameter. In the absence of suitable
data for this parameter, use a typical value of 0.5.

The reverse bias voltages (defined as positive values) should satisfy Vzs > Vzy > Vi,
This means that the capacitances should satisfy C; > Cy > C; as reverse bias widens
the depletion region and hence reduces capacitance. Violating these inequalities
results in an error. Voltages Vzs and Vz; should be well away from the Junction
potential ViJ. Voltage Vg; should be less than the Junction potential VeJ, with a typical
value for Vz; being 0.1 V.

The voltage-dependent junction is defined in terms of the capacitor charge storage ), as:

For V< FC-VJ:

Q, =CJO-(VJ [ (M ~1)-(1=V [VI)™ ~1)

For V> FC-VdJ:

Q,=CJO-F,+(CI0/ F,)-(F,-(V = FC -VI)+0.5(M [ VI)-(V*~ (FC-VI)*))

where:

F=WJ/1-M))-1-(1-FC)™))
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F,=(1-FC)"))

F,=1-FC-(1+M)

These equations are the same as used in [2], except that the temperature dependence of
VJ and FC is not modeled. This model does not include the diffusion capacitance term
that affects performance for high frequency switching applications.

The Light-Emitting Diode block contains several options for modeling the dependence
of the diode current-voltage relationship on the temperature during simulation.
Temperature dependence of the junction capacitance is not modeled, this being a much
smaller effect. For details, see the Diode reference page.

Thermal Port

The block has an optional thermal port, hidden by default. To expose the thermal port,
right-click the block in your model, and then from the context menu select Simscape >
Block choices > Show thermal port. This action displays the thermal port H on the
block icon, and adds the Thermal Port tab to the block dialog box.

Use the thermal port to simulate the effects of generated heat and device temperature.
For more information on using thermal ports and on the Thermal Port tab parameters,
see “Simulating Thermal Effects in Semiconductors”.

Basic Assumptions and Limitations

The Light-Emitting Diode block has the following limitations:

* When you select Use I-V curve data points for the Parameterization
parameter, choose a pair of voltages near the diode turn-on voltage. Typically this
is in the range from 0.05 to 1 Volt. Using values outside of this region may lead to
numerical issues and poor estimates for IS and V.

* You may need to use nonzero ohmic resistance and junction capacitance values to
prevent numerical simulation issues, but the simulation may run faster with these
values set to zero.
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Dialog Box and Parameters

Block Parameters: Light-Emitting Diode @
Light-Emitting Diode

This block represents a light-emitting diode. Structurally it consists of an exponential diode in series with a current
sensor. The optical power presented at the signal port W is equal to the product of the current flowing through the
diode and the Optical power per unit current parameter.

Parameters

Main Ohmic Resistance | Junction Capacitance | Temperature Dependence |

Optical power per unit current: 0.005 WA -
FParameterization: IUse IV curve data points w7
Currents [I1 12]: [ 0.0017 0.003 ] A -
Voltages [V1 V2] [0.91.05] v -
Measurement temperature: 25 C -

0K ] I Cancel I I Help Apply

+ “Main Tab” on page 1-216

* “Ohmic Resistance Tab” on page 1-217

+ “Junction Capacitance Tab” on page 1-217

+ “Temperature Dependence Tab” on page 1-218

Main Tab

Optical power per unit current

The amount of optical power the light-emitting diode generates per unit of current
flowing through the diode. The default value is 0.005 W/A.

Parameterization
Select one of the following methods for model parameterization:

+ Use I-V curve data points — Specify measured data at two points on the
diode I-V curve. This is the default method.

* Use parameters IS and N — Specify saturation current and emission
coefficient.

Currents [I1 12]
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A vector of the current values at the two points on the diode I-V curve that the block
uses to calculate IS and N. This parameter is only visible when you select Use 1-V
curve data points for the Parameterization parameter. The default value is

[ 0.0017 0.003 ]A.

Voltages [V1 V2]

A vector of the voltage values at the two points on the diode I-V curve that the block
uses to calculate IS and N. This parameter is only visible when you select Use 1-V
curve data points for the Parameterization parameter. The default value is

[ 0.9 1.05 ]V.

Saturation current IS

The magnitude of the current that the ideal diode equation approaches
asymptotically for very large reverse bias levels. This parameter is only visible when
you select Use parameters IS and N for the Parameterization parameter. The
default value is 5e-5 A.

Measurement temperature

The temperature at which IS or the I-V curve was measured. The default value is 25
C.

Emission coefficient N

The diode emission coefficient or ideality factor. This parameter is only visible when
you select Use parameters 1S and N for the Parameterization parameter. The
default value is 10.

Ohmic Resistance Tab

Ohmic resistance RS

The series diode connection resistance. The default value is 0.1 Q.

Junction Capacitance Tab

Junction capacitance
Select one of the following options for modeling the junction capacitance:
*+ Fixed or zero junction capacitance — Model the junction capacitance as
a fixed value.

+ Use C-V curve data points — Specify measured data at three points on the
diode C-V curve.
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* Use parameters CJO, VJ, M & FC — Specify zero-bias junction capacitance,
junction potential, grading coefficient, and forward-bias depletion capacitance
coefficient.

Zero-bias junction capacitance CJ0

The value of the capacitance placed in parallel with the exponential diode term.
This parameter is only visible when you select Fixed or zero junction
capacitance or Use parameters CJO, VJ, M & FC for the Junction
capacitance parameter. The default value is 20 pF.

Reverse bias voltages [VR1 VR2 VR3]

A vector of the reverse bias voltage values at the three points on the diode C-V
curve that the block uses to calculate CJ0, VJ, and M. This parameter is only visible
when you select Use C-V curve data points for the Junction capacitance
parameter. The default valueis [ 0.1 10 100 ] V.

Corresponding capacitances [C1 C2 C3]

A vector of the capacitance values at the three points on the diode C-V curve that
the block uses to calculate CJ0, VJ, and M. This parameter is only visible when you
select Use C-V curve data points for the Junction capacitance parameter.
The default valueis [ 15 10 2 ] pF.

Junction potential VJ

The junction potential. This parameter is only visible when you select Use
parameters CJO, VJ, M & FC for the Junction capacitance parameter. The
default valuei1s 1 V.

Grading coefficient M

The grading coefficient. This parameter is only visible when you select Use
parameters CJO, VJ, M & FC for the Junction capacitance parameter. The
default value is 0.5.

Capacitance coefficient FC

Fitting coefficient that quantifies the decrease of the depletion capacitance with
applied voltage. This parameter is only visible when you select Use C-V curve
data pointsor Use parameters CJO, VJ, M & FC for the Junction
capacitance parameter. The default value is 0.5.

Temperature Dependence Tab

Parameterization
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Select one of the following methods for temperature dependence parameterization:

+ None — Simulate at parameter measurement temperature —
Temperature dependence is not modeled, or the model is simulated at the
measurement temperature Ty, (as specified by the Measurement temperature
parameter on the Main tab). This is the default method.

+ Use an I-V data point at second measurement temperature T2 —If
you select this option, you specify a second measurement temperature 1,5, and
the current and voltage values at this temperature. The model uses these values,
along with the parameter values at the first measurement temperature T},1, to
calculate the energy gap value.

* Specify saturation current at second measurement temperature T2
— If you select this option, you specify a second measurement temperature T},
and saturation current value at this temperature. The model uses these values,
along with the parameter values at the first measurement temperature T},;, to
calculate the energy gap value.

+ Specify the energy gap EG — Specify the energy gap value directly.

Current I1 at second measurement temperature

Specify the diode current 11 value when the voltage is V1 at the second measurement
temperature. This parameter is only visible when you select Use an 1-V data
point at second measurement temperature T2 for the Parameterization
parameter. The default value is 0.0034 A.

Voltage V1 at second measurement temperature

Specify the diode voltage VI value when the current is I1 at the second measurement
temperature. This parameter is only visible when you select Use an 1-V data
point at second measurement temperature T2 for the Parameterization
parameter. The default valueis 1.05 V.

Saturation current, IS, at second measurement temperature

Specify the saturation current IS value at the second measurement temperature.
This parameter is only visible when you select Specify saturation current at
second measurement temperature T2 for the Parameterization parameter.
The default value is 1.8e-4 A.

Second measurement temperature

Specify the value for the second measurement temperature. This parameter is
only visible when you select either Use an I-V data point at second
measurement temperature T2 or Specify saturation current at second
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measurement temperature T2 for the Parameterization parameter. The default
value is 125 C.

Energy gap parameterization

This parameter is only visible when you select Specify the energy gap EG for
the Parameterization parameter. It lets you select a value for the energy gap from
a list of predetermined options, or specify a custom value:

Use
Use
Use
Use
Use
Use
Use

nominal
nominal
nominal
nominal
nominal
nominal

nominal

value
value
value
value
value
value

value

for
for
for
for
for
for
for

silicon (EG=1.11eV) — This is the default.
4H-SiC silicon carbide (EG=3.23eV)
6H-SiC silicon carbide (EG=3.00eV)
germanium (EG=0.67eV)

gallium arsenide (EG=1.43eV)
selenium (EG=1.74eV)

Schottky barrier diodes (EG=0.69eV)

Specify a custom value — If you select this option, the Energy gap, EG
parameter appears in the dialog box, to let you specify a custom value for EG.

Energy gap, EG

Specify a custom value for the energy gap, EG. This parameter is only visible when
you select Specify a custom value for the Energy gap parameterization
parameter. The default valueis 1.11 eV.

Saturation current temperature exponent parameterization

Select one of the following options to specify the saturation current temperature
exponent value:

Use nominal value for pn-junction diode (XTI1=3) — Thisis the
default.

Use nominal value for Schottky barrier diode (XTI=2)

Specify a custom value — If you select this option, the Saturation current
temperature exponent, XTI parameter appears in the dialog box, to let you
specify a custom value for X7T1T.

Saturation current temperature exponent, XTI

Specify a custom value for the saturation current temperature exponent, X71.
This parameter is only visible when you select Specify a custom value for the
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Saturation current temperature exponent parameterization parameter. The
default value is 3.

Device simulation temperature

Specify the value for the temperature T, at which the device is to be simulated. The
default value is 25 C.

Ports

The block has the following ports:

w
Optical output power
+
Electrical conserving port associated with the diode positive terminal
Electrical conserving port associated with the diode negative terminal
References

[1] H. Ahmed and P.J. Spreadbury. Analogue and digital electronics for engineers. 2nd
Edition, Cambridge University Press, 1984.

[2] G. Massobrio and P. Antognetti. Semiconductor Device Modeling with SPICE. 2nd
Edition, McGraw-Hill, 1993.

See Also

Diode | Optocoupler | Photodiode
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Multiplier

Model integrated circuit multiplier

Library

Integrated Circuits

Description

The Multiplier block models an integrated circuit multiplier. The block implements the
following equation, which defines the voltage applied to the output port:

Vaut _ A((Xl _XZ)(YI _YZ) _(Zl _ZZ)J

K

where X, X, Y1, Yo, Z1, Z, are the voltages presented at the input ports, A is the gain,
and K is the scale factor.

In a typical multiplication circuit, the output is fed back into input Z1, which results in
the following gain (assuming that A is large):

v z[(Xl_X2)(Y1_Y2)+Z2]

(o)

K

The value of the scale factor K is usually altered by an external resistor bias network.
The Multiplier block implements K as an internal gain, and the external bias network
1s not necessary for system simulation. A typical value for K is 10, with a typical
adjustment down to 3.

You can use the Multiplier block to implement a number of other functions, as well
as multiplication. Examples include division, squares, and square roots. For example
circuits, consult manufacturer datasheets.



Multiplier

The following figure shows the internal model structure of the Multiplier block. It

includes the Band-Limited Op-Amp block to model finite bandwidth and slew-rate
limiting.
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The next figure shows one of the differential subsystem blocks. All three differential
subsystem blocks are identical in structure.
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Basic Assumptions and Limitations

The Multiplier block has the following limitations:
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Dialog Box and Parameters

Only differential limiting of the inputs is implemented. You must ensure that the
absolute values of the inputs you use keep the actual device operating in its linear

region.

Output current is such that the integrated circuit is operating in the linear I-V region,
which can be approximated by a voltage source plus a series output resistance.

Input offset voltage is not modeled, and the input voltage-current relationship is

treated as linear within the differential signal voltage range.

Block Parameters: Multiplier

Multiplier

==l

Models an integrated circuit multiplier. The block implements the following equation which defines the voltage

applied to the output port:

Vout = A=( (X1-X2)=(Y1-Y2)/K - (21-22) )

where X1, X2, Y1, Y2, Z1, Z2 are the voltages presented at the input ports, A is the gain and K is the scale factor.

Parameters

Main Inputs | Outputs

Scaling factor, K: 10

Gain, A: 3e+3

0K ]| Cancel || Help Apply

“Main Tab” on page 1-224
“Inputs Tab” on page 1-225
“Outputs Tab” on page 1-225

Main Tab

Scaling factor, K
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The scaling factor K in the equation that defines output voltage. Datasheets
sometimes refer to it as the scale factor, or SF. The default value is 10 V.

Gain, A

The gain of the internal operational amplifier, corresponding to the gain A in the
equation that defines output voltage. The default value is 3e3.

Inputs Tab

Differential resistance, Rin

Each of the differential inputs is approximated as a linear resistor with value Rin.
Set this value to the datasheet value for differential resistance. The default value is
1le7 Q.

Differential signal voltage range

This value, Vdiff_max, is used to limit the magnitude of each of the three differential
input voltages. Set this value to the datasheet value for differential signal voltage
range. The default value is 10 V.

Ovutputs Tab

Output resistance, Rout

The multiplier output stage is modeled as a voltage source plus series resistor inside
the Band-Limited Op-Amp block. This parameter specifies the value of this series
resistor. The default valueis 0.1 Q.

Minimum output, Vmin

The lower limit of the output voltage. The default value is -11 V.
Maximum output, Vmax

The upper limit of the output voltage. The default value is 11 V.
Maximum slew rate, Vdot

The maximum positive or negative rate of change of output voltage magnitude. The
default value is 20 V/ps.

Bandwidth, f
The bandwidth of the Band-Limited Op-Amp block. The default value is 1 MHz.
Initial output voltage, VO

The value of the initial Multiplier block output if the Start simulation from
steady-state option is not selected in the Solver block. The default value is O V.
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Ports

The block has six electrical conserving ports that serve as signal input ports and one
electrical conserving port that outputs the multiplied signal.
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N-Channel IGBT

Model N-Channel IGBT

Library

Semiconductor Devices

&)

The N-Channel IGBT block models an Insulated Gate Bipolar Transistor IGBT). The
block provides two main modeling variants, accessible by right-clicking the block in your
block diagram and then selecting the appropriate option from the context menu, under
Simscape > Block choices:

Description

*  Full I-V and capacitance characteristics — This variant is a detailed component
model suitable for simulating detailed switching characteristics and predicting
component losses. This variant, in turn, provides two ways of modeling an IGBT:

+ As an equivalent circuit based on a PNP bipolar transistor and N-channel
MOSFET. For more information on using this model, see “Representation
by Equivalent Circuit” on page 1-228, “Fine-Tuning the Current-Voltage
Characteristics” on page 1-235, and “Modeling Temperature Dependence” on
page 1-235.

* By a lookup table approximation to the I-V (current-voltage) curve. For details, see
“Representation by Lookup Table” on page 1-231.

The gate junction capacitance in the detailed model is represented as a fixed gate-
emitter capacitance Cgg and either a fixed or a nonlinear gate-collector capacitance
Cgc. For details, see “Charge Model” on page 1-231.

+ Simplified I-V characteristics and event-based timing — This variant models
the IGBT more simply by using just the on-state I-V data corresponding to the gate
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voltage used in your circuit. Switching between states is achieved by linearly ramping
the collector-emitter voltage. This simplified model is suitable when approximate
dynamic characteristics are sufficient, and simulation speed is of paramount
importance. For details, see “Event-Based IGBT Variant” on page 1-236.

Together with the thermal port variants (see “Thermal Port” on page 1-237), the block
therefore provides you with four choices. To select the desired variant, right-click the
block in your model. From the context menu, select Simscape > Block choices, and
then one of the following options:

+ Full I-V and capacitance characteristics | No thermal port — Detailed model
that does not simulate the effects of generated heat and device temperature. This is
the default.

+ Full I-V and capacitance characteristics | Show thermal port — Detailed
model with exposed thermal port.

+ Simplified I-V characteristics and event-based timing| No thermal port —
Simplified event-based model, which also does not simulate the effects of generated
heat and device temperature.

+ Simplified I-V characteristics and event-based timing | Show thermal port
— Simplified event-based model with exposed thermal port.

Representation by Equivalent Circuit

The equivalent circuit of the detailed block variant consists of a PNP Bipolar Transistor
block driven by an N-Channel MOSFET block, as shown in the following figure:

PP Bipolar
Trans istor

M-C hannel a ﬁ

MOSFET

[}
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The MOSFET source is connected to the bipolar transistor collector, and the MOSFET
drain is connected to the bipolar transistor base. The MOSFET uses the equations
shown in the N-Channel MOSFET block reference page. The bipolar transistor uses the
equations shown in the PNP Bipolar Transistor block reference page, but with the
addition of an emission coefficient parameter N that scales £7T/q.

The N-Channel IGBT block uses the on and off characteristics you specify in the block
dialog box to estimate the parameter values for the underlying N-Channel MOSFET and
PNP bipolar transistor.

The block uses the off characteristics to calculate the base-emitter voltage, V,., and the
saturation current, Ig.

When the transistor is off, the gate-emitter voltage is zero and the IGBT base-collector
voltage is large, so the PNP base and collector current equations simplify to:

1 —qV, |(NKT) 1
1,=0=—1|— (™ —1)——}
~o=ilg A

1 =—I | /(N 1+ 0 | L
‘ ' VAF ﬁR

where N is the Emission coefficient, N parameter value, V,ris the forward Early
voltage, and I, and I, are defined as positive flowing into the collector and base,
respectively. See the PNP Bipolar Transistor reference page for definitions of the
remaining variables. The first equation can be solved for V..

The base current is zero in the off-condition, and hence I. = —I.,, where I is the Zero
gate voltage collector current. The base-collector voltage, V., is given by V. = V., +
V.es, Where V. 1s the voltage at which I, i1s measured. Hence we can rewrite the second
equation as follows:

_ V.+tV, 1
I(;es :IS e Ve (NKT) 1 4 e be +

VAF ﬁR

The block sets Sz and Br to typical values of 1 and 50, so these two equations can be used
to solve for V, and Ig:
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V, = ﬂlog 1+'B—F
q B

I = L.

N k 1
e—qvhg/(N T) +

Be

Note: The block does not require an exact value for S because it can adjust the MOSFET
gain K to ensure the overall device gain is correct.

The block parameters Collector-emitter saturation voltage, Vce(sat) and Collector
current at which Vce(sat) is defined are used to determine Vjsq; by solving the
following equation:

1

ce(sat)

_7 {e—qvmm,)/(zvm 1+Vce<sm>+vbe(sat> +i}
S
VAF ﬁR

Given this value, the block calculates the MOSFET gain, K, using the following equation:

V 2
l,=1,= K|:(VGE(sat) =V )V — 3 }
where Vy;, is the Gate-emitter threshold voltage, Vge(th) parameter value and Vigggsa
is the Gate-emitter voltage at which Vce(sat) is defined parameter value.

Vs 1s related to the transistor voltages as Vg, = V., — Vj.. The block substitutes this
relationship for Vg, sets the base-emitter voltage and base current to their saturated
values, and rearranges the MOSFET equation to give

K — Ib(sat)

V

be(sat)

2
+‘/ce(sat) )
2

(VGE(saf) _Vth ) (Vbe(sar) +V, ) N (

ce(sat)
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where Vi.iqy is the Collector-emitter saturation voltage, Vce(sat) parameter value.

These calculations ensure the zero gate voltage collector current and collector-emitter
saturation voltage are exactly met at these two specified conditions. However, the
current-voltage plots are very sensitive to the emission coefficient IN and the precise
value of Vy;,. If the manufacturer datasheet gives current-voltage plots for different Vg
values, then the N and V;, can be tuned by hand to improve the match.

Representation by Lookup Table

If using the lookup table representation of the detailed block variant, you provide
tabulated values for collector current as a function of gate-emitter voltage and collector-
emitter voltage. The main advantage of using this option is simulation speed. It also
lets you parameterize the device from either measured data or from data obtained from
another simulation environment. To generate your own data from the equivalent circuit
representation, you can use a test harness, such as shown in the IGBT Characteristics
example.

The lookup table representation combines all of the equivalent circuit components
(PNP transistor, N-channel MOSFET, collector resistor and emitter resistor) into one
equivalent lookup table. Therefore, if you use this option, the Advanced tab has no
parameters.

Charge Model

The detailed variant of the block models junction capacitances either by fixed capacitance
values, or by tabulated values as a function of the collector-emitter voltage. In either
case, you can either directly specify the gate-emitter and gate-collector junction
capacitance values, or let the block derive them from the input and reverse transfer
capacitance values. Therefore, the Parameterization options for charge model on the
Junction Capacitance tab are:

+ Specify fixed input, reverse transfer and output capacitance —
Provide fixed parameter values from datasheet and let the block convert the input
and reverse transfer capacitance values to junction capacitance values, as described
below. This is the default method.

+ Specify fixed gate-emitter, gate-collector and output capacitance
— Provide fixed values for junction capacitance parameters directly.

+ Specify tabulated input, reverse transfer and output capacitance —
Provide tabulated capacitance and collector-emitter voltage values based on datasheet
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plots. The block converts the input and reverse transfer capacitance values to junction
capacitance values, as described below.

* Specify tabulated gate-emitter, gate-collector and output
capacitance — Provide tabulated values for junction capacitances and collector-
emitter voltage.

Use one of the tabulated capacitance options (Specify tabulated input, reverse
transfer and output capacitance or Specify tabulated gate-emitter,
gate-collector and output capacitance) when the datasheet provides a plot

of junction capacitances as a function of collector-emitter voltage. Using tabulated
capacitance values will give more accurate dynamic characteristics, and avoids the need
to iteratively tune parameters to fit the dynamics.

If you use the Specify fixed gate-emitter, gate-collector and output
capacitance or Specify tabulated gate-emitter, gate-collector and
output capacitance option, the Junction Capacitance tab lets you specify the
Gate-emitter junction capacitance and Gate-collector junction capacitance
parameter values (fixed or tabulated) directly. Otherwise, the block derives them from
the Input capacitance, Cies and Reverse transfer capacitance, Cres parameter
values. These two parameterization methods are related as follows:

* Cgr=_Cres

* Cgc= Cies - Cres

The two fixed capacitance options (Specify fixed input, reverse transfer
and output capacitance or Specify fixed gate-emitter, gate-collector
and output capacitance) let you model gate junction capacitance as a fixed gate-
emitter capacitance Cgp and either a fixed or a nonlinear gate-collector capacitance Cgc.
If you select the Gate-col lector charge function is nonlinear option for the
Charge-voltage linearity parameter, then the gate-collector charge relationship is
defined by the piecewise-linear function shown in the following figure.
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Monlinear gate-collector charge function

With this nonlinear capacitance, the gate-emitter and collector-emitter voltage profiles
take the form shown in the next figure, where the collector-emitter voltage fall has two
regions (labeled 2 and 3) and the gate-emitter voltage has two time-constants (before and
after the threshold voltage Vi):
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You can determine the capacitor values for Cies, Cres, and C as follows, assuming that
the IGBT gate is driven through an external resistance Rg:

1

4

Set Cies to get correct time-constant for Vg in Region 1. The time constant is defined
by the product of Cies and Rg. Alternatively, you can use a datasheet value for Cies.

Set Cres so as to achieve the correct V¢g gradient in Region 2. The gradient is given
by (Vae — Vin)/(Cres - Rg).

Set Viox to the voltage at which the Vg gradient changes minus the threshold
voltage Vth.

Set C,y to get correct Miller length and time constant in Region 4.

Because the underlying model is a simplification of an actual charge distribution,
some iteration of these four steps may be required to get a best overall fit to measured
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data. The collector current tail when the IGBT is turned off is determined by the Total
forward transit time parameter.

Note: Because this block implementation includes a charge model, you must model the
impedance of the circuit driving the gate to obtain representative turn-on and turn-off
dynamics. Therefore, if you are simplifying the gate drive circuit by representing it as a
controlled voltage source, you must include a suitable series resistor between the voltage
source and the gate.

Fine-Tuning the Current-Voltage Characteristics

For the equivalent circuit representation of the detailed model, use the parameters on
the Advanced tab to fine-tune the current-voltage characteristics of the modeled device.
To use these additional parameters effectively, you will need a manufacturer datasheet
that provides plots of the collector current versus collector-emitter voltage for different
values of gate-emitter voltage. The parameters on the Advanced tab have the following
effects:

* The Emission coefficient, N parameter controls the shape of the current-voltage
curves around the origin.

+ The Collector resistance, RC and Emitter resistance, RE parameters affect the
slope of the current-voltage curve at higher currents, and when fully turned on by a
high gate-emitter voltage.

* The Forward Early voltage, VAF parameter affects the shape of the current-
voltage curves for gate-emitter voltages around the Gate-emitter threshold
voltage, Vge(th).

Modeling Temperature Dependence

For the lookup table representation, the electrical equations do not depend on
temperature. However, you can model temperature dependence if using the equivalent
circuit representation of the detailed model.

The default behavior is that dependence on temperature is not modeled, and the device is
simulated at the temperature for which you provide block parameters. You can optionally
include modeling the dependence of the transistor static behavior on temperature during
simulation. Temperature dependence of the junction capacitances is not modeled, this
being a much smaller effect.
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Temperature dependence is modeled by the temperature dependence of the constituent
components. See the N-Channel MOSFET and PNP Bipolar Transistor block
reference pages for further information on the defining equations.

Some datasheets do not provide information on the zero gate voltage collector current,
Ices, at a higher measurement temperature. In this case, you can alternatively specify
the energy gap, EG, for the device, using a typical value for the semiconductor type. For
silicon, the energy gap is usually 1.11 eV.

Event-Based IGBT Variant

This implementation has much simpler equations than that with full I-V and capacitance
characteristics. Use the event-based variant when the focus of the analysis is to
understand overall circuit behavior rather than to verify the precise IGBT timing or
losses characteristics.

The device is always in one of the following four states:

+ Off
* Turning on
* On

*  Turning off

In the off state, the relationship between collector current (i) and collector-emitter
voltage (vg) 1s
ic = Goffvce

In the on state, the relationship between collector current (i) and collector-emitter
voltage (vee) 1s
Uee = tablelookup(i.)

When turning on, the collector-emitter voltage is ramped down to zero over the rise time,
the device moving into the on state when the voltage falls below the tabulated on-state
value. Similarly when turning off, the collector-emitter voltage is ramped up over the
(current) fall time to the specified blocking voltage value.

The following figure shows the resulting voltage and current profiles when driving a
resistive load.
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Thermal Port

The block has an optional thermal port, hidden by default. To expose the thermal port,
right-click the block in your model, and select the appropriate block variant:

+ For a detailed model, select Simscape > Block choices > Full I-V and
capacitance characteristics | Show thermal port. This action displays the
thermal port H on the block icon, and adds the Thermal Port tab to the block dialog
box.

+  For a simplified event-based model, select Simscape > Block choices > Simplified
I-V characteristics and event-based timing | Show thermal port. This action
displays the thermal port H on the block icon, adds the Thermal Port tab to the
block dialog box, and displays additional parameters on the Main tab. To simulate
thermal effects, you must provide additional tabulated data for turn-on and turn-off
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losses and define the collector-emitter on-state voltage as a function of both current
and temperature.

Use the thermal port to simulate the effects of generated heat and device temperature.
For more information on using thermal ports and on the Thermal Port tab parameters,
see “Simulating Thermal Effects in Semiconductors”.

Basic Assumptions and Limitations

The detailed model is based on the following assumptions:

This block does not allow you to specify initial conditions on the junction capacitances.
If you select the Start simulation from steady state option in the Solver
Configuration block, the block solves the initial voltages to be consistent with the
calculated steady state. Otherwise, voltages are zero at the start of the simulation.

You may need to use nonzero junction capacitance values to prevent numerical
simulation issues, but the simulation may run faster with these values set to zero.

The block does not account for temperature-dependent effects on the junction
capacitances.

The simplified, event-based model is based on the following assumptions:

When you use a pair of IGBTs in a bridge arm, normally the gate drive circuitry will
prevent a device turning on until the corresponding device has turned off, thereby
implementing a minimum dead band. If you need to simulate the case where there

1s no minimum dead band and both devices are momentarily partially on, use the
detailed IGBT model variant (Full I-V and capacitance characteristics). The
assumption used by the event-based variant that the collector-emitter voltages can be
ramped between on and off states is not valid for such cases.

A minimum pulse width is applied when turning on or off; at the point where the
gate-collector voltage rises above the threshold, any subsequent gate voltage changes
are ignored for a time equal to the sum of the turn-on delay and current rise time.
Similarly at the point where the gate collector voltage falls below the threshold, any
subsequent gate voltage changes are ignored for a time equal to the sum of the turn-
off delay and current fall time. This feature is normally implemented in the gate drive
circuitry.

This model does not account for charge. Hence there is no current tail when turning
off an inductive load.
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+ Representative modeling of the current spike during turn-on of an inductive load with
preexisting freewheeling current requires tuning of the Miller resistance parameter.

* The tabulated turn-on switching loss uses the previous on-state current, not the
current value (which is not known until the device reaches the final on state).

* Due to high model stiffness that can arise from the simplified equations, you may get
minimum step size violation warnings when using this block. Open the Solver pane of
the Configuration Parameters dialog box and increase the Number of consecutive

min steps parameter value as necessary to remove these warnings.

Dialog Box and Parameters

"4 Block Parameters: N-Channel IGET @
N-Channel IGBT
This block represents an N-channel IGBT. Right-click on the block and select Simscape(TM) block choices to access variant

implementations.

In the default implementation the device characteristics are defined in terms of the I-V curves for different gate voltages,
and dynamics are dependent on modeled junction capacitances. The IV curves are either derived from datasheet
parameters or defined directly using tabulated data.

The simplified implementation models only the on-state IV curve for a single gate voltage, and dynamics are defined by
event-based equations with turn-on, rise, turn-off and fall times specified directly. This option gives better simulation speed

but with reduced modeling accuracy.

There is no integral reverse diode.

Settings

Main | Junction Capacitance | Advanced | Temperature Dependence
IV characteristics defined by: IFundamentaI nonlinear equations -
Zero gate voltage collector current, 2 mA -
Ices:
Voltage at which Ices is defined: 600 v -
Gate-emitter threshold voltage, 6 iy -
Vge(th):
Collector-emitter saturation voltage,

2.6 v -
Vee(sat):
F:ollector current at which Vce(sat) 400 A -
is defined:
Gate-emitter voltage at which 10 iy -
Vee(sat) is defined:
Measurement temperature: 25 C -

0K ] I Cancel I I Help Apply
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* “Main Tab (Default Block Variant)” on page 1-240

+ “Junction Capacitance Tab (Default Block Variant)” on page 1-242

* “Advanced Tab (Default Block Variant)” on page 1-244

+ “Temperature Dependence Tab (Default Block Variant)” on page 1-245
* “Main Tab (Event-Based Block Variant)” on page 1-247

* “Dynamics Tab (Event-Based Block Variant)” on page 1-248

Main Tab (Default Block Variant)

This configuration of the Main tab corresponds to the detailed block variant, which is the
default. If you are using the simplified, event-based variant of the block, see “Main Tab
(Event-Based Block Variant)” on page 1-247.

I-V characteristics defined by
Select the IGBT representation:

+ Fundamental nonlinear equations — Use an equivalent circuit based on a
PNP bipolar transistor and N-channel MOSFET. This is the default.

* Lookup table — Use a lookup table approximation to the I-V curve.

Zero gate voltage collector current, Ices
The collector current that flows when the gate-emitter voltage is set to zero, and a
large collector-emitter voltage is applied, that is, the device is in the off-state. The
value of the large collector-emitter voltage is defined by the parameter Voltage at
which Ices is defined. The default value is 2 mA. This parameter is visible only
when you select Fundamental nonlinear equations for the I-V characteristics
defined by parameter.

Voltage at which Ices is defined

The voltage used when measuring the Zero gate voltage collector current,
Ices. The default value is 600 V. This parameter is visible only when you select
Fundamental nonlinear equations for the I-V characteristics defined by
parameter.

Gate-emitter threshold voltage, Vge(th)

The threshold voltage used in the MOSFET equations. The default value is 6 V. This
parameter is visible only when you select Fundamental nonlinear equations for
the I-V characteristics defined by parameter.

Collector-emitter saturation voltage, Vce(sat)
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The collector-emitter voltage for a typical on-state as specified by the manufacturer.
The default value is 2.8 V. This parameter is visible only when you select
Fundamental nonlinear equations for the I-V characteristics defined by
parameter.

Collector current at which Vce(sat) is defined

The collector-emitter current when the gate-emitter voltage is Vgesary and collector-
emitter voltage is Viepat). The default value is 400 A. This parameter is visible only
when you select Fundamental nonlinear equations for the I-V characteristics
defined by parameter.

Gate-emitter voltage at which Vce(sat) is defined

The gate voltage used when measuring Vieaty and Ieeaty- The default value is 10
V. This parameter is visible only when you select Fundamental nonlinear
equations for the I-V characteristics defined by parameter.

Measurement temperature

The temperature for which the parameters are quoted (7,,1). The default value is
25 C. This parameter is visible only when you select Fundamental nonlinear
equations for the I-V characteristics defined by parameter.

Vector of gate-emitter voltages, Vge

The vector of gate-emitter voltages, to be used for table lookup. The vector values
must be strictly increasing. The values can be nonuniformly spaced. The default
values,in V,are [-2 6 7 8 10 12 15 20]. This parameter is visible only when
you select Lookup table for the I-V characteristics defined by parameter.

Vector of collector-emitter voltages, Vce

The vector of collector-emitter voltages, to be used for table lookup. The vector values
must be strictly increasing. The values can be nonuniformly spaced. The default
values,inV,are[-1 0 0.5 1 1.5 2 2.5 3 3.5 4]. This parameter is visible
only when you select Lookup table for the I-V characteristics defined by
parameter.

Tabulated collector currents, Ic=fcn(Vge,Vce)

Tabulated values for collector current as a function of gate-emitter voltage and
collector-emitter voltage, to be used for 2D table lookup. Each value in the matrix
specifies the collector current for a specific combination of gate-emitter voltage and
collector-emitter voltage. The matrix size must match the dimensions defined by the
gate-emitter voltage and collector-emitter voltage vectors. The default values, in A,
are:

[-1.015e-5 1.35e-8 4.7135e-4 5.092e-4 5.105e-4 5.1175e-4 5.1299e-4 5.1423e-4 5.1548e-4 5.1672e-4;
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-9.
-9.

-9

-9

9869e-6 1.35e-8 4.7135e-4 5.092e-4 5.105e-4 5.1175e-4 5.1299e-4 5.1423e-4 5.1548e-4 5.1672e-4;
955e-6 1.35e-8 0.0065225 3.3324 48.154 93.661 105.52 105.72 105.93 106.14;

-955e-6 1.35e-8 0.0065235 3.5783 70.264 166.33 252.4 317.67 353.38 357.39;
-9.
-9.

955e-6 1.35e-8 0.006524 3.7206 89.171 228.09 371.63 511.02 642.69 764.04;
9549e-6 1.35e-8 0.0065242 3.7716 97.793 256.21 424.27 592.92 759.2 921.52;

-9549e-6 1.35e-8 0.0065243 3.8067 104.52 278.11 464.6 654.37 844.57 1.0339%e+3;
-9.

9549e-6 1.35e-8 0.0065244 3.8324 109.92 295.67 496.54 702.28 909.96 1.1183e+3]

This parameter is visible only when you select Lookup table for the I-V
characteristics defined by parameter.

Junction Capacitance Tab (Default Block Variant)

Parameterization

Select one of the following methods for block parameterization:

Specify Ffixed input, reverse transfer and output capacitance
— Provide fixed parameter values from datasheet and let the block convert the
input and reverse transfer capacitance values to junction capacitance values, as
described below. This is the default method.

Specify fixed gate-emitter, gate-collector and output
capacitance — Provide fixed values for junction capacitance parameters
directly.

Specify tabulated input, reverse transfer and output
capacitance — Provide tabulated capacitance and collector-emitter voltage
values based on datasheet plots. The block converts the input and reverse transfer
capacitance values to junction capacitance values, as described below.

Specify tabulated gate-emitter, gate-collector and output
capacitance — Provide tabulated values for junction capacitances and collector-
emitter voltage.

Input capacitance, Cies

The gate-emitter capacitance with the collector shorted to the source. This parameter
is visible only for the following two values for the Parameterization parameter:

If you select Specify Fixed input, reverse transfer and output
capacitance, the default value is 26.4 nF.

If you select Specify tabulated input, reverse transfer and output
capacitance, the default value is [80 40 32 28 27.5 27 26.5 26.5 26.5]
nF.

Reverse transfer capacitance, Cres
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The collector-gate capacitance with the emitter connected to ground. This parameter
is visible only for the following two values for the Parameterization parameter:

+ If you select Specify fixed input, reverse transfer and output
capacitance, the default value is 2.7 nF.

+ Ifyou select Specify tabulated input, reverse transfer and output
capacitance, the default valueis [65 9 5.5 3.1 2.5 2.1 1.9 1.8 1.7]
nF.

Gate-emitter junction capacitance

The value of the capacitance placed between the gate and the emitter. This

parameter is visible only for the following two values for the Parameterization
parameter:

+ If you select Specify fixed gate-emitter, gate-collector and output
capacitance, the default value is 23.7 nF.

+ Ifyou select Specify tabulated gate-emitter, gate-collector and
output capacitance, the default valueis [25 31 26.5 24.9 25 24.9 24.6
24.7 24.8] nF.

Gate-collector junction capacitance

The value of the capacitance placed between the gate and the collector. This

parameter is visible only for the following two values for the Parameterization
parameter:

+ Ifyou select Specify Fixed gate-emitter, gate-collector and output
capacitance, the default value is 2.7 nF.

+ If you select Specify tabulated gate-emitter, gate-collector and
output capacitance, the default valueis [65 9 5.5 3.1 2.5 2.1 1.9 1.8
1.7] nF.

Output capacitance, Coes

The output capacitance applied across the collector-emitter ports. For fixed
capacitance models, the default value is O nF. For tabulated capacitance models, the
default valuei1s [655 20 12 8 6 4.8 4 3.5 3.1] nF.

Corresponding collector-emitter voltages

The collector-emitter voltages corresponding to the tabulated capacitance values.
This parameter is visible only for tabulated capacitance models (Specify
tabulated input, reverse transfer and output capacitance or Specify
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tabulated gate-emitter, gate-collector and output capacitance). The
default valueis [0 1 2 5 10 15 20 25 30] V.

Charge-voltage linearity

Select whether gate-drain capacitance is fixed or nonlinear:

+ Gate-collector capacitance iIs constant — The capacitance value is
constant and defined according to the selected parameterization option, either
directly or derived from a datasheet. This is the default method.

+ Gate-collector charge function is nonlinear — The gate-collector
charge relationship is defined according to the piecewise-nonlinear function
described in “Charge Model” on page 1-231. Two additional parameters appear
to let you define the gate-collector charge function.

This parameter is visible only for fixed capacitance models (Specify fixed
input, reverse transfer and output capacitance or Specify fixed
gate-emitter, gate-collector and output capacitance).

Gate-collector oxide capacitance

The gate-collector capacitance when the device is on and the collector-gate voltage
is small. This parameter is visible only when you select Gate-col lector charge
function is nonlinear for the Charge-voltage linearity parameter. The
default value is 20 nF.

Collector-gate voltage below which oxide capacitance becomes active

The collector-gate voltage at which the collector-gate capacitance switches between
off-state (Cgc) and on-state (C,y) capacitance values. This parameter is visible only
when you select Gate-col lector charge function is nonlinear for the
Charge-voltage linearity parameter. The default value is -5 V.

Total forward transit time
The forward transit time for the PNP transistor used as part of the underlying IGBT

model. It affects how quickly charge is removed from the channel when the IGBT is
turned off. The default value is O ps.

Advanced Tab (Default Block Variant)

The lookup table representation combines all the equivalent circuit components into
one lookup table, and therefore this tab is empty. If you use the equivalent circuit
representation, this tab has the following parameters.

Emission coefficient, N
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The emission coefficient or ideality factor of the bipolar transistor. The default value
is 1.
Forward Early voltage, VAF

The forward Early voltage for the PNP transistor used in the IGBT model. See the
PNP Bipolar Transistor block reference page for more information. The default
value is 200 V.

Collector resistance, RC

Resistance at the collector. The default value is 0.001 Ohm.
Emitter resistance, RE

Resistance at the emitter. The default value is 0.001 Ohm.
Internal gate resistance, RG

The value of the internal gate resistor at the measurement temperature. Note that
this is not the value of the external circuit series gate resistance, which you should
model externally to the IGBT. The default value is 0.001 Ohm.

Forward current transfer ratio, BF
Ideal maximum forward current gain for the PNP transistor used in the IGBT model.
See the PNP Bipolar Transistor block reference page for more information. The
default value is 50.

Temperature Dependence Tab (Default Block Variant)

For the lookup table representation, the electrical equations do not depend on
temperature and therefore this tab is empty. If you use the equivalent circuit
representation, this tab has the following parameters.

Parameterization

Select one of the following methods for temperature dependence parameterization:

- None — Simulate at parameter measurement temperature —
Temperature dependence is not modeled, and none of the other parameters on
this tab are visible. This is the default method.

+ Specify lIces and Vce(sat) at second measurement temperature
— Model temperature-dependent effects by providing values for the zero gate
voltage collector current, Ices, and collector-emitter voltage, Vie(sat), at the second
measurement temperature.

+ Specify Vce(sat) at second measurement temperature plus
the energy gap, EG— Use this option when the datasheet does not
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provide information on the zero gate voltage collector current, Ices, at a higher
measurement temperature.

Energy gap, EG

Energy gap value. This parameter is visible only when you select Speci fy
Vce(sat) at second measurement temperature plus the energy gap,
EG for the Parameterization parameter. The default valueis 1.11 eV.

Zero gate voltage collector current, Ices, at second measurement temperature

The zero gate collector current value at the second measurement temperature.
This parameter is visible only when you select Specify lces and Vce(sat) at
second measurement temperature for the Parameterization parameter. The
default value is 100 mA.

Collector-emitter saturation voltage, Vce(sat), at second measurement
temperature

The collector-emitter saturation voltage value at the second measurement
temperature, and when the collector current and gate-emitter voltage are as defined
by the corresponding parameters on the Main tab. The default value is 3 V.

Second measurement temperature

Second temperature Ty, at which Zero gate voltage collector current, Ices, at
second measurement temperature and Collector-emitter saturation voltage,

Vce(sat), at second measurement temperature are measured. The default value
is 125 C.

Saturation current temperature exponent, XTI

The saturation current exponent value for your device type. If you have graphical
data for the value of Ices as a function of temperature, you can use it to fine-tune the
value of XTI. The default value is 3.

Mobility temperature exponent, BEX

Mobility temperature coefficient value. You can use the default value for most
devices. If you have graphical data for V.., at different temperatures, you can use it
to fine-tune the value of BEX. The default value is -1.5.

Internal gate resistance temperature coefficient

Represents the fractional rate of change (a) of internal gate resistance (RG) with
temperature. Thus the gate resistance 1s R = Rcas(1 + @ (Ts — T ), where R eqs 18
the Internal gate resistance, RG parameter value. The default value is 0 1/K.

Device simulation temperature
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Temperature T at which the device is simulated. The default value is 25 C.

Main Tab (Event-Based Block Variant)

This configuration of the Main tab corresponds to the simplified, event-based block
variant. If you are using the detailed variant of the block, see “Main Tab (Default Block
Variant)” on page 1-240.

Vector of temperatures, Tj

Temperature values at which the collector-emitter and turn-on/turn-off losses are
quoted. The default values, in K, are [298.15, 398.15]. This parameter is visible
only if your block has an exposed thermal port.

Vector of collector currents, Ic
Collector currents for which the on-state collector-emitter voltages are defined. The
first element must be zero. The default values, in A, are [0, 10, 50, 100, 200,
400, 600].

Corresponding on-state collector-emitter voltages

Collector-emitter voltages corresponding to the vector of collector currents. The first
element must be zero. The default values, in V, are [0, 1.1, 1.3, 1.45, 1.75,
2.25, 2.7]. If your block has an exposed thermal port, this parameter is replaced
with the Collector-emitter on-state voltages, Vece=fen(Tj,Ic) parameter, which
defines the voltages in terms of both temperature and current.

Collector-emitter on-state voltages, Vce=fcn(Tj,Ic)

Collector-emitter voltages when in the on state, defined as a function of both
temperature and current. The default values, in V, are [0, 1.1, 1.3, 1.45,
1.75, 2.25, 2.7; 0, 1.0, 1.15, 1.35, 1.7, 2.35, 3.0]. This parameter
is visible only if your block has an exposed thermal port.

Turn-on switching losses, Eon=fcn(Tj,Ic)
Energy loss when turning the device on, defined as a function of temperature and
final on-state current. The default values, in J, are [0, 0.2, 1, 2, 4, 8, 15;
0, 0.3, 1.3, 2.5, 5, 11, 18]*1e-3. This parameter is visible only if your
block has an exposed thermal port.

Turn-off switching losses, Eoff=fcn(Tj,Ic)
Energy loss when turning the device off, defined as a function of temperature and
final on-state current. The default values, in J, are [0, 0.3, 1.5, 3, 6, 15,
25; 0, 0.7, 3.3, 6.5, 13, 25, 35]*1le-3. This parameter is visible only if
your block has an exposed thermal port.
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Miller resistance

When the device turns on, it has a constant-value Miller resistance in series with
the demanded voltage ramp. This resistance represents the partial conductance
path through the device during turn on, and can be used to match the voltage

spike observed when reconnecting a current-carrying inductor and corresponding
freewheeling diode. A typical value is 10 to 50 times the effective on-state resistance.
The default value is 0.1 Ohm.

Off-state conductance
Conductance when the device is in the off state. The default value is 1e-5 1/0Ohm.
Threshold voltage, Vth

The gate-emitter voltage must be greater than this value for the device to turn on.
The default value is 6 V.

Dynamics Tab (Event-Based Block Variant)

Turn-on delay
Time before which the device starts to ramp on. The default value is 0.07 us.
Current rise time

Time taken for the current to ramp up when driving a resistive load. The default
value is 0.7 us.

Turn-off delay
Time before which the device starts to ramp off. The default value is 0.2 us.
Current fall time

Time taken for the current to ramp down when driving a resistive load. The default
value is 0.5 us.

On-state voltage for rise and fall times

Off-state collector-emitter voltage used when specifying the rise and fall times. The
default value is 300 V. If your block has an exposed thermal port, this parameter is
replaced with the On-state voltage for timing and losses data parameter, which
defines the voltage used when specifying the rise and fall times and also the losses
data, also with the default value of 300 V.

Ports

The block has the following ports:
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Electrical conserving port associated with the PNP emitter terminal

Electrical conserving port associated with the IGBT gate terminal

Electrical conserving port associated with the PNP collector terminal
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N-Channel JFET

Model N-Channel JFET

Library

Semiconductor Devices

€

The N-Channel JFET block uses the Shichman and Hodges equations to represent an N-
Channel JFET using a model with the following structure:

Description

D
Isp Y
G Ip G) T Vps
fgs T
5

G 1s the transistor gate, D is the transistor drain, and S is the transistor source. The
drain current, I, depends on the region of operation and whether the transistor is
operating in normal or inverse mode.

* In normal mode (Vpg > 0), the block provides the following relationship between the
drain current Ip and the drain-source voltage Vpg.
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Region Applicable Range of  |Corresponding I, Equation
Vs and Vps Values
Off Ves— Vo <0 Ip=0
Linear 0<Vps<Vgs—Vio |Ip=pBVps(2(Vas— Vio) — Vbs)(1 + AVpg)
Saturated 0 < Vgs— Vio < Vps In =B (Vos — Vio)® (1 + AVhg)
* In inverse mode (Vpg < 0), the block provides the following relationship between the
drain current I and the drain-source voltage Vpg.
Region Applicable Range of | Corresponding I Equation
Ves and Vps Values
Off Ves— Vio <0 Ip=0
Linear 0<-Vps<Ves—Vio |Ip=pBVps(2(Vap — Vio) + Vbs)(1 —AVps)
Saturated 0<Vas—Vio<=Vbs |Ip =8 (Vap — Vio)® (1 — AVhs)

In the preceding equations:

Vs 1s the gate-source voltage.
Vap 1s the gate-drain voltage.

Vio is the threshold voltage. If you select Specify using equation parameters
directly for the Parameterization parameter, V,, is the Threshold voltage
parameter value. Otherwise, the block calculates Vi from the datasheet parameters
you specify.

[ is the transconductance parameter. If you select Specify using equation
parameters directly for the Parameterization parameter, S is the
Transconductance parameter parameter value. Otherwise, the block calculates S
from the datasheet parameters you specify.

A is the channel-length modulation parameter. If you select Specify using
equation parameters directly for the Parameterization parameter, A is the
Channel-length modulation parameter value. Otherwise, the block calculates A
from the datasheet parameters you specify.

The currents in each of the diodes satisfy the exponential diode equation
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qVep
Igp =1S-|e®m -1

qVes
IGS :IS ekTml —]_

where:

+ IS is the saturation current. If you select Specify using equation parameters
directly for the Parameterization parameter, IS is the Saturation current
parameter value. Otherwise, the block calculates IS from the datasheet parameters
you specify.

* g is the elementary charge on an electron (1.602176e—19 Coulombs).

* kis the Boltzmann constant (1.3806503e—23 J/K).

* T 1s the measurement temperature. The value comes from the Measurement
temperature parameter.

The block models gate junction capacitance as a fixed gate-drain capacitance Cgp

and a fixed gate-source capacitance Cgg. If you select Specify using equation
parameters directly for the Parameterization parameter, you specify these

values directly using the Gate-drain junction capacitance and Gate-source
junction capacitance parameters. Otherwise, the block derives them from the Input
capacitance Ciss and Reverse transfer capacitance Crss parameter values. The two
parameterizations are related as follows:

* Cgp=Crss

* Cgg=Ciss—Crss

Modeling Temperature Dependence

The default behavior is that dependence on temperature is not modeled, and the device is
simulated at the temperature for which you provide block parameters. You can optionally
include modeling the dependence of the transistor static behavior on temperature during
simulation. Temperature dependence of the junction capacitances is not modeled, this
being a much smaller effect.
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When including temperature dependence, the transistor defining equations remain
the same. The measurement temperature value, T,,1, is replaced with the simulation
temperature, 7. The transconductance, 5, and the threshold voltage, V;o, become a
function of temperature according to the following equations:

B _B Ts BEX
Ts Tml T .

m

Vios = Vior + a (Ts — Ti1)

where:

* T 1s the temperature at which the transistor parameters are specified, as defined by
the Measurement temperature parameter value.

* T, 1s the simulation temperature.

* PBrmi 1s JFET transconductance at the measurement temperature.

*  frs1s JFET transconductance at the simulation temperature. This is the
transconductance value used in the JFET equations when temperature dependence is
modeled.

* Vo1 is the threshold voltage at measurement temperature.

* Vs 1s the threshold voltage at simulation temperature. This is the threshold voltage
value used in the JFET equations when temperature dependence is modeled.

*  BEX s the mobility temperature exponent. A typical value of BEX is -1.5.
* ais the gate threshold voltage temperature coefficient, dVi,/dT.

For most JFETS, you can use the default value of -1.5 for BEX. Some datasheets quote
the value for @, but most typically they provide the temperature dependence for the
saturated drain current, I_dss. Depending on the block parameterization method, you
have two ways of specifying a:

+ If you parameterize the block from a datasheet, you have to provide I_dss at a second
measurement temperature. The block then calculates the value for a based on this
data.

+ If you parameterize by specifying equation parameters, you have to provide the value
for a directly.

1-253



1 Blocks — Alphabetical List

1-254

If you have more data comprising drain current as a function of gate-source voltage for
fixed drain-source voltage plotted at more than one temperature, then you can also use
Simulink Design Optimization software to help tune the values for ¢ and BEX.

In addition, the saturation current term, IS, in the gate-drain and gate-source current
equations depends on temperature

IST.Y :ISTml (Tv /Tml)XTI 'exp _%(1 _TY /TMI)

N

where:

* ISty 1s the saturation current at the measurement temperature.

+ ISt is the saturation current at the simulation temperature. This is the saturation
current value used in the bipolar transistor equations when temperature dependence
1s modeled.

*  EG is the energy gap.
* kis the Boltzmann constant (1.3806503e—23 J/K).

* XTI is the saturation current temperature exponent.
Similar to a, you have two ways of specifying EG and XTT:

+ If you parameterize the block from a datasheet, you have to specify the gate reverse
current, I_gss, at a second measurement temperature. The block then calculates the
value for EG based on this data and assuming a p-n junction nominal value of 3 for
XTI.

+ If you parameterize by specifying equation parameters, you have to provide the
values for EG and XTT directly. This option gives you most flexibility to match device
behavior, for example, if you have a graph of I_gss as a function of temperature. With
this data you can use Simulink Design Optimization software to help tune the values
for EG and XT1I.

Thermal Port

The block has an optional thermal port, hidden by default. To expose the thermal port,
right-click the block in your model, and then from the context menu select Simscape >
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Block choices > Show thermal port. This action displays the thermal port H on the
block icon, and adds the Thermal Port tab to the block dialog box.

Use the thermal port to simulate the effects of generated heat and device temperature.
For more information on using thermal ports and on the Thermal Port tab parameters,
see “Simulating Thermal Effects in Semiconductors”.

Basic Assumptions and Limitations

The model is based on the following assumptions:

+ This block does not allow you to specify initial conditions on the junction capacitances.
If you select the Start simulation from steady state option in the Solver
Configuration block, the block solves the initial voltages to be consistent with the
calculated steady state. Otherwise, voltages are zero at the start of the simulation.

* You may need to use nonzero ohmic resistance and junction capacitance values to
prevent numerical simulation issues, but the simulation may run faster with these
values set to zero.

* The block does not account for temperature-dependent effects on the junction
capacitances.

* When you specify I_dss at a second measurement temperature, it must be quoted
for the same working point (that is, the same drain current and gate-source voltage)
as for the I_dss value on the Main tab. Inconsistent values for I_dss at the higher
temperature will result in unphysical values for @ and unrepresentative simulation
results.

* You may need to tune the value of BEX to replicate the Ip-Vgg relationship (if
available) for a given device. The value of BEX affects whether the Ip-Vis curves
for different temperatures cross each other, or not, for the ranges of In and Vg
considered.
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Dialog Box and Parameters

Block Parameters: N-Channel JFET @
N-Channel JFET

This block represents an N-Channel JFET. The drain current Id for positive Vds (normal operation) is given by:
Id = 0 if Vgs-Vt0 < 0 (off)

Id = B*Vds™*[2*(Vgs - Vt0) - Vds]*®(1+L*|vds|) if 0 < Vds < Vgs - Vt0] (linear region)

Id = B¥(Vgs - Vt0)~2*(1+L*|vds]) if 0 < Vgs - Vt0 < Vds (saturated region)

where B is the Transconductance parameter, Vt0 is the Threshold voltage, L is the Channel-length modulation, Vgs
is the gate-source voltage and Vds is the drain-source voltage.

Parameters

Main Ohmic Resistance | Junction Capacitance | Temperature Dependence

Parameterization: ISpecify from a datasheet -

Gate reverse current, I_gss: -1 nA -

Saturated drain current, I_dss: 3 mA -

1_dss measurement point, [V_gs

V_ds]: [01s] v

Small-signal parameters, [g_fs [3e43 10 ] us -

g_os]:

Small-signal measurement point,

[V_gs v_ds]: [01s] v

Measurement temperature: 25 C -
0K ] I Cancel I I Help Apply

* “Main Tab” on page 1-256
* “Ohmic Resistance Tab” on page 1-258
+ “Junction Capacitance Tab” on page 1-258

* “Temperature Dependence Tab” on page 1-259

Main Tab

Parameterization

Select one of the following methods for block parameterization:
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* Specify from a datasheet — Provide parameters that the block converts to
equations that describe the transistor. This is the default method.

+ Specify using equation parameters directly — Provide equation
parameters S, IS, Vo, and A.

Gate reverse current, I_gss

The reverse current that flows in the diode when the drain and source are short-
circuited and a large negative gate-source voltage is applied. This parameter is only
visible when you select Specify from a datasheet for the Parameterization
parameter. The default value is -1 nA.

Saturated drain current, I_dss

The current that flows when a large positive drain-source voltage is applied for

a specified gate-source voltage. For a depletion-mode device, this gate-source
voltage may be zero, in which case I_dss may be referred to as the zero-gate voltage
drain current. This parameter is only visible when you select Specify from a
datasheet for the Parameterization parameter. The default value is 3 mA.

I_dss measurement point, [V_gs V_ds]

A vector of the values of Vs and Vpg at which I__dss is measured. Normally Vg is
zero. Vpg should be greater than zero. This parameter is only visible when you select
Specify from a datasheet for the Parameterization parameter. The default
valueis[ 0 15 ] V.

Small-signal parameters, [g_fs g_os]

A vector of the values of g_fs and g_os. g_fs is the forward transfer conductance, that
is, the conductance for a fixed drain-source voltage. g_os is the output conductance,
that is, the conductance for a fixed gate-source voltage. This parameter is only
visible when you select Specify from a datasheet for the Parameterization
parameter. The default value is [ 3e+03 10 ] uS.

Small-signal measurement point, [V_gs V_ds]

A vector of the values of Vg and Vpg at which g_fs and g_os are measured. Vpg
should be greater than zero. For depletion-mode devices, Vg is typically zero. This
parameter is only visible when you select Specify from a datasheet for the
Parameterization parameter. The default valueis [ O 15 ] V.

Transconductance parameter

The derivative of drain current with respect to gate voltage. This parameter is only
visible when you select Specify using equation parameters directly for the

Parameterization parameter. The default value is 1e-04 A/VZ,
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Saturation current

The magnitude of the current that the ideal diode equation approaches
asymptotically for very large reverse bias levels. This parameter is only visible
when you select Specify using equation parameters directly for the
Parameterization parameter. The default value is 1e-14 A.

Threshold voltage

The gate-source voltage above which the transistor produces a nonzero drain current.
For an enhancement device, Vt0 should be positive. For a depletion mode device, Vt0
should be negative. This parameter is only visible when you select Specify using
equation parameters directly for the Parameterization parameter. The
default value is -2 V.

Channel-length modulation

The channel-length modulation. This parameter is only visible when you select
Specify using equation parameters directly for the Parameterization
parameter. The default value is O 1/V.

Measurement temperature

The temperature for which the datasheet parameters are quoted. The default value is
25 C.

Ohmic Resistance Tab

Source ohmic resistance

The transistor source resistance. The default value is 1e-4 Q. The value must be
greater than or equal to O.

Drain ohmic resistance

The transistor drain resistance. The default value is 0.01 Q. The value must be
greater than or equal to O.
Junction Capacitance Tab

Parameterization

Select one of the following methods for block parameterization:

+ Specify from a datasheet — Provide parameters that the block converts to
junction capacitance values. This is the default method.
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* Specify using equation parameters directly — Provide junction
capacitance parameters directly.

Input capacitance, Ciss

The gate-source capacitance with the drain shorted to the source. This parameter is
only visible when you select Specify from a datasheet for the Model junction
capacitance parameter. The default value is 4.5 pF.

Reverse transfer capacitance, Crss

The drain-gate capacitance with the source connected to ground. This parameter is
only visible when you select Specify from a datasheet for the Model junction
capacitance parameter. The default value is 1.5 pF.

Gate-source junction capacitance

The value of the capacitance placed between the gate and the source. This parameter
is only visible when you select Specify using equation parameters directly
for the Model junction capacitance parameter. The default value is 3 pF.

Gate-drain junction capacitance

The value of the capacitance placed between the gate and the drain. This parameter
is only visible when you select Specify using equation parameters directly
for the Model junction capacitance parameter. The default value is 1.5 pF.

Temperature Dependence Tab

Parameterization

Select one of the following methods for temperature dependence parameterization:

+ None — Simulate at parameter measurement temperature —
Temperature dependence is not modeled. This is the default method.

+ Model temperature dependence — Model temperature-dependent effects.
You also have to provide a set of additional parameters depending on the block
parameterization method. If you parameterize the block from a datasheet, you
have to provide values for I gss and I_dss at second measurement temperature. If
you parameterize by directly specifying equation parameters, you have to provide
the values for EG, XTI, and the gate threshold voltage temperature coefficient,
dVio/dT. Regardless of the block parameterization method, you also have to
provide values for BEX and for the simulation temperature, 7.

Gate reverse current, I_gss, at second measurement temperature
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The value of the gate reverse current, I_gss, at the second measurement temperature.
This parameter is only visible when you select Specify from a datasheet for

the Parameterization parameter on the Main tab. It must be quoted for the same
working point (drain current and gate-source voltage) as the Drain-source on
resistance, R_DS(on) parameter on the Main tab. The default value is -200 nA.

Saturated drain current, I_dss, at second measurement temperature

The value of the saturated drain current, I dss, at the second measurement
temperature, and when the I__dss measurement point is the same as defined by
the I_dss measurement point, [V_gs V_ds] parameter on the Main tab. This
parameter is only visible when you select Specify from a datasheet for the
Parameterization parameter on the Main tab. The default value is 2.5 mA.

Second measurement temperature

Second temperature Ty,» at which Gate reverse current, I_gss, at second
measurement temperature and Saturated drain current, I_dss, at second
measurement temperature are measured. This parameter is only visible when you
select Specify from a datasheet for the Parameterization parameter on the
Main tab. The default value is 125 C.

Energy gap, EG

Energy gap value. This parameter is only visible when you select Specify using
equation parameters directly for the Parameterization parameter on the
Main tab. The default valueis 1.11 eV.

Saturation current temperature exponent, XTI

Saturation current temperature coefficient value. This parameter is only visible
when you select Specify using equation parameters directly for the
Parameterization parameter on the Main tab. The default value is 3.

Gate threshold voltage temperature coefficient, dVt0/dT

The rate of change of gate threshold voltage with temperature. This parameter is
only visible when you select Specify using equation parameters directly
for the Parameterization parameter on the Main tab. The default value is -6 mV/
K.

Mobility temperature exponent, BEX

Mobility temperature coefficient value. You can use the default value for most
JFETs. See the “Basic Assumptions and Limitations” on page 1-255 section for
additional considerations. The default value is -1.5.

Device simulation temperature
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Temperature T at which the device is simulated. The default value is 25 C.

Ports

The block has the following ports:

G

Electrical conserving port associated with the transistor gate terminal
D

Electrical conserving port associated with the transistor drain terminal
S

Electrical conserving port associated with the transistor source terminal
References

[1] H. Shichman and D. A. Hodges, Modeling and simulation of insulated-gate field-effect
transistor switching circuits. IEEE J. Solid State Circuits, SC-3, 1968.

[2] G. Massobrio and P. Antognetti. Semiconductor Device Modeling with SPICE. 2nd
Edition, McGraw-Hill, 1993. Chapter 2.

See Also
P-Channel JFET
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N-Channel MOSFET

Model N-Channel MOSFET using Shichman-Hodges equation

Library

Semiconductor Devices

€

Description

The N-Channel MOSFET block uses the Shichman and Hodges equations [1] for an

insulated-gate field-effect transistor to represent an N-Channel MOSFET.
The drain-source current, Ips, depends on the region of operation:

In the off region (Vgg < Vi3,) the drain-source current is:

I,,=0

In the linear region (0 < Vpg < Vs —Vipn) the drain-source current is:

IDS = K((VGS _Vrh)VD _V032 /2)(1"')“ |VDS |)

In the saturated region (0 < Vgg —Vi, < Vpg) the drain-source current is:

I =K /2)(VGS _Vm)z (1+2’|VDS |)

In the preceding equations:

K is the transistor gain.

Vpg is the positive drain-source voltage.
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*  Vgs 1s the gate-source voltage.
* Vi 1s the threshold voltage.

* 1is the channel modulation.

Charge Model

The block models junction capacitances either by fixed capacitance values, or by
tabulated values as a function of the drain-source voltage. In either case, you can either
directly specify the gate-source and gate-drain junction capacitance values, or let the
block derive them from the input and reverse transfer capacitance values. Therefore, the
Parameterization options for charge model on the Junction Capacitance tab are:

+ Specify fixed input, reverse transfer and output capacitance —
Provide fixed parameter values from datasheet and let the block convert the input
and reverse transfer capacitance values to junction capacitance values, as described
below. This is the default method.

+ Specify fixed gate-source, gate-drain and output capacitance —
Provide fixed values for junction capacitance parameters directly.

+ Specify tabulated input, reverse transfer and output capacitance
— Provide tabulated capacitance and drain-source voltage values based on datasheet
plots. The block converts the input and reverse transfer capacitance values to junction
capacitance values, as described below.

+ Specify tabulated gate-source, gate-drain and output capacitance —
Provide tabulated values for junction capacitances and drain-source voltage.

Use one of the tabulated capacitance options (Specify tabulated input, reverse
transfer and output capacitance or Specify tabulated gate-source,
gate-drain and output capacitance) when the datasheet provides a plot of
junction capacitances as a function of drain-source voltage. Using tabulated capacitance
values will give more accurate dynamic characteristics, and avoids the need to iteratively
tune parameters to fit the dynamics.

If you use the Specify fixed gate-source, gate-drain and output
capacitance or Specify tabulated gate-source, gate-drain and output
capacitance option, the Junction Capacitance tab lets you specify the Gate-

drain junction capacitance and Gate-source junction capacitance parameter
values (fixed or tabulated) directly. Otherwise, the block derives them from the Input
capacitance, Ciss and Reverse transfer capacitance, Crss parameter values. These
two parameterization methods are related as follows:
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* Cgp=Crss

* Cgg=Ciss—Crss

The two fixed capacitance options (Specify Ffixed input, reverse transfer and
output capacitance or Specify fixed gate-source, gate-drain and output
capacitance) let you model gate junction capacitance as a fixed gate-source capacitance
Cgs and either a fixed or a nonlinear gate-drain capacitance Cgp. If you select the Gate-
drain charge function is nonlinear option for the Charge-voltage linearity
parameter, then the gate-drain charge relationship is defined by the piecewise-linear
function shown in the following figure.

-Qap
|

dQan/dVep = Cep

dQzp/dVap = Co

-Vap
- VCDX

Nonlinear gate-drain charge function
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For instructions on how to map a time response to device capacitance values, see the
N-Channel IGBT block reference page. However, this mapping is only approximate
because the Miller voltage typically varies more from the threshold voltage than in the
case for the IGBT.

Note: Because this block implementation includes a charge model, you must model the
impedance of the circuit driving the gate to obtain representative turn-on and turn-off
dynamics. Therefore, if you are simplifying the gate drive circuit by representing it as a
controlled voltage source, you must include a suitable series resistor between the voltage
source and the gate.

Modeling Temperature Dependence

The default behavior is that dependence on temperature is not modeled, and the device is
simulated at the temperature for which you provide block parameters. You can optionally
include modeling the dependence of the transistor static behavior on temperature during
simulation. Temperature dependence of the junction capacitances is not modeled, this
being a much smaller effect.

When including temperature dependence, the transistor defining equations remain the
same. The gain, K, and the threshold voltage, Vi3, become a function of temperature
according to the following equations:

; \BEX
KTs:KTml[TS ]
1

m
‘/ths = Vvthl +a ( Ts - Tml)
where:
*  Tn11s the temperature at which the transistor parameters are specified, as defined by
the Measurement temperature parameter value.
* T, is the simulation temperature.

*  Krpmi 1s the transistor gain at the measurement temperature.

* K, is the transistor gain at the simulation temperature. This is the transistor gain
value used in the MOSFET equations when temperature dependence is modeled.

* Vin 1s the threshold voltage at the measurement temperature.
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* Vi 1s the threshold voltage at the simulation temperature. This is the threshold
voltage value used in the MOSFET equations when temperature dependence is
modeled.

*  BEX s the mobility temperature exponent. A typical value of BEX is -1.5.

* ais the gate threshold voltage temperature coefficient, dVi,/dT.

For most MOSFETS, you can use the default value of -1.5 for BEX. Some datasheets
quote the value for a, but most typically they provide the temperature dependence for
drain-source on resistance, Rpg(on). Depending on the block parameterization method,

you have two ways of specifying a:

+ If you parameterize the block from a datasheet, you have to provide Rpg(on) at a
second measurement temperature. The block then calculates the value for a based on
this data.

+ If you parameterize by specifying equation parameters, you have to provide the value
for a directly.

If you have more data comprising drain current as a function of gate-source voltage
for more than one temperature, then you can also use Simulink Design Optimization
software to help tune the values for ¢ and BEX.

Thermal Port

The block has an optional thermal port, hidden by default. To expose the thermal port,
right-click the block in your model, and then from the context menu select Simscape >
Block choices > Show thermal port. This action displays the thermal port H on the
block icon, and adds the Thermal Port tab to the block dialog box.

Use the thermal port to simulate the effects of generated heat and device temperature.
For more information on using thermal ports and on the Thermal Port tab parameters,
see “Simulating Thermal Effects in Semiconductors”.

Basic Assumptions and Limitations

When modeling temperature dependence, consider the following:

* The block does not account for temperature-dependent effects on the junction
capacitances.
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When you specify Rpg(on) at a second measurement temperature, it must be

quoted for the same working point (that is, the same drain current and gate-source
voltage) as for the other Rpg(on) value. Inconsistent values for Rpg(on) at the higher
temperature will result in unphysical values for a and unrepresentative simulation
results. Typically Rps(on) increases by a factor of about 1.5 for a hundred degree
increase in temperature.

You may need to tune the values of BEX and threshold voltage, Vi, to replicate the
Vps-Vag relationship (if available) for a given device. Increasing Vi, moves the Vpg-Vgs
plots to the right. The value of BEX affects whether the Vpg-Vig curves for different
temperatures cross each other, or not, for the ranges of Vpg and Vg considered.
Therefore, an inappropriate value can result in the different temperature curves
appearing to be reordered. Quoting Rps(on) values for higher currents, preferably
close to the current at which it will operate in your circuit, will reduce sensitivity to
the precise value of BEX.
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Dialog Box and Parameters

Block Parameters: N-Channel MOSFET @
N-Channel MOSFET
This block represents an N-channel MOSFET (or IGFET). The drain-source current Ids for positive Vds is given by:

Ids = 0 if Vgs < Vth (off)
Ids = K*[(Vgs - Vth)®Vds - Vds~2/2]*(1+L*|Vvds]|) if 0 < Vds < Vgs - Vth] (linear region)
Ids = (K/2)*(Vgs - Vth)~2*(1+L*|Vds]|) if 0 < Vgs - Vth < Vds (saturated region)

where K is a constant, Vth is the Threshold voltage, L is the channel modulation, Vgs is the gate-source voltage
and Vds is the drain-source voltage.

Parameters
Main Ohmic Resistance | Junction Capacitance | Temperature Dependence
Parameterization: ISpecify from a datasheet -
Drain-source on resistance,
R_DS(on): 0.025 Ohm
Drain current, Ids, for R_DS(on): 6 A -
Gate-source voltage, Vags, for
R_DS(on): 10 v
Gate-source threshold voltage,
Vih: 1.7 v
Channel modulation, L: 0 /v -
0K ] I Cancel I I Help I Apply

+ “Main Tab” on page 1-268
* “Ohmic Resistance Tab” on page 1-270
+ “Junction Capacitance Tab” on page 1-270

* “Temperature Dependence Tab” on page 1-272

Main Tab

Parameterization

Select one of the following methods for block parameterization:

+ Specify from a datasheet — Provide the drain-source on resistance and the
corresponding drain current and gate-source voltage. The block calculates the
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transistor gain for the Shichman and Hodges equations from this information.
This is the default method.

+ Specify using equation parameters directly — Provide the transistor
gain.

Drain-source on resistance, R_DS(on)

The ratio of the drain-source voltage to the drain current for specified values of
drain current and gate-source voltage. Rpg(on) should have a positive value. This
parameter is only visible when you select Specify from a datasheet for the
Parameterization parameter. The default value is 0.025 Q.

Drain current, Ids, for R_DS(on)

The drain current the block uses to calculate the value of the drain-source resistance.
Ips should have a positive value. This parameter is only visible when you select
Specify from a datasheet for the Parameterization parameter. The default
value is 6 A.

Gate-source voltage, Vgs, for R_DS(on)
The gate-source voltage the block uses to calculate the value of the drain-source
resistance. Vg should have a positive value. This parameter is only visible when you

select Specify from a datasheet for the Parameterization parameter. The
default value is 10 V.

Gain, K
Positive constant gain coefficient for the Shichman and Hodges equations. This
parameter is only visible when you select Specify using equation parameters
directly for the Parameterization parameter. The default value is 5 A/VZ.

Gate-source threshold voltage, Vth

Gate-source threshold voltage Vi, in the Shichman and Hodges equations. For an
enhancement device, Vi, should be positive. For a depletion mode device, Vi, should
be negative. The default valueis 1.7 V.

Channel modulation, L

The channel-length modulation, usually denoted by the mathematical symbol A.
When in the saturated region, it is the rate of change of drain current with drain-
source voltage. The effect on drain current is typically small, and the effect is
neglected if calculating transistor gain K from drain-source on-resistance, Rpg(on).
A typical value is 0.02, but the effect can be ignored in most circuit simulations.

However, in some circuits a small nonzero value may help numerical convergence.
The default value is O 1/V.
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Measurement temperature

Temperature T, at which Drain-source on resistance, R_DS(on) is measured.
This parameter is only visible when you select Model temperature dependence
for the Parameterization parameter on the Temperature Dependence tab. The
default value i1s 25 C.

Ohmic Resistance Tab

Source ohmic resistance

The transistor source resistance. The default value 1s 1e-4 Q. The value must be
greater than or equal to O.

Drain ohmic resistance

The transistor drain resistance. The default value is 0.001 Q. The value must be
greater than or equal to O.

Junction Capacitance Tab

Parameterization

Select one of the following methods for capacitance parameterization:

+ Specify fixed input, reverse transfer and output capacitance
— Provide fixed parameter values from datasheet and let the block convert the
input and reverse transfer capacitance values to junction capacitance values, as
described below. This is the default method.

+ Specify fixed gate-source, gate-drain and output capacitance —
Provide fixed values for junction capacitance parameters directly.

* Specify tabulated input, reverse transfer and output
capacitance — Provide tabulated capacitance and drain-source voltage values
based on datasheet plots. The block converts the input and reverse transfer
capacitance values to junction capacitance values, as described below.

* Specify tabulated gate-source, gate-drain and output
capacitance — Provide tabulated values for junction capacitances and drain-
source voltage.

Input capacitance, Ciss

The gate-source capacitance with the drain shorted to the source. This parameter is
visible only for the following two values for the Parameterization parameter:
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+ If you select Specify fixed input, reverse transfer and output
capacitance, the default value is 350 pF.

+ Ifyou select Specify tabulated input, reverse transfer and output
capacitance, the default value is [720 700 590 470 390 310] pF.
Reverse transfer capacitance, Crss
The drain-gate capacitance with the source connected to ground. This parameter 1s
visible only for the following two values for the Parameterization parameter:
+ Ifyou select Specify Fixed input, reverse transfer and output
capacitance, the default value is 80 pF.
+ Ifyou select Specify tabulated input, reverse transfer and output
capacitance, the default value is [450 400 300 190 95 55] pF.
Gate-source junction capacitance
The value of the capacitance placed between the gate and the source. This parameter
1s visible only for the following two values for the Parameterization parameter:
+ Ifyou select Specify Fixed gate-source, gate-drain and output
capacitance, the default value is 270 pF.
+ Ifyou select Specify tabulated gate-source, gate-drain and output
capacitance, the default value is [270 300 290 280 295 255] pF.
Gate-drain junction capacitance
The value of the capacitance placed between the gate and the drain. This parameter
is visible only for the following two values for the Parameterization parameter:
+ Ifyou select Specify Fixed gate-source, gate-drain and output
capacitance, the default value is 80 pF.
+ If you select Specify tabulated gate-source, gate-drain and output
capacitance, the default value is [450 400 300 190 95 55] pF.
Output capacitance, Coss

The output capacitance applied across the drain-source ports. For fixed capacitance
models, the default value is O pF. For tabulated capacitance models, the default value
is [900 810 690 420 270 170] pF.

Corresponding drain-source voltages

The drain-source voltages corresponding to the tabulated capacitance values. This
parameter is visible only for tabulated capacitance models (Specify tabulated
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input, reverse transfer and output capacitance or Specify tabulated
gate-source, gate-drain and output capacitance). The default value is
[0.1 0.3 1 3 10 30] V.

Charge-voltage linearity

Select whether gate-drain capacitance is fixed or nonlinear:

* Gate-drain capacitance is constant — The capacitance value is constant
and defined according to the selected parameterization option, either directly or
derived from a datasheet. This is the default method.

* Gate-drain charge function is nonlinear — The gate-drain charge
relationship is defined according to the piecewise-nonlinear function described in
“Charge Model” on page 1-263. Two additional parameters appear to let you
define the gate-drain charge function.

Gate-drain oxide capacitance

The gate-drain capacitance when the device is on and the drain-gate voltage is small.
This parameter is only visible when you select Gate-drain charge function is
nonlinear for the Charge-voltage linearity parameter. The default value is 200
pF.

Drain-gate voltage at which oxide capacitance becomes active

The drain-gate voltage at which the drain-gate capacitance switches between off-
state (Cgp) and on-state (C,y) capacitance values. This parameter is only visible
when you select Gate-drain charge function is nonlinear for the Charge-
voltage linearity parameter. The default valueis -0.5V.

Temperature Dependence Tab

Parameterization

Select one of the following methods for temperature dependence parameterization:

+ None — Simulate at parameter measurement temperature —
Temperature dependence is not modeled. This is the default method.

* Model temperature dependence — Model temperature-dependent effects.
Provide a value for simulation temperature, T, a value for BEX, and a value
for the measurement temperature 7T,,; (using the Measurement temperature
parameter on the Main tab). You also have to provide a value for a using one of
two methods, depending on the value of the Parameterization parameter on the
Main tab. If you parameterize the block from a datasheet, you have to provide
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Rps(on) at a second measurement temperature, and the block will calculate a
based on that. If you parameterize by specifying equation parameters, you have to
provide the value for a directly.

Drain-source on resistance, R_DS(on), at second measurement temperature

The ratio of the drain-source voltage to the drain current for specified values of
drain current and gate-source voltage at second measurement temperature. This
parameter is only visible when you select Specify from a datasheet for the
Parameterization parameter on the Main tab. It must be quoted for the same
working point (drain current and gate-source voltage) as the Drain-source on
resistance, R_DS(on) parameter on the Main tab. The default value is 0.037 Q.

Second measurement temperature

Second temperature Tp,» at which Drain-source on resistance, R_DS(on),

at second measurement temperature is measured. This parameter is only
visible when you select Specify from a datasheet for the Parameterization
parameter on the Main tab. The default value is 125 C.

Gate threshold voltage temperature coefficient, dVth/dT

The rate of change of gate threshold voltage with temperature. This parameter is
only visible when you select Specify using equation parameters directly

for the Parameterization parameter on the Main tab. The default value is -6 mV/
K.

Mobility temperature exponent, BEX

Mobility temperature coefficient value. You can use the default value for most
MOSFETSs. See the “Basic Assumptions and Limitations” on page 1-266 section for
additional considerations. The default value is -1.5.

Device simulation temperature

Temperature T at which the device is simulated. The default value is 25 C.

Ports

The block has the following ports:

G

Electrical conserving port associated with the transistor gate terminal
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Electrical conserving port associated with the transistor drain terminal

Electrical conserving port associated with the transistor source terminal

References

[1] H. Shichman and D. A. Hodges. “Modeling and simulation of insulated-gate field-
effect transistor switching circuits.” IEEE J. Solid State Circuits, SC-3, 1968.

See Also
P-Channel MOSFET
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Negative Supply Rail

Model ideal negative supply rail

Library

Sources

Description

The Negative Supply Rail block represents an ideal negative supply rail. Use this block
instead of the Simscape DC Voltage Source block to define the output voltage relative to
the Simscape Electrical Reference block that must appear in each model.

Note: Do not attach more than one Negative Supply Rail block to any connected line.

Dialog Box and Parameters

Block Parameters: Negative Supply Rail @
Negative Supply Rail
This block represents an ideal negative supply rail. It can be used in place of the Foundation Library DC
Voltage Source. The output voltage is defined relative to the Electrical Reference block. Use the Constant
voltage parameter to specify the output voltage value.
Do not attach more than one Negative Supply Rail block to any connected line.

Parameters

Constant voltage: -1 v -

0K ]| Cancel || Help Apply

Constant voltage
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The voltage at the output port relative to the Electrical Reference block ground port.
The default value is -1 V.

Ports

The block has the following ports:

Negative electrical voltage

See Also
DC Voltage Source | Positive Supply Rail
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Nonlinear Inductor

Model inductor with nonideal core

Library

Passive Devices

Description

The Nonlinear Inductor block represents an inductor with a nonideal core. A core may be
nonideal due to its magnetic properties and dimensions. The block provides the following
parameterization options:

* Single inductance (linear)

* Single saturation point

+  Magnetic flux versus current characteristic

*  Magnetic flux density versus magnetic field strength characteristic

*  Magnetic flux density versus magnetic field strength characteristic with hysteresis

Single Inductance (Linear)

The relationships between voltage, current and flux are defined by the following
equations:

iZiL +UGp

o do

wodt
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where:

* v is the terminal voltage.

* 11is the terminal current.

* iy, 1s the current through inductor.

* Gy is the parasitic parallel conductance.
* N, is the number of winding turns.

*  @is the magnetic flux.

* L is the unsaturated inductance.

Single Saturation Point

The relationships between voltage, current and flux are defined by the following
equations:

iZiL +UGp

do
v :ng

L
® =—1;, (for unsaturated)
w

L
& = Ns:at ir, @ (for saturated)
w

where:

* v is the terminal voltage.
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* i1s the terminal current.

* i, 1s the current through inductor.

* G, is the parasitic parallel conductance.

* N, is the number of winding turns.

+  @is the magnetic flux.

* Dyppeet 18 the magnetic flux saturation offset.
* L is the unsaturated inductance.

+ L, 1s the saturated inductance.

Magnetic Flux Versus Current Characteristic

The relationships between voltage, current and flux are defined by the following
equations:

=1, +UGp
do
U:N JR—
wodt
@ =£(ir,)
where:

* v is the terminal voltage.

* 11is the terminal current.

* i, 1s the current through inductor.

* G, is the parasitic parallel conductance.
* N, 1s the number of winding turns.

* @ is the magnetic flux.

Magnetic flux is determined by one-dimensional table lookup, based on the vector of
current values and the vector of corresponding magnetic flux values that you provide.
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You can construct these vectors using either negative and positive data, or positive data
only. If using positive data only, the vector must start at 0, and the negative data will be
automatically calculated by rotation about (0,0).

Magnetic Flux Density Versus Magnetic Field Strength Characteristic

The relationships between voltage, current and flux are defined by the following

equations:
=1y, + UGp
do
v=N, 6 —
wodt
®=B-A,
B=f(H)
H= & lr,
le
where:

* v is the terminal voltage.

* 11is the terminal current.

* i1, 1s the current through inductor.

* G, is the parasitic parallel conductance.
* N, is the number of winding turns.

+  @is the magnetic flux.

* Bis the magnetic flux density.

+ His the magnetic field strength.
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l. is the effective core length.

A, 1s the effective core cross-sectional area.

Magnetic flux density is determined by one-dimensional table lookup, based on the
vector of magnetic field strength values and the vector of corresponding magnetic flux
density values that you provide. You can construct these vectors using either negative
and positive data, or positive data only. If using positive data only, the vector must start
at 0, and the negative data will be automatically calculated by rotation about (0,0).

Magnetic Flux Density Versus Magnetic Field Strength Characteristic with

The relationships between voltage, current and flux are defined by the following

Hysteresis
equations:
1= iL + UGP
_n 9@

Y dt
®=B-A,
B=yu,(H+M)
e,

le

where:

v 1s the terminal voltage.
1 1s the terminal current.

i1, 1s the current through inductor.
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* G, is the parasitic parallel conductance.

* N, is the number of winding turns.

+  @is the magnetic flux.

* Bis the magnetic flux density.

* o is the magnetic constant, permeability of free space.
* His the magnetic field strength.

* M is the magnetization of the inductor core.

* I, is the effective core length.

+ A, is the effective core cross-sectional area.

The magnetization acts to increase the magnetic flux density, and its value depends on
both the current value and the history of the field strength H. The Jiles-Atherton [1, 2]
equations are used to determine M at any given time. The figure below shows a typical
plot of the resulting relationship between B and H.
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In this case the magnetization starts as zero, and hence the plot starts at B= H=0. As
the field strength increases, the plot tends to the positive-going hysteresis curve; then
on reversal the rate of change of H, it follows the negative-going hysteresis curve. The
difference between positive-going and negative-going curves is due to the dependence of
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M on the trajectory history. Physically the behavior corresponds to magnetic dipoles in
the core aligning as the field strength increases, but not then fully recovering to their
original position as field strength decreases.

The starting point for the Jiles-Atherton equation is to split the magnetization effect into
two parts, one that is purely a function of effective field strength (H.y) and the other an
irreversible part that depends on past history:

M= CMan +(1_C)Mirr

The M,, term is called the anhysteretic magnetization because it exhibits no hysteresis.
It is described by the following function of the current value of the effective field
strength, Heg:

H
My, =M, coth[ﬁ]—i
o ) Her

This function defines a saturation curve with limiting values =M; and point of saturation
determined by the value of a, the anhysteretic shape factor. It can be approximately
thought of as describing the average of the two hysteretic curves. In the Nonlinear

Inductor block, you provide values for dM,,, / dH, - when H.s =0 and a point [H;, B;] on

the anhysteretic B-H curve, and these are used to determine values for a and M.

The parameter c is the coefficient for reversible magnetization, and dictates how much
of the behavior is defined by M,, and how much by the irreversible term M,,,. The Jiles-
Atherton model defines the irreversible term by a partial derivative with respect to field
strength:

dMirr _ Man _Mirr

dH ~ Kd-o(M,, - M;,)
5 {1 ifH >0

-1 ifH <0

Comparison of this equation with a standard first order differential equation reveals that
as increments in field strength, H, are made, the irreversible term M,,, attempts to track
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the reversible term M,,, but with a variable tracking gain of 1/ (K d—a(My, - Mj,) )

The tracking error acts to create the hysteresis at the points where 6 changes sign. The
main parameter that shapes the irreversible characteristic is K, which is called the bulk
coupling coefficient. The parameter a is called the inter-domain coupling factor, and is
also used to define the effective field strength used when defining the anhysteretic curve:

Heff =H+oM

The value of a affects the shape of the hysteresis curve, larger values acting to increase

the B-axis intercepts. However, notice that for stability the term K& —o(M,, — M)
must be positive for § > 0 and negative for 6 < 0. Therefore not all values of a are

permissible, a typical maximum value being of the order 1e-3.

Procedure for Finding Approximate Values for Jiles-Atherton Equation
Coefficients

You can determine representative parameters for the equation coefficients by using the
following procedure:

1  Provide a value for the Anhysteretic B-H gradient when H is zero parameter
(dMy,, / dH ofr when Her = 0) plus a data point [H;, Bi] on the anhysteretic B-H

curve. From these values, the block initialization determines values for ¢ and M.

2 Set the Coefficient for reversible magnetization, ¢ parameter to achieve correct
initial B-H gradient when starting a simulation from [H B] = [0 0]. The value of c is
approximately the ratio of this initial gradient to the Anhysteretic B-H gradient
when H is zero. The value of ¢ must be greater than 0 and less than 1.

3 Set the Bulk coupling coefficient, K parameter to the approximate magnitude of
H when B = 0 on the positive-going hysteresis curve.

4 Start with a very small, and gradually increase to tune the value of B when crossing
H =0 line. A typical value is in the range of le-4 to 1e-3. Values that are too large
will cause the gradient of the B-H curve to tend to infinity, which is nonphysical and
generates a run-time assertion error.

Sometimes you need to iterate on these four steps to get a good match against a
predefined B-H curve.
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Dialog Box and Parameters

Block Parameters: Monlinear Inductor @
Nonlinear Inductor

Represents a nonlinear inductor. The inductor can be modeled with varying levels of nonlinearity. These range from
a linear representation to specification of the magnetic flux density (B) versus magnetic field strength (H)
characteristic.

The Initial current or Initial magnetic flux parameter is used to set the initial magnetic flux of the inductor. Note that
this value is not used if the solver configuration is set to Start simulation from steady state.

The Parasitic parallel conductance represents small parasitic effects. A small parallel conductance may be required
for the simulation of some circuit topologies.

Parameters

Main Initial Conditions

Parameterized by: |Sing|e saturation point -
Number of turns: 10

Unsaturated inductance: 2e-4 H -
Saturated inductance: le-4 H -
Saturation magnetic flux: 1.3e-5 Wh -
Parasitic parallel conductance: le-9 1/0hm -

OK ]| Cancel || Help | Apply

+ “Main Tab” on page 1-285
+  “Initial Conditions Tab” on page 1-289

Main Tab

Parameterized by
Select one of the following methods for block parameterization:
+ Single inductance (linear) — Provide the values for number of turns,
unsaturated inductance, and parasitic parallel conductance.

+ Single saturation point — Provide the values for number of turns,
unsaturated and saturated inductances, saturation magnetic flux, and parasitic
parallel conductance. This is the default option.
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+ Magnetic Flux versus current characteristic — In addition to the
number of turns and the parasitic parallel conductance value, provide the current
vector and the magnetic flux vector, to populate the magnetic flux versus current
lookup table.

+ Magnetic flux density versus magnetic field strength
characteristic — In addition to the number of turns and the parasitic parallel
conductance value, provide the values for effective core length and cross-sectional
area, as well as the magnetic field strength vector and the magnetic flux density
vector, to populate the magnetic flux density versus magnetic field strength
lookup table.

+ Magnetic flux density versus magnetic field strength
characteristic with hysteresis — In addition to the number of turns
and the effective core length and cross-sectional area, provide the values for
the initial anhysteretic B-H curve gradient, the magnetic flux density and field
strength at a certain point on the B-H curve, as well as the coefficient for the
reversible magnetization, bulk coupling coefficient, and inter-domain coupling
factor, to define magnetic flux density as a function of both the current value and
the history of the field strength.

Number of turns

The total number of turns of wire wound around the inductor core. The default value
is 10.

Unsaturated inductance

The value of inductance used when the inductor is operating in its linear region.
This parameter is visible only when you select Single inductance (linear) or
Single saturation point for the Parameterized by parameter. The default
value is 2e-4 H.

Saturated inductance

The value of inductance used when the inductor is operating beyond its saturation
point. This parameter is visible only when you select Single saturation point
for the Parameterized by parameter. The default value is 1e-4 H.

Saturation magnetic flux

The value of magnetic flux at which the inductor saturates. This parameter is visible
only when you select Single saturation point for the Parameterized by
parameter. The default value is 1.3e-5 Wh.

Current, i
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The current data used to populate the magnetic flux versus current lookup table.
This parameter is visible only when you select Magnetic flux versus current
characteristic for the Parameterized by parameter. The default valueis [ O
0.64 1.28 1.92 2.56 3.20 ] A.

Magnetic flux vector, phi

The magnetic flux data used to populate the magnetic flux versus current lookup
table. This parameter is visible only when you select Magnetic Flux versus
current characteristic for the Parameterized by parameter. The default
valueis [0 1.29 2.00 2.27 2.36 2.39 ].*1e-5 Wh.

Magnetic field strength vector, H

The magnetic field strength data used to populate the magnetic flux density
versus magnetic field strength lookup table. This parameter is visible only when
you select Magnetic flux density versus magnetic field strength
characteristic for the Parameterized by parameter. The default valueis [ O
200 400 600 800 1000 ] A/m.

Magnetic flux density vector, B

The magnetic flux density data used to populate the magnetic flux density

versus magnetic field strength lookup table. This parameter is visible only when
you select Magnetic flux density versus magnetic field strength
characteristic for the Parameterized by parameter. The default valueis [ 0
0.81 1.25 1.42 1.48 1.49 ] T.

Effective length

The effective core length, that is, the average distance of the magnetic path. This
parameter is visible only when you select Magnetic flux density versus
magnetic Field strength characteristic or Magnetic flux density
versus magnetic field strength characteristic with hysteresis for
the Parameterized by parameter. The default value is 0.032 m.

Effective cross-sectional area

The effective core cross-sectional area, that is, the average area of the magnetic path.
This parameter is visible only when you select Magnetic Flux density versus
magnetic field strength characteristic or Magnetic flux density
versus magnetic field strength characteristic with hysteresis for
the Parameterized by parameter. The default value is 1.6e-5 m”2.

Anhysteretic B-H gradient when H is zero

The gradient of the anhysteretic (no hysteresis) B-H curve around zero field strength.
Set it to the average gradient of the positive-going and negative-going hysteresis
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curves. This parameter is visible only when you select Magnetic Flux density
versus magnetic Field strength characteristic with hysteresis for
the Parameterized by parameter. The default value is 0.005 m*T/A.

Flux density point on anhysteretic B-H curve

Specify a point on the anhysteretic curve by providing its flux density value. Picking
a point at high field strength where the positive-going and negative-going hysteresis
curves align is the most accurate option. This parameter is visible only when

you select Magnetic flux density versus magnetic field strength
characteristic with hysteresis for the Parameterized by parameter. The
default value is 1.49 T.

Corresponding field strength

The corresponding field strength for the point that you define by the Flux density
point on anhysteretic B-H curve parameter. This parameter is visible only when
you select Magnetic flux density versus magnetic field strength
characteristic with hysteresis for the Parameterized by parameter. The
default value is 1000 A/m.

Coefficient for reversible magnetization, ¢

The proportion of the magnetization that is reversible. The value should be

greater than zero and less than one. This parameter is visible only when you

select Magnetic Flux density versus magnetic field strength
characteristic with hysteresis for the Parameterized by parameter. The
default value is 0. 1.

Bulk coupling coefficient, K

The Jiles-Atherton parameter that primarily controls the field strength magnitude at
which the B-H curve crosses the zero flux density line. This parameter is visible only
when you select Magnetic flux density versus magnetic field strength
characteristic with hysteresis for the Parameterized by parameter. The
default value is 200 A/m.

Inter-domain coupling factor, alpha

The Jiles-Atherton parameter that primarily affects the points at which the B-H
curves intersect the zero field strength line. Typical values are in the range of le-4
to 1le-3. This parameter is visible only when you select Magnetic flux density
versus magnetic Field strength characteristic with hysteresis for
the Parameterized by parameter. The default value is 1e-4.

Parasitic parallel conductance
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Use this parameter to represent small parasitic effects. A small parallel conductance

may be required for the simulation of some circuit topologies. The default value is
le-9 1/Q.

Interpolation option

The lookup table interpolation option. This parameter is visible only when you
select Magnetic Flux versus current characteristic or Magnetic flux
density versus magnetic field strength characteristic for the
Parameterized by parameter. Select one of the following interpolation methods:

Linear — Uses a linear interpolation function.

Cubic — Uses the Piecewise Cubic Hermite Interpolation Polynomial (PCHIP).

For more information on interpolation algorithms, see the PS Lookup Table (1D)
block reference page.

Initial Conditions Tab

Specify initial state by
Select the appropriate initial state specification option:

Current — Specify the initial state of the inductor by the initial current through
the inductor (ir). This is the default option.

Magnetic Flux — Specify the initial state of the inductor by the magnetic flux.

This parameter is not visible when you select Magnetic flux density versus
magnetic field strength characteristic with hysteresis for the
Parameterized by parameter on the Main tab.

Initial current

The initial current value used to calculate the value of magnetic flux at time zero.
This is the current passing through the inductor. Component current consists of
current passing through the inductor and current passing through the parasitic
parallel conductance. This parameter is visible only when you select Current for the
Specify initial state by parameter. The default value is 0 A.

Initial magnetic flux

The value of magnetic flux at time zero. This parameter is visible only when you

select Magnetic Flux for the Specify initial state by parameter. The default is O
Wh.
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Initial magnetic flux density

The value of magnetic flux density at time zero. This parameter is visible only when
you select Magnetic flux density versus magnetic field strength
characteristic with hysteresis for the Parameterized by parameter on the
Main tab. The default is O T.

Initial field strength

The value of magnetic field strength at time zero. This parameter is visible only
when you select Magnetic flux density versus magnetic field strength
characteristic with hysteresis for the Parameterized by parameter on the
Main tab. The default is 0 A/m.

Ports

The block has the following ports:

+
Positive electrical port
Negative electrical port
Examples

For comparison of nonlinear inductor behavior with different parameterization options,
see the Nonlinear Inductor Characteristics example.

The Inductor With Hysteresis example shows how modifying the equation coefficients of
the Jiles-Atherton magnetic hysteresis equations affects the resulting B-H curve.

References

[1] Jiles, D. C. and D. L. Atherton. “Theory of ferromagnetic hysteresis.” Journal of
Magnetism and Magnetic Materials. Vol. 61, 1986, pp. 48—60.

[2] diles, D. C. and D. L. Atherton. “Ferromagnetic hysteresis.” IEEE Transactions on
Magnetics. Vol. 19, No. 5, 1983, pp. 2183—-2184.
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Nonlinear Inductor

See Also

Inductor
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Nonlinear Transformer

Model transformer with nonideal core

Library

Passive Devices

i)

The Nonlinear Transformer block represents a transformer with a nonideal core. A core
may be nonideal due to its magnetic properties and dimensions. The equivalent circuit

topology depends upon which of the two winding leakage parameterization options you
select:

Description

+ Combined primary and secondary values

@ —
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+ Separate primary and secondary values



Nonlinear Transformer
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where:

*  Req is the combined leakage resistance.

* Leq is the combined leakage inductance.

* RIis the primary leakage resistance.

* L1 is the primary leakage inductance.

*  R2is the secondary leakage resistance.

* L2is the secondary leakage inductance.

*  Rm is the magnetization resistance.

* Lm is the magnetization inductance.

The block provides the following parameterization options for the nonlinear
magnetization inductance:

+ Single inductance (linear)

+ Single saturation point

* Magnetic flux versus current characteristic

+ Magnetic Fflux density versus magnetic Field strength
characteristic

+ Magnetic flux density versus maghetic field strength
characteristic with hysteresis

For more information, see the Nonlinear Inductor block reference page.
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Dialog Box and Parameters

Block Parameters: Monlinear Transformer @
Nonlinear Transformer

Represents a nonlinear transformer. The transformer can be modeled with varying levels of nonlinearity. These
range from a linear representation to specification of the magnetic flux density (B) versus magnetic field strength
(H) characteristic.

The parameters on the Initial Conditions tab are used to set the initial current or flux for each of the inductors.
Note that these values are not used if the solver configuration is set to Start simulation from steady state.

The parallel conductances on the Parasitics tab represent small parasitic effects. Small parallel conductances may
be required for the simulation of some circuit topologies.

Parameters
Main | Magnetization | Initial Conditions | Parasitics
Primary number of turns: 100
Secondary number of turns: 200
Winding parameterized by: Combined primary and secondary values -
Combined leakage resistance: 0.01 Ohm -
Combined leakage inductance: le-4 H -

0K H Cancel H Help Apply

+ “Main Tab” on page 1-294

+ “Magnetization Tab” on page 1-296

+  “Initial Conditions Tab” on page 1-299
*  “Parasitics Tab” on page 1-301

Main Tab

Primary number of turns
The number of turns of wire on the primary winding of the transformer. The default
value is 100.

Secondary number of turns
The number of turns of wire on the secondary winding of the transformer. The
default value i1s 200.

Winding parameterized by
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Select one of the following methods for the winding leakage parameterization:

+ Combined primary and secondary values — Use the lumped resistance
and inductance values representing the combined leakage in the primary and
secondary windings. This is the default option.

+ Separate primary and secondary values — Use separate resistances and
inductances to represent leakages in the primary and secondary windings.

Combined leakage resistance

The lumped equivalent resistance Req, which represents the combined power loss of
the primary and secondary windings. This parameter is visible only when you select
Combined primary and secondary values for the Winding parameterized
by parameter. The default value is 0.01 Q.

Combined leakage inductance

The lumped equivalent inductance Leq, which represents the combined magnetic
flux loss of the primary and secondary windings. This parameter is visible only
when you select Combined primary and secondary values for the Winding
parameterized by parameter. The default value is 1e-4 H.

Primary leakage resistance

The resistance R1, which represents the power loss of the primary winding. This
parameter is visible only when you select Separate primary and secondary
values for the Winding parameterized by parameter. The default value is 0.01
Q.

Primary leakage inductance

The inductance LI, which represents the magnetic flux loss of the primary
winding. This parameter is visible only when you select Separate primary and
secondary values for the Winding parameterized by parameter. The default
value is 1le-4 H.

Secondary leakage resistance

The resistance R2, which represents the power loss of the secondary winding. This
parameter is visible only when you select Separate primary and secondary
values for the Winding parameterized by parameter. The default value is 0.01
Q.

Secondary leakage inductance

The inductance L2, which represents the magnetic flux loss of the secondary
winding. This parameter is visible only when you select Separate primary and
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secondary values for the Winding parameterized by parameter. The default
value is 1e-4 H.

Magnetization Tab

Magnetization resistance

The resistance Rm, which represents the magnetic losses in the transformer core.
The default value is 100 Q.

Magnetization inductance parameterized by

Select one of the following methods for the nonlinear magnetization inductance
parameterization:

Single inductance (linear) — Provide the unsaturated inductance value.

Single saturation point — Provide the values for the unsaturated and
saturated inductances, as well as saturation magnetic flux. This is the default
option.

Magnetic flux versus current characteristic — Provide the current
vector and the magnetic flux vector, to populate the magnetic flux versus current
lookup table.

Magnetic Flux density versus magnetic field strength
characteristic — Provide the values for effective core length and cross-
sectional area, as well as the magnetic field strength vector and the magnetic
flux density vector, to populate the magnetic flux density versus magnetic field
strength lookup table.

Magnetic Flux density versus magnetic field strength
characteristic with hysteresis — In addition to the number of turns
and the effective core length and cross-sectional area, provide the values for

the initial anhysteretic B-H curve gradient, the magnetic flux density and field
strength at a certain point on the B-H curve, as well as the coefficient for the
reversible magnetization, bulk coupling coefficient, and inter-domain coupling
factor, to define magnetic flux density as a function of both the current value and
the history of the field strength.

Unsaturated inductance

The value of inductance used when the magnetization inductance Lm is operating
in its linear region. This parameter is visible only when you select Single
inductance (linear) or Single saturation point for the Magnetization
inductance parameterized by parameter. The default value is 0.04 H.
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Saturated inductance

The value of inductance used when the magnetization inductance Lm is operating
beyond its saturation point. This parameter is visible only when you select Single
saturation point for the Magnetization inductance parameterized by
parameter. The default value is 0.01 H.

Saturation magnetic flux

The value of magnetic flux at which the magnetization inductance Lm saturates.
This parameter is visible only when you select Single saturation point for the
Magnetization inductance parameterized by parameter. The default value is
1.6e-4 Wh.

Current, i

The current data used to populate the magnetic flux versus current lookup table.
This parameter is visible only when you select Magnetic Flux versus current
characteristic for the Magnetization inductance parameterized by
parameter. The default valueis [ 0 0.4 0.8 1.2 1.6 2.0 ] A.

Magnetic flux vector, phi

The magnetic flux data used to populate the magnetic flux versus current
lookup table. This parameter is visible only when you select Magnetic flux
versus current characteristic for the Magnetization inductance
parameterized by parameter. The default valueis [0 O 0.161 0.25 0.284
0.295 0.299 ].*1e-3 Wh.

Magnetic field strength vector, H

The magnetic field strength data used to populate the magnetic flux density
versus magnetic field strength lookup table. This parameter is visible only when
you select Magnetic flux density versus magnetic field strength
characteristic for the Magnetization inductance parameterized by
parameter. The default valueis [ O 200 400 600 800 1000 ] A/m.

Magnetic flux density vector, B

The magnetic flux density data used to populate the magnetic flux density
versus magnetic field strength lookup table. This parameter is visible only when
you select Magnetic flux density versus magnhetic field strength
characteristic for the Magnetization inductance parameterized by
parameter. The default valueis [ O 0.81 1.25 1.42 1.48 1.49 ] T.

Effective length

The effective core length, that is, the average distance of the magnetic path around
the transformer core. This parameter is visible only when you select Magnetic
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flux density versus magnetic field strength characteristic for the

Magnetization inductance parameterized by parameter. The default value is
0.2 m.

Effective cross-sectional area

The effective core cross-sectional area, that is, the average area of the magnetic
path around the transformer core. This parameter is visible only when you
select Magnetic Flux density versus magnetic field strength
characteristic for the Magnetization inductance parameterized by
parameter. The default value is 2e-4 m"2.

Anhysteretic B-H gradient when H is zero

The gradient of the anhysteretic (no hysteresis) B-H curve around zero field strength.
Set it to the average gradient of the positive-going and negative-going hysteresis
curves. This parameter is visible only when you select Magnetic flux density
versus magnetic Ffield strength characteristic with hysteresis for
the Magnetization inductance parameterized by parameter. The default value
is 0.005 m*T/A.

Flux density point on anhysteretic B-H curve

Specify a point on the anhysteretic curve by providing its flux density value. Picking
a point at high field strength where the positive-going and negative-going hysteresis
curves align is the most accurate option. This parameter is visible only when

you select Magnetic flux density versus magnetic field strength
characteristic with hysteresis for the Magnetization inductance
parameterized by parameter. The default valueis 1.49 T.

Corresponding field strength

The corresponding field strength for the point that you define by the Flux density
point on anhysteretic B-H curve parameter. This parameter is visible only when
you select Magnetic flux density versus magnetic field strength
characteristic with hysteresis for the Magnetization inductance
parameterized by parameter. The default value is 1000 A/m.

Coefficient for reversible magnetization, ¢

The proportion of the magnetization that is reversible. The value should be
greater than zero and less than one. This parameter is visible only when you
select Magnetic Flux density versus magnetic field strength
characteristic with hysteresis for the Magnetization inductance
parameterized by parameter. The default value is 0.1.

Bulk coupling coefficient, K
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The Jiles-Atherton parameter that primarily controls the field strength magnitude at
which the B-H curve crosses the zero flux density line. This parameter is visible only
when you select Magnetic flux density versus magnetic Ffield strength
characteristic with hysteresis for the Magnetization inductance
parameterized by parameter. The default value is 200 A/m.

Inter-domain coupling factor, alpha

The Jiles-Atherton parameter that primarily affects the points at which the B-H
curves intersect the zero field strength line. Typical values are in the range of le-4
to 1le-3. This parameter is visible only when you select Magnhetic flux density
versus magnetic field strength characteristic with hysteresis for
the Magnetization inductance parameterized by parameter. The default value
is le-4.

Interpolation option

The lookup table interpolation option. This parameter is visible only when you
select Magnetic Flux versus current characteristic or Magnetic flux
density versus magnetic Field strength characteristic for the
Magnetization inductance parameterized by parameter. Select one of the
following interpolation methods:

+ Linear — Uses a linear interpolation function.

* Cubic — Uses the Piecewise Cubic Hermite Interpolation Polynomial (PCHIP).

For more information on interpolation algorithms, see the PS Lookup Table (1D)
block reference page.

Initial Conditions Tab

Combined leakage inductance initial current

The value of current through the combined leakage inductance Leq at time zero. This
parameter is visible only when you select Combined primary and secondary
values for the Winding parameterized by parameter on the Main tab. The
default value is O A.

Primary leakage inductance initial current

The value of current through the primary leakage inductance LI at time zero. This
parameter is visible only when you select Separate primary and secondary
values for the Winding parameterized by parameter on the Main tab. The
default value is O A.
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Secondary leakage inductance initial current

The value of current through the secondary leakage inductance L2 at time zero. This
parameter is visible only when you select Separate primary and secondary
values for the Winding parameterized by parameter on the Main tab. The
default value 1s O A.

Specify magnetization inductance initial state by

Select the appropriate initial state specification option:

+ Current — Specify the initial state of the magnetization inductance Lm by the
initial current. This is the default option.

+ Magnetic flux — Specify the initial state of the magnetization inductance Lm
by the magnetic flux.

This parameter is not visible when you select Magnetic flux density versus
magnetic Field strength characteristic with hysteresis for the
Magnetization inductance parameterized by parameter on the Magnetization
tab.

Magnetization inductance initial current

The initial current value used to calculate the value of magnetic flux within the
magnetization inductance Lm at time zero. This is the current passing through

the magnetization inductance Lm. Total magnetization current consists of current
passing through the magnetization resistance Rm and current passing through

the magnetization inductance Lm. This parameter is visible only when you select
Current for the Specify magnetization inductance initial state by parameter.
The default value is O A.

Magnetization inductance initial magnetic flux

The value of the magnetic flux in the magnetization inductance Lm at time zero.
This parameter is visible only when you select Magnetic Flux for the Specify
magnetization inductance initial state by parameter. The default is 0 Wb.

Magnetization inductance initial magnetic flux density

The value of magnetic flux density at time zero. This parameter is visible only when

you select Magnetic flux density versus maghetic field strength

characteristic with hysteresis for the Magnetization inductance

parameterized by parameter on the Magnetization tab. The default is O T.
Magnetization inductance initial field strength

The value of magnetic field strength at time zero. This parameter is visible only
when you select Magnetic flux density versus magnetic field strength
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characteristic with hysteresis for the Magnetization inductance
parameterized by parameter on the Magnetization tab. The default is 0 A/m.

Parasitics Tab

Combined leakage inductance parasitic parallel conductance

Use this parameter to represent small parasitic effects in parallel to the combined
leakage inductance Leq. A small parallel conductance may be required for the
simulation of some circuit topologies. This parameter is visible only when you select
Combined primary and secondary values for the Winding parameterized
by parameter on the Main tab. The default value is 1e-9 1/Q.

Primary leakage inductance parasitic parallel conductance

Use this parameter to represent small parasitic effects in parallel to the primary
leakage inductance LI1. A small parallel conductance may be required for the
simulation of some circuit topologies. This parameter is visible only when you select
Separate primary and secondary values for the Winding parameterized
by parameter on the Main tab. The default value is 1e-9 1/Q.

Secondary leakage inductance parasitic parallel conductance

Use this parameter to represent small parasitic effects in parallel to the secondary
leakage inductance L2. A small parallel conductance may be required for the
simulation of some circuit topologies. This parameter is visible only when you select
Separate primary and secondary values for the Winding parameterized
by parameter on the Main tab. The default value is 1e-9 1/Q.

Ports

The block has four electrical conserving ports. Polarity is indicated by the + and - signs.
Primary and secondary windings are indicated by numbers 1 and 2, respectively.

Examples

For comparison of nonlinear transformer behavior with different parameterization
options, see the Nonlinear Transformer Characteristics example.

See Also

lIdeal Transformer | Nonlinear Inductor
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NPN Bipolar Transistor

Model NPN bipolar transistor using enhanced Ebers-Moll equations

Library

Semiconductor Devices

€,

Description

The NPN Bipolar Transistor block uses a variant of the Ebers-Moll equations to

represent an NPN bipolar transistor. The Ebers-Moll equations are based on two
exponential diodes plus two current-controlled current sources. The NPN Bipolar

Transistor block provides the following enhancements to that model:

Early voltage effect

Optional base, collector, and emitter resistances.

Optional fixed base-emitter and base-collector capacitances.

The collector and base currents are:

I

Where:

=1S

VA ﬁR

L (quBE/(kTml ) _ 1) + i (eqvgc/(kTml) _ 1):|

(quBE/(kTml)_quBc/(kTml))[l_VBC j_ 1 (equchTm])_l)}

By Br

Ip and I are base and collector currents, defined as positive into the device.
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+ IS is the saturation current.

*  Vgg1s the base-emitter voltage and Vpc is the base-collector voltage.
*  fris the ideal maximum forward current gain BF

*  pris the ideal maximum reverse current gain BR

+  Vjis the forward Early voltage VAF

* g is the elementary charge on an electron (1.602176e—19 Coulombs).
* k1is the Boltzmann constant (1.3806503e—23 J/K).

* T 1s the transistor temperature, as defined by the Measurement temperature
parameter value.

You can specify the transistor behavior using datasheet parameters that the block
uses to calculate the parameters for these equations, or you can specify the equation
parameters directly.

If qVie /! (RTwm1) > 40 or qVar / (RTw1) > 40, the corresponding exponential terms in

the equations are replaced with (¢Viac / (BTwm1) — 39)e*® and (qVig / (RTw1) — 39)e™,
respectively. This helps prevent numerical issues associated with the steep gradient of
the exponential function e* at large values of x. Similarly, if ¢Vpc/ (BTm1) < -39 or ¢ Vg /
(RTw1) < -39 then the corresponding exponential terms in the equations are replaced with
(qVie ! (BTwm) + 40)e™ and (Vg / (RTwm1) + 40)e™°, respectively.

Optionally, you can specify parasitic fixed capacitances across the base-emitter and
base-collector junctions. You also have the option to specify base, collector, and emitter
connection resistances.

Modeling Temperature Dependence

The default behavior is that dependence on temperature is not modeled, and the device is
simulated at the temperature for which you provide block parameters. You can optionally
include modeling the dependence of the transistor static behavior on temperature during
simulation. Temperature dependence of the junction capacitances is not modeled, this
being a much smaller effect.

When including temperature dependence, the transistor defining equations remain
the same. The measurement temperature value, T,,1, is replaced with the simulation
temperature, 7. The saturation current, IS, and the forward and reverse gains (8 and
Lr) become a function of temperature according to the following equations:
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ISTs :]STml (T; /Tml )XTI 'exp _%(1_7-; /TMI)

N
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Fs Fml Tml
B _B Ts XTB
Rs Rm1l Tml

where:

*  Tu11s the temperature at which the transistor parameters are specified, as defined by
the Measurement temperature parameter value.

+ T 1s the simulation temperature.

* ISty 1s the saturation current at the measurement temperature.

+ IS is the saturation current at the simulation temperature. This is the saturation
current value used in the bipolar transistor equations when temperature dependence
is modeled.

*  Brm1 and Srn: are the forward and reverse gains at the measurement temperature.

*  frs and Sgs are the forward and reverse gains at the simulation temperature. These
are the values used in the bipolar transistor equations when temperature dependence
is modeled.

*  EG is the energy gap for the semiconductor type measured in Joules. The value for
silicon is usually taken to be 1.11 eV, where 1 eV is 1.602e-19 Joules.

* XTI is the saturation current temperature exponent.
* XTB is the forward and reverse gain temperature coefficient.
* k1is the Boltzmann constant (1.3806503e—23 J/K).

Appropriate values for XTI and EG depend on the type of transistor and the
semiconductor material used. In practice, the values of XTI, EG, and XTB need tuning
to model the exact behavior of a particular transistor. Some manufacturers quote these
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tuned values in a SPICE Netlist, and you can read off the appropriate values. Otherwise
you can determine values for XTI, EG, and XTB by using a datasheet-defined data at a
higher temperature T\,5. The block provides a datasheet parameterization option for this.

You can also tune the values of XTI, EG, and XTB yourself, to match lab data for your
particular device. You can use Simulink Design Optimization software to help tune the
values.

Thermal Port

The block has an optional thermal port, hidden by default. To expose the thermal port,
right-click the block in your model, and then from the context menu select Simscape >
Block choices > Show thermal port. This action displays the thermal port H on the
block icon, and adds the Thermal Port tab to the block dialog box.

Use the thermal port to simulate the effects of generated heat and device temperature.
For more information on using thermal ports and on the Thermal Port tab parameters,
see “Simulating Thermal Effects in Semiconductors”.

Basic Assumptions and Limitations

The NPN Bipolar Transistor model has the following limitations:
* The block does not account for temperature-dependent effects on the junction
capacitances.

* You may need to use nonzero ohmic resistance and junction capacitance values to
prevent numerical simulation issues, but the simulation may run faster with these
values set to zero.
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Dialog Box and Parameters

Block Parameters: NP Bipolar Transistor @
NPM Bipolar Transistor

This block represents an NPN transistor modeled using a variant of the Ebers-Moll equations. The Ebers-Moll
equations are based on two exponential diodes plus two current-controlled current sources. In addition, this block
adds the Early voltage effect, and gives the option to include base, emitter and emitter resistances plus fixed base-
emitter and base-collector capacitances. For full details of the equations, consult the documentation. The equation
parameters can either be specified directly, or are derived from standard datasheet parameters.

Parameters

Main Ohmic Resistance | Capacitance | Temperature Dependence
Parameterization: ISpecify from a datasheet -
Forward current transfer ratio,

100
h_fe:
Output admittance, h_oe: 5e-5 1/0hm -
Collector current at which h-

1 ma -
parameters are defined:
Collector-emitter voltage at 5 iy -
which h-parameters are defined:
Voltage Vbe: 0.55 v -
Current Ib for voltage Vbe: 0.5 mA -
Reverse current transfer ratio,

1
BR:
Measurement temperature: 25 C -

0K H Cancel H Help Apply

+ “Main Tab” on page 1-306

* “Ohmic Resistance Tab” on page 1-308

+ “Capacitance Tab” on page 1-308

* “Temperature Dependence Tab” on page 1-309

Main Tab

Parameterization
Select one of the following methods for block parameterization:

+ Specify from a datasheet — Provide parameters that the block converts
to equations that describe the transistor. The block calculates the forward
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Early voltage VAF as Ic/h_oe, where Ic is the Collector current at which h-
parameters are defined parameter value, and A_oe is the Output admittance
h_oe parameter value [1]. The block sets BF to the small-signal Forward
current transfer ratio h_fe value. The block calculates the saturation current
IS from the specified Voltage Vbe value and the corresponding Current Ib for
voltage Vbe value when Ic is zero. This is the default method.

+ Specify using equation parameters directly — Provide equation
parameters IS, BF, and VAF.

Forward current transfer ratio h_fe

Small-signal current gain. This parameter is only visible when you select Specify
from a datasheet for the Parameterization parameter. The default value is
100.

Output admittance h_oe

Derivative of the collector current with respect to the collector-emitter voltage for a
fixed base current. This parameter is only visible when you select Specify from a
datasheet for the Parameterization parameter. The default value is 5e-05 1/Q.

Collector current at which h-parameters are defined

The h-parameters vary with operating point, and are defined for this value of the
collector current. This parameter is only visible when you select Specify from a
datasheet for the Parameterization parameter. The default value is 1 mA.

Collector-emitter voltage at which h-parameters are defined

The h-parameters vary with operating point, and are defined for this value of the
collector-emitter voltage. This parameter is only visible when you select Specify
from a datasheet for the Parameterization parameter. The default valueis 5 V.

Voltage Vbe

Base-emitter voltage when the base current is I6. The [ Vbe Ib | data pair must be
quoted for when the transistor is in the normal active region, that is, not in the
saturated region. This parameter is only visible when you select Specify from a
datasheet for the Parameterization parameter. The default value is 0.55 V.

Current Ib for voltage Vbe

Base current when the base-emitter voltage is Vbe. The [ Vbe Ib | data pair must
be quoted for when the transistor is in the normal active region, that is, not in the
saturated region. This parameter is only visible when you select Specify from a
datasheet for the Parameterization parameter. The default value is 0.5 mA.

Forward current transfer ratio BF
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Ideal maximum forward current gain. This parameter is only visible when you select
Specify using equation parameters directly for the Parameterization
parameter. The default value is 100.

Saturation current IS

Transistor saturation current. This parameter is only visible when you select
Specify using equation parameters directly for the Parameterization
parameter. The default value is 1e-14 A.

Forward Early voltage VAF

In the standard Ebers-Moll equations, the gradient of the Ic versus Vce curve is zero
in the normal active region. The additional forward Early voltage term increases
this gradient. The intercept on the Vce-axis is equal to —VAF when the linear region
is extrapolated. This parameter is only visible when you select Specify using
equation parameters directly for the Parameterization parameter. The
default value is 200 V.

Reverse current transfer ratio BR

Ideal maximum reverse current gain. This value is often not quoted in manufacturer
datasheets, because it is not significant when the transistor is biased to operate in
the normal active region. When the value is not known and the transistor is not to be
operated on the inverse region, use the default value of 1.

Measurement temperature

Temperature T,,; at which Vbe and Ib, or IS, are measured. The default value is 25
C.

Ohmic Resistance Tab

Collector resistance RC

Resistance at the collector. The default value is 0.01 Q.
Emitter resistance RE

Resistance at the emitter. The default value is 1e-4 Q.
Zero bias base resistance RB

Resistance at the base at zero bias. The default value is 1 Q.

Capacitance Tab

Base-collector junction capacitance
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Parasitic capacitance across the base-collector junction. The default value is 5 pF.
Base-emitter junction capacitance

Parasitic capacitance across the base-emitter junction. The default value is 5 pF.
Total forward transit time

Represents the mean time for the minority carriers to cross the base region from the

emitter to the collector, and is often denoted by the parameter TF [1]. The default
value is O ps.

Total reverse transit time

Represents the mean time for the minority carriers to cross the base region from the
collector to the emitter, and is often denoted by the parameter TR [1]. The default
value is Ops.

Temperature Dependence Tab

Parameterization

Select one of the following methods for temperature dependence parameterization:

+ None — Simulate at parameter measurement temperature —
Temperature dependence is not modeled, or the model is simulated at the
measurement temperature Ty,; (as specified by the Measurement temperature
parameter on the Main tab). This is the default method.

+ Model temperature dependence — Provide a value for simulation
temperature, to model temperature-dependent effects. You also have to provide
a set of additional parameters depending on the block parameterization method.
If you parameterize the block from a datasheet, you have to provide values for a
second [ Vbe Ib | data pair and A_fe at second measurement temperature. If you
parameterize by directly specifying equation parameters, you have to provide the
values for XTI, EG, and XTB.

Forward current transfer ratio, h_fe, at second measurement temperature

Small-signal current gain at the second measurement temperature. This

parameter is only visible when you select Specify from a datasheet for the
Parameterization parameter on the Main tab. It must be quoted at the same
collector-emitter voltage and collector current as for the Forward current transfer
ratio h_fe parameter on the Main tab. The default value is 125.

Voltage Vbe at second measurement temperature
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Base-emitter voltage when the base current is I and the temperature is set to the
second measurement temperature. The [Vbe Ib] data pair must be quoted for when
the transistor is in the normal active region, that is, not in the saturated region. This
parameter is only visible when you select Specify from a datasheet for the
Parameterization parameter on the Main tab. The default value is 0.45 V.

Current Ib for voltage Vbe at second measurement temperature

Base current when the base-emitter voltage is Vbe and the temperature is set to the
second measurement temperature. The [ Vbe Ib | data pair must be quoted for when
the transistor is in the normal active region, that is, not in the saturated region. This

parameter is only visible when you select Specify from a datasheet for the
Parameterization parameter on the Main tab. The default value is 0.5 mA.

Second measurement temperature

Second temperature T2 at which h_fe,Vbe, and Ib are measured. This
parameter is only visible when you select Specify from a datasheet for the
Parameterization parameter on the Main tab. The default value is 125 C.

Current gain temperature coefficient, XTB

Current gain temperature coefficient value. This parameter is only visible
when you select Specify using equation parameters directly for the
Parameterization parameter on the Main tab. The default value is O.

Energy gap, EG

Energy gap value. This parameter is only visible when you select Specify using
equation parameters directly for the Parameterization parameter on the
Main tab. The default valueis 1.11 eV.

Saturation current temperature exponent, XTI

Saturation current temperature coefficient value. This parameter is only visible
when you select Specify using equation parameters directly for the
Parameterization parameter on the Main tab. The default value is 3.

Device simulation temperature

Temperature T at which the device is simulated. The default value is 25 C.

Ports

The block has the following ports:

B
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Electrical conserving port associated with the transistor base terminal

C

Electrical conserving port associated with the transistor collector terminal
E

Electrical conserving port associated with the transistor emitter terminal
Examples

See the NPN Bipolar Transistor Characteristics example.

References

[1] G. Massobrio and P. Antognetti. Semiconductor Device Modeling with SPICE. 2nd
Edition, McGraw-Hill, 1993.

[2] H. Ahmed and P.J. Spreadbury. Analogue and digital electronics for engineers. 2nd
Edition, Cambridge University Press, 1984.

See Also

Diode | PNP Bipolar Transistor
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Operational Transconductance Amplifier

Model behavioral representation of operational transconductance amplifier

Library

Integrated Circuits

Description

The Operational Transconductance Amplifier block provides a behavioral representation
of an operational transconductance amplifier. A transconductance amplifier converts an
input voltage into an output current. Applications include variable frequency oscillators,
variable gain amplifiers and current-controlled filters. These applications exploit the fact
that the transconductance gain is a function of current flowing into the control current
pin.

To support faster simulation, the behavioral representation does not model the detailed
transistor implementation. Therefore, the model is only valid when operating in

the linear region, that is, where the device input resistance, output resistance, and
transconductance gain all depend linearly on the control current, and are independent of
input signal amplitude. The dynamics are approximated by a first-order lag, based on the
value you specify for the block parameter Bandwidth.

Control Current

The control current pin C is maintained at the voltage that you specify for the Minimum
output voltage. In practice, the Minimum output voltage equals the negative supply
voltage plus the transistor collector-emitter voltage drop. For example, if the Minimum
output voltage for a supply voltage of +-15V is -14.5, then to achieve a control current of
500pA, a resistor connected between the +15V rail and the control current pin must have
a value of (15 - (-14.5)) / 500e-6 = 59kOhm.
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Transconductance

The relationship between input voltage, v, and transconductance current, iy, is:

v=v, —U_
lgm = &m U
g = Em0 e
L2}
where:

* v41s the voltage presented at the block + pin.

* v_is the voltage presented at the block - pin.

*  gu1s the transconductance.

* 1. 1s the control current flowing into the control current pin C.

* 1. 1s the reference control current, that is, the control current at which
transconductance is quoted on the datasheet.

*  Zmo 1s the transconductance measured at the reference control current i.

Therefore, increasing control current increases the transconductance.

Output Resistance and Determining Output Current

The output resistance, Ry, is defined by:

S, Vo
14 L, =
sm 0
Rout
R -1
_ “tout0 "“c0
Rout - .
le

where:

*  igm is the transconductance current.

* 1, 1s the output current, defined as positive if flowing into the transconductance
amplifier output pin.
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* 1. is the control current flowing into the control current pin C.

* Iy 1s the reference control current, that is, the control current at which output
resistance is quoted on the datasheet.

*  R,uo 1s the output resistance measured at the reference control current i..

Therefore, increasing control current reduces output resistance.

Input Resistance

The relationship between input voltage, v, across the + and - pins and the current
flowing, i, is:

where:

* . 1s the control current flowing into the control current pin C.
* Ry, is the input resistance for the current control current value, i..

* Iy 1s the reference control current, that is, the control current at which input
resistance is quoted on the datasheet.

*  R; 1s the input resistance measured at the reference control current iy.
Therefore, increasing control current reduces input resistance.
Limits

Because of the physical construction of an operational transconductance amplifier based
on current mirrors, the transconductance current i, cannot exceed the control current.

Hence the value of iy, is limited by:
_ic < igm < ic

The output voltage is also limited by the supply voltage:
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Vmin < Uo < Vmax

where V,;, is the Minimum output voltage, and V,,,, is the Maximum output
voltage. Output voltage limiting is implemented by adding a low resistance to the
output when the voltage limit is exceeded. The value of this resistance is set by the

Additional output resistance at voltage swing limits parameter.

The transconductance current is also slew-rate limited, a value for slew rate limiting

typically being given on datasheets:

where p is the Maximum current slew rate.

Dialog Box and Parameters

Block Parameters: Operational Transconductance Amplifier

Operational Transconductance Amplifier

transconductance is assumed to scale linearly with one over this ratio.

Parameters

Nominal Measurements | Dynamics | Limits |

==l

This block represents a behavioral model of an operational transconductance amplifier such as the LM13700. The
main simplifying assumption is that the input stage is linear. Input and output resistance are assumed to scale
linearly with the ratio of the Reference control current to the control current flowing into port C. Conversely,

Transconductance: 9.6e+3
Input resistance: 25
Output resistance: 3
Reference control current: 500

us

kOhm

MOhm

uA

[ 0K ]| Cancel ||

Help

Apply

+ “Nominal Measurements Tab” on page 1-316

* “Dynamics Tab” on page 1-316
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* “Limits Tab” on page 1-317

Nominal Measurements Tab

Transconductance

The transconductance, g,,, when the control current is equal to the Reference
control current. This is the ratio of the transconductance current, iy, to the voltage
difference, v, across the + and - pins. The default value is 9600 uS.

Input resistance

The input resistance, R;,, when the control current is equal to the Reference
control current. The input resistance is the ratio of the voltage difference, v, across
the + and - pins to the current flowing from the + to the - pin. The default value is
25 kOhm.

Output resistance

The output resistance, R,., when the control current is equal to the Reference

control current. See above for the equation defining output resistance. The default
value is 3 MOhm.

Reference control current

The control current at which the Transconductance, Input resistance, and
Output resistance are quoted. The default value is 500 pA.

Dynamics Tab

Dynamics

Select one of the following options:

+ No lag — Do not model the dynamics of the relationship between output current
and input voltage. This is the default.

+ Finite bandwidth with slew rate limiting — Model the dynamics of
the relationship between output current and input voltage using a first-order lag.
If you select this option, the Bandwidth, Maximum current slew rate, and
Initial current parameters appear on the Dynamics tab.

Bandwidth

The bandwidth of the first-order lag used to model the dynamics of the relationship
between output current and input voltage. The default value is 2 MHz.

Maximum current slew rate
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The maximum rate-of-change of transconductance current when there is no feedback
around the device. Note that datasheets sometimes quote slew rate as a maximum
rate of change of voltage. In this case, the value depends on the particular test
circuit. To get an accurate value for Maximum current slew rate, reproduce the

test circuit in a SimElectronics® model, and tune the parameter value to match the
datasheet value. If the test circuit is open-loop, and the load resistance is quoted, you
can obtain an approximate value for the Maximum current slew rate by dividing
the voltage slew rate by the load resistance. The default value is 2 A/ps.

Initial current

The initial transconductance current (note, not the initial output current). This is the
transconductance current sinking to both the internal output resistance, R, and the
output pin. The default value is 0 A.

Limits Tab

Minimum output voltage

The output voltage is limited to be greater than the value of this parameter. The
default value is =15 V.

Maximum output voltage

The output voltage is limited to be less than the value of this parameter. The default
valueis 15V.

Additional output resistance at voltage swing limits

To limit the output voltage swing, an additional output resistance is applied between
output and the power rail when the output voltage exceeds the limit. The value of
this resistance should be low compared to the output resistance and circuit load
resistance. The default value is 1 Ohm.

Minimum control current for simulation

The control current measured at the control current pin C is limited to be greater
than the value of this parameter. This prevents a potential divide-by-zero when
calculating input and output resistance values based on the value of the control
current. The default value is 0.001 pA.

Ports

The block has the following ports:
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Positive electrical voltage
Negative electrical voltage
Control current

ouT

Output current

See Also
Band-Limited Op-Amp | Finite-Gain Op-Amp | Op-Amp
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Optocoupler

Model optocoupler as LED, current sensor, and controlled current source

Library

Semiconductor Devices

Description

This block represents an optocoupler using a model that consists of the following
components:

* An exponential light-emitting diode in series with a current sensor on the input side

+ A controlled current source on the output side

The output-side current flows from the collector junction to the emitter junction. It has
a value of CTR I;, where CTR is the Current transfer ratio parameter value and I; is
the diode current.

Use the Optocoupler block to interface two electrical circuits without making a direct
electrical connection. A common reason for doing this is that the two circuits work at very
different voltage levels.

Note: Each electrical circuit must have its own Electrical Reference block.

If the output circuit is a phototransistor, typical values for the Current transfer ratio
parameter are 0.1 to 0.5. If the output stage consists of a Darlington pair, the parameter
value can be much higher than this. The Current transfer ratio value also varies with
the light-emitting diode current, but this effect is not modeled by the Photodiode block.

Some manufacturers provide a maximum data rate for optocouplers. In practice, the
maximum data rate depends on the following factors:
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* The capacitance of the photodiode and the type of the driving circuit

* The construction of the phototransistor and its associated capacitance

The Optocoupler block only lets you define the capacitance on the light-emitting diode.
You can use the Junction capacitance parameter to add your own capacitance across
the collector and emitter connections.

The Optocoupler block lets you model temperature dependence of the underlying diode.
For details, see the Diode reference page.

Thermal Port

The block has an optional thermal port, hidden by default. To expose the thermal port,
right-click the block in your model, and then from the context menu select Simscape >
Block choices > Show thermal port. This action displays the thermal port H on the
block icon, and adds the Thermal Port tab to the block dialog box.

Use the thermal port to simulate the effects of generated heat and device temperature.
For more information on using thermal ports and on the Thermal Port tab parameters,
see “Simulating Thermal Effects in Semiconductors”.

Basic Assumptions and Limitations

The Optocoupler block has the following limitations:

+  The output side is modeled as a controlled current source. As such, it only correctly
approximates a bipolar transistor operating in its normal active region. To create a
more detailed model, connect the Optocoupler output directly to the base of an NPN
Bipolar Transistor block, and set the parameters to maintain a correct overall value
for the current transfer ratio. If you need to connect optocouplers in series, use this
approach to avoid the invalid topology of two current sources in series.

* The temperature dependence of the forward current transfer ratio is not modeled.
Typically the temperature dependence of this parameter is much less than that of the
optical diode I-V characteristic.

* You may need to use nonzero ohmic resistance and junction capacitance values to
prevent numerical simulation issues, but the simulation may run faster with these
values set to zero.
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Dialog Box and Parameters

Block Parameters: Optocoupler @
Optocoupler

This block represents a simplified implementation of an optocoupler. Structurally the model consists of an
exponential diode in series with a current sensor on the input-side, and a controlled current source on the output
side. The output side current flows from the collector to emitter junction, and is equal to CTR*Id where Id is the
diode current and CTR is the Current Transfer Ratio.

Parameters
Main Ohmic Resistance | Junction Capacitance | Temperature Dependence
Current transfer ratio: 0.2
Diode parameterization: IUse IV curve data points w7
Currents [I1 12]: [ 0.001 0.015] A -
Voltages [V1 V2] [0.91.05] v -
Measurement temperature: 25 C -

0K H Cancel H Help Apply

* “Main Tab” on page 1-321
* “Ohmic Resistance Tab” on page 1-322
+ “Junction Capacitance Tab” on page 1-322

* “Temperature Dependence Tab” on page 1-324

Main Tab

Current transfer ratio

The output current flowing from the transistor collector to emitter junctions is equal
to the product of the current transfer ratio and the current flowing the light-emitting
diode. The default value is 0.2.

Diode parameterization

Select one of the following methods for model parameterization:

+ Use I-V curve data points — Specify measured data at two points on the
diode I-V curve. This is the default method.

1-321



1 Blocks — Alphabetical List

1-322

+ Use parameters IS and N — Specify saturation current and emission
coefficient.
Currents [I1 12]

A vector of the current values at the two points on the diode I-V curve that the block
uses to calculate IS and N. This parameter is only visible when you select Use 1-

V curve data points for the Diode parameterization parameter. The default
valueis [ 0.001 0.015 ] A.

Voltages [V1 V2]

A vector of the voltage values at the two points on the diode I-V curve that the block
uses to calculate IS and N. This parameter is only visible when you select Use 1-

V curve data points for the Diode parameterization parameter. The default
valueis [ 0.9 1.05 ] V.

Saturation current IS

The magnitude of the current that the ideal diode equation approaches
asymptotically for very large reverse bias levels. This parameter is only visible
when you select Use parameters 1S and N for the Diode parameterization
parameter. The default value is 1e-10 A.

Measurement temperature

The temperature at which IS or the I-V curve was measured. The default value is 25

°C.
Emission coefficient N

The diode emission coefficient or ideality factor. This parameter is only visible
when you select Use parameters IS and N for the Diode parameterization
parameter. The default value is 2.

Ohmic Resistance Tab

Ohmic resistance RS

The series diode connection resistance. The default value is 0.1 Q.

Junction Capacitance Tab

Junction capacitance

Select one of the following options for modeling the diode junction capacitance:
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* Fixed or zero junction capacitance — Model the junction capacitance as
a fixed value.

+ Use C-V curve data points — Specify measured data at three points on the
diode C-V curve.

+ Use parameters CJO, VJ, M & FC — Specify zero-bias junction capacitance,
junction potential, grading coefficient, and forward-bias depletion capacitance
coefficient.

Zero-bias junction capacitance CJ0

The value of the capacitance placed in parallel with the exponential diode term.
This parameter is only visible when you select Fixed or zero junction
capacitance or Use parameters CJO, VJ, M & FC for the Junction
capacitance parameter. The default value i1s 5 pF.

Junction potential VdJ

The junction potential. This parameter is only visible when you select Use
parameters CJO, VJ, M & FC for the Junction capacitance parameter. The
default valueis 1 V.

Grading coefficient M

The coefficient that quantifies the grading of the junction. This parameter is only
visible when you select Use parameters CJO, VJ, M & FC for the Junction
capacitance parameter. The default value is 0.5.

Reverse bias voltages [VR1 VR2 VR3]

A vector of the reverse bias voltage values at the three points on the diode C-V
curve that the block uses to calculate CJ0, VJ, and M. This parameter is only visible
when you select Use C-V curve data points for the Junction capacitance
parameter. The default valueis [ 0.1 10 100 ] V.

Corresponding capacitances [C1 C2 C3]

A vector of the capacitance values at the three points on the diode C-V curve that
the block uses to calculate CJ0, VJ, and M. This parameter is only visible when you
select Use C-V curve data points for the Junction capacitance parameter.
The default valueis [ 3.5 1 0.4 ] pF.

Capacitance coefficient FC

Fitting coefficient that quantifies the decrease of the depletion capacitance with
applied voltage. This parameter is only visible when you select Use C-V curve
data pointsor Use parameters CJO, VJ, M & FC for the Junction
capacitance parameter. The default value is 0.5.

1-323



1 Blocks — Alphabetical List

1-324

Temperature Dependence Tab

Parameterization

Select one of the following methods for temperature dependence parameterization:

+ None — Simulate at parameter measurement temperature —
Temperature dependence is not modeled, or the model is simulated at the
measurement temperature Ty, (as specified by the Measurement temperature
parameter on the Main tab). This is the default method.

*+ Use an I-V data point at second measurement temperature T2 —If
you select this option, you specify a second measurement temperature Ty, and
the current and voltage values at this temperature. The model uses these values,
along with the parameter values at the first measurement temperature T},;, to
calculate the energy gap value.

* Specify saturation current at second measurement temperature T2
— If you select this option, you specify a second measurement temperature T},
and saturation current value at this temperature. The model uses these values,
along with the parameter values at the first measurement temperature T},;, to
calculate the energy gap value.

+ Specify the energy gap EG — Specify the energy gap value directly.

Current I1 at second measurement temperature

Specify the diode current I1 value when the voltage is VI at the second measurement
temperature. This parameter is only visible when you select Use an 1-V data
point at second measurement temperature T2 for the Parameterization
parameter. The default value is 0.029 A.

Voltage V1 at second measurement temperature

Specify the diode voltage VI value when the current is I1 at the second measurement
temperature. This parameter is only visible when you select Use an 1-V data
point at second measurement temperature T2 for the Parameterization
parameter. The default value is 1.05 V.

Saturation current, IS, at second measurement temperature

Specify the saturation current IS value at the second measurement temperature.
This parameter is only visible when you select Specify saturation current at
second measurement temperature T2 for the Parameterization parameter.
The default value is 1.8e-8 A.

Second measurement temperature
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Specify the value for the second measurement temperature. This parameter is

only visible when you select either Use an 1-V data point at second
measurement temperature T2 or Specify saturation current at second
measurement temperature T2 for the Parameterization parameter. The default
value is 125 C.

Energy gap parameterization

This parameter is only visible when you select Specify the energy gap EG for
the Parameterization parameter. It lets you select a value for the energy gap from
a list of predetermined options, or specify a custom value:

Use
Use
Use
Use
Use
Use
Use

nominal
nominal
nominal
nominal
nominal
nominal
nominal

value
value
value
value
value
value
value

for
for
for
for
for
for
for

silicon (EG=1.11eV) — This is the default.
4H-SiC silicon carbide (EG=3.23eV)
6H-SiC silicon carbide (EG=3.00eV)
germanium (EG=0.67eV)

gallium arsenide (EG=1.43eV)
selenium (EG=1.74eV)

Schottky barrier diodes (EG=0.69eV)

Specify a custom value — If you select this option, the Energy gap, EG
parameter appears in the dialog box, to let you specify a custom value for EG.

Energy gap, EG

Specify a custom value for the energy gap, EG. This parameter is only visible when
you select Specify a custom value for the Energy gap parameterization
parameter. The default value is 1.11 eV.

Saturation current temperature exponent parameterization

Select one of the following options to specify the saturation current temperature
exponent value:

Use nominal value for pn-junction diode (XTI=3) — Thisis the
default.

Use nominal value for Schottky barrier diode (XT1=2)

Specify a custom value — If you select this option, the Saturation current
temperature exponent, XTI parameter appears in the dialog box, to let you
specify a custom value for X7T1T.

Saturation current temperature exponent, XTI
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Specify a custom value for the saturation current temperature exponent, X7T1.

This parameter is only visible when you select Specify a custom value for the
Saturation current temperature exponent parameterization parameter. The
default value is 3.

Device simulation temperature

Specify the value for the temperature T, at which the device is to be simulated. The
default value i1s 25 C.

Ports

The block has the following ports:

+
Electrical conserving port associated with the diode positive terminal
Electrical conserving port associated with the diode negative terminal
C
Electrical conserving port associated with the transistor collector terminal
E
Electrical conserving port associated with the transistor emitter terminal
References

[1] G. Massobrio and P. Antognetti. Semiconductor Device Modeling with SPICE. 2nd
Edition, McGraw-Hill, 1993.

[2] H. Ahmed and P.J. Spreadbury. Analogue and digital electronics for engineers. 2nd
Edition, Cambridge University Press, 1984.

See Also

Controlled Current Source | Diode | NPN Bipolar Transistor

1-326



P-Channel JFET

P-Channel JFET

Model P-Channel JFET

Library

Semiconductor Devices

€

The P-Channel JFET block uses the Shichman and Hodges equations to represent a P-
Channel JFET using a model with the following structure:

Description

D
o {
15
[~
G Ip xlf’m
Iss
5

G is the transistor gate, D is the transistor drain and S is the transistor source. The
drain current, I, depends on the region of operation and whether the transistor is
operating in normal or inverse mode.

* In normal mode (—Vpg > 0), the block provides the following relationship between the
drain current I and the drain-source voltage Vpg.
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Region Applicable Range of  |Corresponding I, Equation
Vs and Vps Values
Off —Vaes <V Ip=0
Linear 0<-Vps<-Vgs+ V,
' bs GS ° Ids = ﬁvds(z(_vgs +‘/tO)+Vds)(l_/’1’Vdr)
Iy = BVps(2(=Vgs + Vio) + Vpg)(1 — AVpg)
Saturated 0<—-Vgs+ Vio <V,
aturate GS t0 DS I(Ly :_B(_ng +‘/to)2 (1_1‘/&)
In=—B (Vs + Vio)* (1 —AVps)
* Ininverse mode (—Vpg < 0), the block provides the following relationship between the
drain current Ip and the drain-source voltage Vpg.
Region Applicable Range of | Corresponding I Equation
Vs and Vps Values
Off —Vop <V Ip=0
Linear 0<Vps <=Vap + Vi |Ip = BVps(2(—Vap + Vio) — Vpg)(1 + AVpg)
Saturated 0<-Vep+Vio<Vbs |In=p(Vap + Vio)® (1 + AVhy)
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In the preceding equations:

Vs 1s the gate-source voltage.
Vo is the gate-drain voltage.

Vo is the threshold voltage. If you select Specify using equation parameters
directly for the Parameterization parameter, V,, is the Threshold voltage
parameter value. Otherwise, the block calculates Vi from the datasheet parameters
you specify.

[ is the transconductance parameter. If you select Specify using equation
parameters directly for the Parameterization parameter, S is the
Transconductance parameter parameter value. Otherwise, the block calculates S
from the datasheet parameters you specify.

A is the channel-length modulation parameter. If you select Specify using
equation parameters directly for the Parameterization parameter, A is the
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Channel-length modulation parameter value. Otherwise, the block calculates A
from the datasheet parameters you specify.

The currents in each of the diodes satisfy the exponential diode equation

Igp =-1IS -(e_qVGD/kTml —1)

I =-IS -(e—qVGs/ KT, _ 1)

where:

+ IS is the saturation current. If you select Specify using equation parameters
directly for the Parameterization parameter, IS is the Saturation current
parameter value. Otherwise, the block calculates IS from the datasheet parameters
you specify.

* qis the elementary charge on an electron (1.602176e—19 Coulombs).

* kis the Boltzmann constant (1.3806503e—23 J/K).

*  Tn11s the measurement temperature. The value comes from the Measurement
temperature parameter.

The block models gate junction capacitance as a fixed gate-drain capacitance Cgp

and a fixed gate-source capacitance Cgg. If you select Specify using equation
parameters directly for the Parameterization parameter, you specify these

values directly using the Gate-drain junction capacitance and Gate-source
junction capacitance parameters. Otherwise, the block derives them from the Input
capacitance Ciss and Reverse transfer capacitance Crss parameter values. The two
parameterizations are related as follows:

* Cgp=Crss

* Cgg=Ciss—Crss

Modeling Temperature Dependence

The default behavior is that dependence on temperature is not modeled, and the device is

simulated at the temperature for which you provide block parameters. You can optionally
include modeling the dependence of the transistor static behavior on temperature during
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simulation. Temperature dependence of the junction capacitances is not modeled, this
being a much smaller effect.

When including temperature dependence, the transistor defining equations remain
the same. The measurement temperature value, T}, is replaced with the simulation
temperature, 7. The transconductance, 5, and the threshold voltage, V;o, become a
function of temperature according to the following equations:

B _B Ts BEX
Ts Tml T .

m

‘/tOs = ‘/t01 +ta ( Ts - Tml)

where:

+ T 1s the temperature at which the transistor parameters are specified, as defined by
the Measurement temperature parameter value.

* T, 1s the simulation temperature.

* Brmi 1s JFET transconductance at the measurement temperature.

*  frs1s JFET transconductance at the simulation temperature. This is the
transconductance value used in the JFET equations when temperature dependence is
modeled.

* Vo1 is the threshold voltage at measurement temperature.

* Vs 1s the threshold voltage at simulation temperature. This is the threshold voltage
value used in the JFET equations when temperature dependence is modeled.

* BEX s the mobility temperature exponent. A typical value of BEX is -1.5.
* ais the gate threshold voltage temperature coefficient, dVi,/dT.

For most JFETS, you can use the default value of -1 .5 for BEX. Some datasheets quote
the value for a, but most typically they provide the temperature dependence for the
saturated drain current, I_dss. Depending on the block parameterization method, you
have two ways of specifying a:

+ If you parameterize the block from a datasheet, you have to provide I_dss at a second
measurement temperature. The block then calculates the value for a based on this
data.
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+ If you parameterize by specifying equation parameters, you have to provide the value
for a directly.

If you have more data comprising drain current as a function of gate-source voltage for
fixed drain-source voltage plotted at more than one temperature, then you can also use
Simulink Design Optimization software to help tune the values for a and BEX.

In addition, the saturation current term, IS, in the gate-drain and gate-source current
equations depends on temperature

185, = 18y (T, T, exp| =22 (=T, /T,.)

N

where:

* ISty is the saturation current at the measurement temperature.

+ ISt 1s the saturation current at the simulation temperature. This is the saturation
current value used in the bipolar transistor equations when temperature dependence
is modeled.

+ EG is the energy gap.

* kis the Boltzmann constant (1.3806503e—23 J/K).

* XTI is the saturation current temperature exponent.
Similar to a, you have two ways of specifying EG and XT1I:

+ If you parameterize the block from a datasheet, you have to specify the gate reverse
current, I_gss, at a second measurement temperature. The block then calculates the

value for EG based on this data and assuming a p-n junction nominal value of 3 for
XTI.

+ If you parameterize by specifying equation parameters, you have to provide the
values for EG and XTT directly. This option gives you most flexibility to match device
behavior, for example, if you have a graph of I gss as a function of temperature. With
this data you can use Simulink Design Optimization software to help tune the values
for EG and XT1.

Thermal Port

The block has an optional thermal port, hidden by default. To expose the thermal port,
right-click the block in your model, and then from the context menu select Simscape >
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Block choices > Show thermal port. This action displays the thermal port H on the
block icon, and adds the Thermal Port tab to the block dialog box.

Use the thermal port to simulate the effects of generated heat and device temperature.
For more information on using thermal ports and on the Thermal Port tab parameters,
see “Simulating Thermal Effects in Semiconductors”.

Basic Assumptions and Limitations

The model is based on the following assumptions:

+ This block does not allow you to specify initial conditions on the junction capacitances.
If you select the Start simulation from steady state option in the Solver
Configuration block, the block solves the initial voltages to be consistent with the
calculated steady state. Otherwise, voltages are zero at the start of the simulation.

* You may need to use nonzero ohmic resistance and junction capacitance values to
prevent numerical simulation issues, but the simulation may run faster with these
values set to zero.

* The block does not account for temperature-dependent effects on the junction
capacitances.

* When you specify I_dss at a second measurement temperature, it must be quoted
for the same working point (that is, the same drain current and gate-source voltage)
as for the I_dss value on the Main tab. Inconsistent values for I_dss at the higher
temperature will result in unphysical values for @ and unrepresentative simulation
results.

* You may need to tune the value of BEX to replicate the Ip-Vgg relationship (if
available) for a given device. The value of BEX affects whether the Ip-Vis curves
for different temperatures cross each other, or not, for the ranges of In and Vg
considered.
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Dialog Box and Parameters

Block Parameters: P-Channel JFET @
P-Channel JFET

This block represents a P-Channel JFET. The drain current Id for negative Vds (normal operation) is given by:
Id = 0 if -Vgs-Vt0 < 0 (off)

Id = -B*vds®[2*(-Vgs - Vt0) + Vds]*(1+L*|vds]) if 0 < -Vds < -Vgs - Vt0] (linear region)

Id = -B*(-Vgs - Vt0)~2*(1+L*|vds]) if 0 < -Vgs - Vt0 < -Vds (saturated region)

where B is the Transconductance parameter, Vt0 is the Threshold voltage, L is the Channel-length modulation, Vgs
is the gate-source voltage and Vds is the drain-source voltage.

Parameters

Main Ohmic Resistance | Junction Capacitance | Temperature Dependence

Parameterization: ISpecify from a datasheet -
Gate reverse current, I_gss: 5 nA -
Saturated drain current, I_dss: -3 mA -
1_dss measurement point, [V_gs a

V_ds]: [0-15] v

Small-signal parameters, [g_fs [2.5¢+375 ] us -
g_os]: :

Small-signal measurement point, a

[V_gs v_ds]: [0-15] v

Measurement temperature: 25 C -

0K ] I Cancel I I Help Apply

* “Main Tab” on page 1-333
* “Ohmic Resistance Tab” on page 1-335
+ “Junction Capacitance Tab” on page 1-335

+ “Temperature Dependence Tab” on page 1-336

Main Tab

Parameterization

Select one of the following methods for block parameterization:
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* Specify from a datasheet — Provide parameters that the block converts to
equations that describe the transistor. This is the default method.

+ Specify using equation parameters directly — Provide equation
parameters S, IS, Vo, and A.

Gate reverse current, I_gss

The reverse current that flows in the diode when the drain and source are short-
circuited and a large positive gate-source voltage is applied. This parameter is only
visible when you select Specify from a datasheet for the Parameterization
parameter. The default value is 5 nA.

Saturated drain current, I_dss

The current that flows when a large negative drain-source voltage is applied for

a specified gate-source voltage. For a depletion-mode device, this gate-source
voltage may be zero, in which case I_dss may be referred to as the zero-gate voltage
drain current. This parameter is only visible when you select Specify from a
datasheet for the Parameterization parameter. The default value is -3 mA.

I_dss measurement point, [V_gs V_ds]

A vector of the values of Vs and Vpg at which I__dss is measured. Normally Vg is
zero. Vpg should be greater than zero. This parameter is only visible when you select
Specify from a datasheet for the Parameterization parameter. The default
valueis[ O -15 ] V.

Small-signal parameters, [g_fs g_os]

A vector of the values of g_fs and g_os. g_fs is the forward transfer conductance, that
is, the conductance for a fixed drain-source voltage. g_os is the output conductance,
that is, the conductance for a fixed gate-source voltage. This parameter is only
visible when you select Specify from a datasheet for the Parameterization
parameter. The default valueis [ 2.5e+3 75 ] uS.

Small-signal measurement point [V_gs V_ds]

A vector of the values of Vg and Vpg at which g_fs and g_os are measured. Vpg
should be greater than zero. For depletion-mode devices, Vg is typically zero. This
parameter is only visible when you select Specify from a datasheet for the
Parameterization parameter. The default valueis [ O -15 ] V.

Transconductance parameter

The derivative of drain current with respect to gate voltage. This parameter is only
visible when you select Specify using equation parameters directly for the

Parameterization parameter. The default value is 1e-04 A/VZ,
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Saturation current

The magnitude of the current that the ideal diode equation approaches
asymptotically for very large reverse bias levels. This parameter is only visible
when you select Specify using equation parameters directly for the
Parameterization parameter. The default value is 1e-14 A.

Threshold voltage

The gate-source voltage above which the transistor produces a nonzero drain current.
For an enhancement device, Vt0 should be negative. For a depletion mode device, Vt0
should be positive. This parameter is only visible when you select Specify using
equation parameters directly for the Parameterization parameter. The
default value is 2 V.

Channel-length modulation

The channel-length modulation. This parameter is only visible when you select
Specify using equation parameters directly for the Parameterization
parameter. The default value is O 1/V.

Measurement temperature

The temperature for which the datasheet parameters are quoted. The default value is
25 C.

Ohmic Resistance Tab

Source ohmic resistance

The transistor source resistance. The default value is 1e-4 Q. The value must be
greater than or equal to O.

Drain ohmic resistance

The transistor drain resistance. The default value is 0.01 Q. The value must be
greater than or equal to O.
Junction Capacitance Tab

Parameterization

Select one of the following methods for block parameterization:

+ Specify from a datasheet — Provide parameters that the block converts to
junction capacitance values. This is the default method.
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* Specify using equation parameters directly — Provide junction
capacitance parameters directly.

Input capacitance, Ciss

The gate-source capacitance with the drain shorted to the source. This parameter is
only visible when you select Specify from a datasheet for the Model junction
capacitance parameter. The default value is 4.5 pF.

Reverse transfer capacitance, Crss

The drain-gate capacitance with the source connected to ground. This parameter is
only visible when you select Specify from a datasheet for the Model junction
capacitance parameter. The default value is 1.5 pF.

Gate-source junction capacitance

The value of the capacitance placed between the gate and the source. This parameter
is only visible when you select Specify using equation parameters directly
for the Model junction capacitance parameter. The default value is 3 pF.

Gate-drain junction capacitance

The value of the capacitance placed between the gate and the drain. This parameter
is only visible when you select Specify using equation parameters directly
for the Model junction capacitance parameter. The default value is 1.5 pF.

Temperature Dependence Tab

Parameterization

Select one of the following methods for temperature dependence parameterization:

+ None — Simulate at parameter measurement temperature —
Temperature dependence is not modeled. This is the default method.

+ Model temperature dependence — Model temperature-dependent effects.
You also have to provide a set of additional parameters depending on the block
parameterization method. If you parameterize the block from a datasheet, you
have to provide values for I gss and I_dss at second measurement temperature. If
you parameterize by directly specifying equation parameters, you have to provide
the values for EG, XTI, and the gate threshold voltage temperature coefficient,
dVio/dT. Regardless of the block parameterization method, you also have to
provide values for BEX and for the simulation temperature, 7.

Gate reverse current, I_gss, at second measurement temperature
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The value of the gate reverse current, I_gss, at the second measurement temperature.
This parameter is only visible when you select Specify from a datasheet for

the Parameterization parameter on the Main tab. It must be quoted for the same
working point (drain current and gate-source voltage) as the Drain-source on
resistance, R_DS(on) parameter on the Main tab. The default value is 950 nA.

Saturated drain current, I_dss, at second measurement temperature

The value of the saturated drain current, I _dss, at the second measurement
temperature, and when the I_dss measurement point is the same as defined by
the I_dss measurement point, [V_gs V_ds] parameter on the Main tab. This
parameter is only visible when you select Specify from a datasheet for the
Parameterization parameter on the Main tab. The default value is -2.3 mA.

Second measurement temperature

Second temperature Ty, at which Gate reverse current, I_gss, at second
measurement temperature and Saturated drain current, I_dss, at second
measurement temperature are measured. This parameter is only visible when you
select Specify from a datasheet for the Parameterization parameter on the
Main tab. The default value is 125 C.

Energy gap, EG

Energy gap value. This parameter is only visible when you select Specify using
equation parameters directly for the Parameterization parameter on the
Main tab. The default value is 1.11 eV.

Saturation current temperature exponent, XTI

Saturation current temperature coefficient value. This parameter is only visible
when you select Specify using equation parameters directly for the
Parameterization parameter on the Main tab. The default value is 3.

Gate threshold voltage temperature coefficient, dVt0/dT

The rate of change of gate threshold voltage with temperature. This parameter is
only visible when you select Specify using equation parameters directly
for the Parameterization parameter on the Main tab. The default value is 1 mV/K.

Mobility temperature exponent, BEX

Mobility temperature coefficient value. You can use the default value for most
JFETs. See the “Basic Assumptions and Limitations” on page 1-332 section for
additional considerations. The default value is -1.5.

Device simulation temperature

Temperature T at which the device is simulated. The default value is 25 C.
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Ports

The block has the following ports:

G

Electrical conserving port associated with the transistor gate terminal
D

Electrical conserving port associated with the transistor drain terminal
S

Electrical conserving port associated with the transistor source terminal
References

[1] H. Shichman and D. A. Hodges, Modeling and simulation of insulated-gate field-effect
transistor switching circuits. IEEE J. Solid State Circuits, SC-3, 1968.

[2] G. Massobrio and P. Antognetti. Semiconductor Device Modeling with SPICE. 2nd
Edition, McGraw-Hill, 1993. Chapter 2.

See Also
N-Channel JFET
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P-Channel MOSFET

Model P-Channel MOSFET using Shichman-Hodges equation

Library

Semiconductor Devices

g

Description
The P-Channel MOSFET block uses the Shichman and Hodges equations [1] for an
insulated-gate field-effect transistor to represent a P-Channel MOSFET.

The drain-source current, Ipg, depends on the region of operation:
In the off region (—Vgs < —V};,) the drain-source current is:
I,,=0
In the linear region (0 < —Vpg < —Vgg +V4p) the drain-source current is:
2
IDS :_K((VGS _Vth)VDS _VDS /2)(1+ A‘|VDS |)

In the saturated region (0 < —-Vgg +Vin < —Vpg) the drain-source current is:

Iy =—(K [ 2)(Vgg _Vth)2 (1+2’|VDS |)

In the preceding equations:

K is the transistor gain.
Vpg 1s the positive drain-source voltage.

Vs 1s the gate-source voltage.
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* Vi 1s the threshold voltage.

* Ais the channel modulation.

Charge Model

The block models junction capacitances either by fixed capacitance values, or by
tabulated values as a function of the drain-source voltage. In either case, you can either
directly specify the gate-source and gate-drain junction capacitance values, or let the
block derive them from the input and reverse transfer capacitance values. Therefore, the
Parameterization options for charge model on the Junction Capacitance tab are:

+ Specify fixed input, reverse transfer and output capacitance —
Provide fixed parameter values from datasheet and let the block convert the input
and reverse transfer capacitance values to junction capacitance values, as described
below. This is the default method.

+ Specify fixed gate-source, gate-drain and output capacitance —
Provide fixed values for junction capacitance parameters directly.

+ Specify tabulated input, reverse transfer and output capacitance
— Provide tabulated capacitance and drain-source voltage values based on datasheet
plots. The block converts the input and reverse transfer capacitance values to junction
capacitance values, as described below.

+ Specify tabulated gate-source, gate-drain and output capacitance —
Provide tabulated values for junction capacitances and drain-source voltage.

Use one of the tabulated capacitance options (Specify tabulated input, reverse
transfer and output capacitance or Specify tabulated gate-source,
gate-drain and output capacitance) when the datasheet provides a plot of
junction capacitances as a function of drain-source voltage. Using tabulated capacitance
values will give more accurate dynamic characteristics, and avoids the need to iteratively
tune parameters to fit the dynamics.

If you use the Specify fixed gate-source, gate-drain and output
capacitance or Specify tabulated gate-source, gate-drain and output
capacitance option, the Junction Capacitance tab lets you specify the Gate-

drain junction capacitance and Gate-source junction capacitance parameter
values (fixed or tabulated) directly. Otherwise, the block derives them from the Input
capacitance, Ciss and Reverse transfer capacitance, Crss parameter values. These
two parameterization methods are related as follows:

* Cap=Crss
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* Cgs=Ciss—Crss

The two fixed capacitance options (Specify fixed input, reverse transfer and
output capacitance or Specify fixed gate-source, gate-drain and output
capacitance) let you model gate junction capacitance as a fixed gate-source capacitance
Cgs and either a fixed or a nonlinear gate-drain capacitance Cgp. If you select the Gate-
drain charge function is nonlinear option for the Charge-voltage linearity
parameter, then the gate-drain charge relationship is defined by the piecewise-linear
function shown in the following figure.

'GED

dQzp/dVas = Cap

%
Cox ) VG‘D

dQep/dVep = Co
MNonlinear gate-drain charge function

For instructions on how to map a time response to device capacitance values, see the
N-Channel 1GBT block reference page. However, this mapping is only approximate
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because the Miller voltage typically varies more from the threshold voltage than in the
case for the IGBT.

Note: Because this block implementation includes a charge model, you must model the
impedance of the circuit driving the gate to obtain representative turn-on and turn-off
dynamics. Therefore, if you are simplifying the gate drive circuit by representing it as a
controlled voltage source, you must include a suitable series resistor between the voltage
source and the gate.

Modeling Temperature Dependence

The default behavior is that dependence on temperature is not modeled, and the device is
simulated at the temperature for which you provide block parameters. You can optionally
include modeling the dependence of the transistor static behavior on temperature during
simulation. Temperature dependence of the junction capacitances is not modeled, this
being a much smaller effect.

When including temperature dependence, the transistor defining equations remain the
same. The gain, K, and the threshold voltage, Vi3, become a function of temperature
according to the following equations:

T,

ml

BEX
T
Krpg = Kpp (—S]

‘/ths = Vvthl t+a ( Ts - Tml)

where:

+  Tn11s the temperature at which the transistor parameters are specified, as defined by
the Measurement temperature parameter value.

* T, 1s the simulation temperature.

* Kty 1s the transistor gain at the measurement temperature.

*  Kri 1s the transistor gain at the simulation temperature. This is the transistor gain
value used in the MOSFET equations when temperature dependence is modeled.

* Vin1 1s the threshold voltage at the measurement temperature.
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* Vi 1s the threshold voltage at the simulation temperature. This is the threshold
voltage value used in the MOSFET equations when temperature dependence is
modeled.

*  BEX s the mobility temperature exponent. A typical value of BEX is -1.5.

* ais the gate threshold voltage temperature coefficient, dVi,/dT.

For most MOSFETS, you can use the default value of -1.5 for BEX. Some datasheets
quote the value for a, but most typically they provide the temperature dependence for
drain-source on resistance, Rpg(on). Depending on the block parameterization method,

you have two ways of specifying a:

+ If you parameterize the block from a datasheet, you have to provide Rpg(on) at a
second measurement temperature. The block then calculates the value for a based on
this data.

+ If you parameterize by specifying equation parameters, you have to provide the value
for a directly.

If you have more data comprising drain current as a function of gate-source voltage
for more than one temperature, then you can also use Simulink Design Optimization
software to help tune the values for ¢ and BEX.

Thermal Port

The block has an optional thermal port, hidden by default. To expose the thermal port,
right-click the block in your model, and then from the context menu select Simscape >
Block choices > Show thermal port. This action displays the thermal port H on the
block icon, and adds the Thermal Port tab to the block dialog box.

Use the thermal port to simulate the effects of generated heat and device temperature.
For more information on using thermal ports and on the Thermal Port tab parameters,
see “Simulating Thermal Effects in Semiconductors”.

Basic Assumptions and Limitations

When modeling temperature dependence, consider the following:

* The block does not account for temperature-dependent effects on the junction
capacitances.
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When you specify Rpg(on) at a second measurement temperature, it must be

quoted for the same working point (that is, the same drain current and gate-source
voltage) as for the other Rpg(on) value. Inconsistent values for Rpg(on) at the higher
temperature will result in unphysical values for a and unrepresentative simulation
results. Typically Rps(on) increases by a factor of about 1.5 for a hundred degree
increase in temperature.

You may need to tune the values of BEX and threshold voltage, Vi, to replicate the
Vps-Vag relationship (if available) for a given device. Increasing Vi, moves the Vpg-Vgs
plots to the right. The value of BEX affects whether the Vpg-Vig curves for different
temperatures cross each other, or not, for the ranges of Vpg and Vg considered.
Therefore, an inappropriate value can result in the different temperature curves
appearing to be reordered. Quoting Rps(on) values for higher currents, preferably
close to the current at which it will operate in your circuit, will reduce sensitivity to
the precise value of BEX.
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Dialog Box and Parameters

Block Parameters: P-Channel MOSFET @
P-Channel MOSFET
This block represents a P-channel MOSFET (or IGFET). The drain-source current Ids for negative Vds is given by:

Ids = 0 if -Vgs < -Vith (off)
Ids = -K*[(Vgs - Vth)*Vds - Vds~2/2]*(1+.*|vds| )} if 0 < -Vds < -Vgs + Vth] (linear region)
Ids = -(K/2)*(Vgs - Vth)"2*(1+L*|Vvds]|) if 0 < -Vgs + Vth < -Vds (saturated region)

where K is a constant, Vth is the Threshold voltage, L is the channel modulation, Vgs is the gate-source voltage
and Vds is the drain-source voltage.

Parameters
Main Ohmic Resistance | Junction Capacitance | Temperature Dependence
Parameterization: ISpecify from a datasheet -
Drain-source on resistance,
R_DS(on): 0.167 Ohm
Drain current, Ids, for R_DS(on): -2.5 A -
Gate-source voltage, Vags, for :
R_DS(on): 43 v
Gate-source threshold voltage, a
Vih: 1.4 v
Channel modulation, L: 0 /v -
0K ] I Cancel I I Help I Apply

+ “Main Tab” on page 1-345
* “Ohmic Resistance Tab” on page 1-347
+ “Junction Capacitance Tab” on page 1-347

* “Temperature Dependence Tab” on page 1-349

Main Tab

Parameterization

Select one of the following methods for block parameterization:

+ Specify from a datasheet — Provide the drain-source on resistance and the
corresponding drain current and gate-source voltage. The block calculates the
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transistor gain for the Shichman and Hodges equations from this information.
This is the default method.

+ Specify using equation parameters directly — Provide the transistor
gain.

Drain-source on resistance, R_DS(on)

The ratio of the drain-source voltage to the drain current for specified values of
drain current and gate-source voltage. Rpg(on) should have a positive value. This
parameter is only visible when you select Specify from a datasheet for the
Parameterization parameter. The default value is 0.167 Q.

Drain current, Ids, for R_DS(on)

The drain current the block uses to calculate the value of the drain-source resistance.
Ips should have a negative value. This parameter is only visible when you select
Specify from a datasheet for the Parameterization parameter. The default
value is -2.5 A.

Gate-source voltage, Vgs, for R_DS(on)

The gate-source voltage the block uses to calculate the value of the drain-source
resistance. Vg should have a negative value. This parameter is only visible when
you select Specify from a datasheet for the Parameterization parameter. The
default valueis -4.5V.

Gain, K
Positive constant gain coefficient for the Shichman and Hodges equations. This
parameter is only visible when you select Specify using equation parameters
directly for the Parameterization parameter. The default value is 2 A/VZ.

Gate-source threshold voltage, Vth

Gate-source threshold voltage V;;, in the Shichman and Hodges equations. For an
enhancement device, V;;, should be negative. For a depletion mode device, V;, should
be positive. The default valueis -1.4 V.

Channel modulation, L

The channel-length modulation, usually denoted by the mathematical symbol A.
When in the saturated region, it is minus the rate of change of drain current with
drain-source voltage. The effect on drain current is typically small, and the effect is
neglected if calculating transistor gain K from drain-source on-resistance, Rpg(on).
A typical value is 0.02, but the effect can be ignored in most circuit simulations.

However, in some circuits a small nonzero value may help numerical convergence.
The default value is O 1/V.
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Measurement temperature

Temperature T, at which Drain-source on resistance, R_DS(on) is measured.
This parameter is only visible when you select Model temperature dependence
for the Parameterization parameter on the Temperature Dependence tab. The
default value i1s 25 C.

Ohmic Resistance Tab

Source ohmic resistance

The transistor source resistance. The default value 1s 1e-4 Q. The value must be
greater than or equal to O.

Drain ohmic resistance

The transistor drain resistance. The default value is 0.001 Q. The value must be
greater than or equal to O.

Junction Capacitance Tab

Parameterization

Select one of the following methods for capacitance parameterization:

+ Specify fixed input, reverse transfer and output capacitance
— Provide fixed parameter values from datasheet and let the block convert the
input and reverse transfer capacitance values to junction capacitance values, as
described below. This is the default method.

+ Specify fixed gate-source, gate-drain and output capacitance —
Provide fixed values for junction capacitance parameters directly.

* Specify tabulated input, reverse transfer and output
capacitance — Provide tabulated capacitance and drain-source voltage values
based on datasheet plots. The block converts the input and reverse transfer
capacitance values to junction capacitance values, as described below.

* Specify tabulated gate-source, gate-drain and output
capacitance — Provide tabulated values for junction capacitances and drain-
source voltage.

Input capacitance, Ciss

The gate-source capacitance with the drain shorted to the source. This parameter is
visible only for the following two values for the Parameterization parameter:
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+ If you select Specify fixed input, reverse transfer and output
capacitance, the default value is 182 pF.

+ Ifyou select Specify tabulated input, reverse transfer and output
capacitance, the default value is [225 215 200 190 180 170] pF.
Reverse transfer capacitance, Crss
The drain-gate capacitance with the source connected to ground. This parameter 1s
visible only for the following two values for the Parameterization parameter:
+ Ifyou select Specify Fixed input, reverse transfer and output
capacitance, the default value is 24 pF.
+ Ifyou select Specify tabulated input, reverse transfer and output
capacitance, the default valueis [75 60 50 35 25 20] pF.
Gate-source junction capacitance
The value of the capacitance placed between the gate and the source. This parameter
1s visible only for the following two values for the Parameterization parameter:
+ Ifyou select Specify Fixed gate-source, gate-drain and output
capacitance, the default value is 158 pF.
+ Ifyou select Specify tabulated gate-source, gate-drain and output
capacitance, the default value is [150 150 150 150 150 150] pF.
Gate-drain junction capacitance
The value of the capacitance placed between the gate and the drain. This parameter
is visible only for the following two values for the Parameterization parameter:
+ Ifyou select Specify Fixed gate-source, gate-drain and output
capacitance, the default value is 24 pF.
+ If you select Specify tabulated gate-source, gate-drain and output
capacitance, the default valueis [75 60 50 35 25 20] pF.
Output capacitance, Coss

The output capacitance applied across the drain-source ports. For fixed capacitance
models, the default value is O pF. For tabulated capacitance models, the default value
is [180 160 125 80 60 45] pF.

Corresponding drain-source voltages

The drain-source voltages corresponding to the tabulated capacitance values. This
parameter is visible only for tabulated capacitance models (Specify tabulated
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input, reverse transfer and output capacitance or Specify tabulated
gate-source, gate-drain and output capacitance). The default value is
[0.1 0.3 1 3 10 30] V.

Charge-voltage linearity

Select whether gate-drain capacitance is fixed or nonlinear:

* Gate-drain capacitance is constant — The capacitance value is constant
and defined according to the selected parameterization option, either directly or
derived from a datasheet. This is the default method.

* Gate-drain charge function is nonlinear — The gate-drain charge
relationship is defined according to the piecewise-nonlinear function described in
“Charge Model” on page 1-340. Two additional parameters appear to let you
define the gate-drain charge function.

Gate-drain oxide capacitance
The gate-drain capacitance when the device is on and the drain-gate voltage is small.
This parameter is only visible when you select Gate-drain charge function is
nonlinear for the Charge-voltage linearity parameter. The default value is 200
pF.

Drain-gate voltage at which oxide capacitance becomes active

The drain-gate voltage at which the drain-gate capacitance switches between off-
state (Cgp) and on-state (C,y) capacitance values. This parameter is only visible
when you select Gate-drain charge function is nonlinear for the Charge-
voltage linearity parameter. The default valueis -0.5V.

Temperature Dependence Tab

Parameterization

Select one of the following methods for temperature dependence parameterization:

+ None — Simulate at parameter measurement temperature —
Temperature dependence is not modeled. This is the default method.

* Model temperature dependence — Model temperature-dependent effects.
Provide a value for simulation temperature, T, a value for BEX, and a value
for the measurement temperature 7T,,; (using the Measurement temperature
parameter on the Main tab). You also have to provide a value for a using one of
two methods, depending on the value of the Parameterization parameter on the
Main tab. If you parameterize the block from a datasheet, you have to provide
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Rps(on) at a second measurement temperature, and the block will calculate a
based on that. If you parameterize by specifying equation parameters, you have to
provide the value for a directly.

Drain-source on resistance, R_DS(on), at second measurement temperature

The ratio of the drain-source voltage to the drain current for specified values of
drain current and gate-source voltage at second measurement temperature. This
parameter is only visible when you select Specify from a datasheet for the
Parameterization parameter on the Main tab. It must be quoted for the same
working point (drain current and gate-source voltage) as the Drain-source on
resistance, R_DS(on) parameter on the Main tab. The default value is 0.25 Q.

Second measurement temperature

Second temperature T,,5 at which Drain-source on resistance, R_DS(on),

at second measurement temperature is measured. This parameter is only
visible when you select Specify from a datasheet for the Parameterization
parameter on the Main tab. The default value is 125 C.

Gate threshold voltage temperature coefficient, dVth/dT

The rate of change of gate threshold voltage with temperature. This parameter is
only visible when you select Specify using equation parameters directly
for the Parameterization parameter on the Main tab. The default value is 2 mV/K.

Mobility temperature exponent, BEX

Mobility temperature coefficient value. You can use the default value for most
MOSFETSs. See the “Basic Assumptions and Limitations” on page 1-343 section for
additional considerations. The default value is -1.5.

Device simulation temperature

Temperature T, at which the device is simulated. The default value is 25 C.

Ports

The block has the following ports:

G

Electrical conserving port associated with the transistor gate terminal

Electrical conserving port associated with the transistor drain terminal



P-Channel MOSFET

Electrical conserving port associated with the transistor source terminal

References

[1] H. Shichman and D. A. Hodges. “Modeling and simulation of insulated-gate field-
effect transistor switching circuits.” IEEE J. Solid State Circuits, SC-3, 1968.

See Also
N-Channel MOSFET
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PCCCS

Model polynomial current-controlled current source

Library

SPICE-Compatible Components/Sources

Description ———

The PCCCS (Polynomial Current-Controlled Current Source) block represents a current
source whose output current value is a polynomial function of the current through

the input ports. The following equations describe the current through the source as a
function of time:

+ If you specify an n-element vector of polynomial coefficients for the Polynomial
coefficients parameter:

I, =pO)+p)*I, +..+pn-D*I%L 4 p(n)* 7

+ If you specify a scalar coefficient for the Polynomial coefficients parameter:
I out = P *1 in
where:

* I, is the current through the input ports.

+ pisthe Polynomial coefficients parameter value.

The block uses a small conductance internally to prevent numerical simulation issues.
The conductance connects the output ports of the device and has a conductance GMIN:

+ By default, GMIN matches the Minimum conductance GMIN parameter of the
SPICE Environment Parameters block, whose default value is 1e—12.



PCCCS

* To change GMIN, add a SPICE Environment Parameters block to your model and set
the Minimum conductance GMIN parameter to the desired value.

Dialog Box and Parameters

[Z]Block Parameters: PCCCS x|

—PCCCS

The Polynomial Current-Controlled Current Source {PCCCS) block generates a current
waveform, Tout, by evaluating a polynomial Function For a single controlling inpuk
current, Tin, Tin is the time-dependent current Flowing through the input kerminals,

If ywou specify a vector of polynomial coefficients, p, in ascending order, the output is;

Tout = pi0) + pC1*Tin + ... + pin-D*Tin{n-1) + pind*Tin™n

If wou specify a scalar coefficient, p, the block creates a linearly dependent output
current,

Tout =p * Iin

—Parameters

Palynomial coefficients: I[ 01]

’TI Cancel """""" H elp """""" Apply

Polynomial coefficients

The polynomial coefficients that relate the input current to the output current, as
described in the preceding section. The default valueis [ 0 1 ].

Ports

The block has the following ports:

+

Positive electrical input voltage.
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Negative electrical input voltage.
N+

Positive electrical output voltage.
N-

Negative electrical output voltage.

See Also

, PCCCS2PCCVS, PVCCS, and PVCVS
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PCCCS2

Model polynomial current-controlled current source with two controlling inputs

Library

SPICE-Compatible Components/Sources

S &

The PCCCS2 (Two-Input Polynomial Current-Controlled Current Source) block
represents a current source whose output current value is a polynomial function of the
currents through the pairs of controlling input ports. The following equations describes
the current through the source as a function of time:

Description

2 2
L,=p+p, L, +ps* L, +p, L+ psh * 1, + pe 15, +...

inl

where:

I,; 1s the current across the first pair of input ports.
I;,5 1s the current across the second pair of input ports.
+ pisthe Polynomial coefficients parameter value.

The block uses a small conductance internally to prevent numerical simulation issues.
The conductance connects the output ports of the device and has a conductance GMIN:

* By default, GMIN matches the Minimum conductance GMIN parameter of the
SPICE Environment Parameters block, whose default value is 1e—12.

* To change GMIN, add a SPICE Environment Parameters block to your model and set
the Minimum conductance GMIN parameter to the desired value.
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Dialog Box and Parameters

) Block Parameters: PCCCS2 x|

—PCCCS2

The Polynomial Current-Controlled Current Source (PCCCS2) block generates a current waveform, Iout, by evaluating a
polynomial function for two controlling input currents, Iinl and Iin2. Tlinl and Iin2 are the time-dependent currents flowing
through the input terminals. If you specify a vector of polynomial coefficients, p, in ascending order, the outputis: Tout =
p(1) +p(2*Tin1 + p(3)*Tin2 + p(4)*Tin1~2 + p(5)*Tin1*Tin2 + p(6)*Tin2"2 +...

—Parameters

Polynomial coeffidents: I[ 011]

Apply

Polynomial coefficients

The polynomial coefficients that relate the input current to the output current, as
described in the preceding section. The default valueis [ 0 1 1 ].

Ports

The block has the following ports:

+1

Positive electrical input voltage of first controlling source.
-1

Negative electrical input voltage of first controlling source.
+2

Positive electrical input voltage of second controlling source.
-2

Negative electrical input voltage of second controlling source.
N+

Positive electrical output voltage.

Negative electrical output voltage.
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See Also

PCCCS, PCCVS2, PVCCS2, and PVCVS2
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PCCVS

Model polynomial current-controlled voltage source

Library

SPICE-Compatible Components/Sources

Description — =

The PCCVS (Polynomial Current-Controlled Voltage Source) block represents a voltage
source whose output voltage value is a polynomial function of the current through the
input ports. The following equations describe the voltage across the source as a function
of time:

+ If you specify an n-element vector of polynomial coefficients for the Polynomial
coefficients parameter:

V0= pO)+ p)* I, +..+ pln—D* I 4+ p()* 17,

+ If you specify a scalar coefficient for the Polynomial coefficients parameter:

Vout = p*Iin

where:

+ I, 1s the current through the input ports.

* pisthe Polynomial coefficients parameter value.
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Dialog Box and Parameters

[Z]Block Parameters: PCCYS x|

—PCCVS

The Polynomial Current-Controlled woltage Source (PCCWS) block generates a volkage
waveform, Youk, by evaluating a polvnomial function for a single contralling input
current, Tin, Tin is the time-dependent current Flowing through the input kerminals,

If ywou specify a vector of polynomial coefficients, p, in ascending order, the output is;

Wouk = pl0) + pi10*Iin + ... + pin-13*In~(n-17 + pind*Tin™n

If wou specify a scalar coefficient, p, the block creates a linearly dependent output
volbage,

Wouk = p * Iin

—Parameters

Palynomial coefficients: I[ 01]

oK I Cancel

Apply

Polynomial coefficients

The polynomial coefficients that relate the input current to the output voltage, as
described in the preceding section. The default valueis [ 0 1 ].

Ports

The block has the following ports:

+

Positive electrical input voltage.
Negative electrical input voltage.

N+

Positive electrical output voltage.
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N-

Negative electrical output voltage.

See Also

PCCCS, PCCVS2, PVCCS, and PVCVS
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PCCVS2

Model polynomial current-controlled voltage source with two controlling inputs

Library

SPICE-Compatible Components/Sources

5 &

The PCCVS2 (Two-Input Polynomial Current-Controlled Voltage Source) block
represents a voltage source whose output voltage value is a polynomial function of the
currents through the pairs of controlling input ports. The following equations describes
the voltage across the source as a function of time:

Description

Ve =D+ P, L+ ps *]in2+p4>x<]? +p51in1*1in2+p6*11312+"'

inl

where:

+ I;,;1s the current across the first pair of input ports.
I;,5 1s the current across the second pair of input ports.
+ pisthe Polynomial coefficients parameter value.

The block uses a small conductance internally to prevent numerical simulation issues.
The conductance connects the output ports of the device and has a conductance GMIN:

* By default, GMIN matches the Minimum conductance GMIN parameter of the
SPICE Environment Parameters block, whose default value is 1e—12.

* To change GMIN, add a SPICE Environment Parameters block to your model and set
the Minimum conductance GMIN parameter to the desired value.
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Dialog Box and Parameters

) Block Parameters: PCOVS2 x|

—PCCV52

The Polynomial Current-Controlled Voltage Source (PCCVS2) block generates a voltage waveform, Vout, by evaluating a
polynomial function for two controlling input currents, Iinl and Iin2. Tlin1 and Iin2 are the time-dependent currents flowing
through the input terminals. If you specify a vector of polynomial coefficients, p, in ascending order, the output is: Vout =
p(1) +p(2*Tin1 + p(3)*Tin2 + p(4)*Tin1~2 + p(5)*Tin1*Tin2 + p(6)*Tin2"2 +...

—Parameters

Polynomial coeffidents: I[ 011]

Apply

Polynomial coefficients

The polynomial coefficients that relate the input current to the output voltage, as
described in the preceding section. The default valueis [ 0 1 1 ].

Ports

The block has the following ports:

+1

Positive electrical input voltage of first controlling source.
-1

Negative electrical input voltage of first controlling source.
+2

Positive electrical input voltage of second controlling source.
Negative electrical input voltage of second controlling source.
Positive electrical output voltage.

Negative electrical output voltage.
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See Also

PCCCS2, PCCVS, PVCCS2, and PVCVS2
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Photodiode

Model photodiode as parallel controlled current source and exponential diode

Library

Sensors

g I:f’zl

Description

The Photodiode block represents a photodiode as a controlled current source and an
exponential diode connected in parallel. The controlled current source produces a current
I, that is proportional to the radiant flux density:

I, = DeviceSensitivity - RadiantFluxDensity

where:

+ DeviceSensitivity is the ratio of the current produced to the incident radiant flux
density.

+ If you select Specify measured current for given flux density for the
Sensitivity parameterization parameter, the block calculates this variable by
converting the Measured current parameter value to units of amps and dividing
it by the Flux density parameter values.

+ If you select Specify current per unit Flux density for the Sensitivity
parameterization parameter, this variable is defined by the Device sensitivity
parameter value.

*  RadiantFluxDensity is the incident radiant flux density.

To model dynamic response time, use the Junction capacitance parameter to include
the diode junction capacitance in the model.

The exponential diode model provides the following relationship between the diode
current I and the diode voltage V-



Photodiode

where:

* g is the elementary charge on an electron (1.602176e—19 Coulombs).

* kis the Boltzmann constant (1.3806503e—23 J/K).

* N is the emission coefficient.

+ IS is the saturation current, which is equal to the Dark current parameter value.

*  Tn1s the temperature at which the diode parameters are specified, as defined by the
Measurement temperature parameter value.

qV
When (¢V/ NkTy:) > 80, the block replaces ¢NtT.: with (qV/ NkTwm: — 79)e™®, which
matches the gradient of the diode current at (qV/ NkTy1) = 80 and extrapolates linearly.
qV
When (¢V/ NkTy:) <79, the block replaces ¢NkT.: with (qV/ NETwm: + 80)e ", which
also matches the gradient and extrapolates linearly. Typical electrical circuits do

not reach these extreme values. The block provides this linear extrapolation to help
convergence when solving for the constraints during simulation.

When you select Use dark current and N for the Diode parameterization
parameter, you specify the diode in terms of the Dark current and Emission
coefficient N parameters. When you select Use dark current plus a forward
bias I-V data point for the Diode parameterization parameter, you specify the
Dark current parameter and a voltage and current measurement point on the diode I-V
curve. The block calculates N from these values as follows:

N =V, /(V.log(, | IS +1))

where:

* Vgis the Forward voltage VF parameter value.
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* Vi=kTwm/q.

+ Ipis the Current IF at forward voltage VF parameter value.

The exponential diode model provides the option to include a junction capacitance:

* When you select Fixed or zero junction capacitance for the Junction
capacitance parameter, the capacitance is fixed.

* When you select Use parameters CJO, VJ, M & FC for the Junction
capacitance parameter, the block uses the coefficients CJO, VJ, M, and FC to
calculate a junction capacitance that depends on the junction voltage.

*  When you select Use C-V curve data points for the Junction capacitance
parameter, the block uses three capacitance values on the C-V capacitance curve
to estimate CJO, VoJ, and M and uses these values with the specified value of FC

to calculate a junction capacitance that depends on the junction voltage. The block
calculates CJO, VJ, and M as follows:

CJ0= Cl ((VRz _Vm)/ (VRZ _VRI (Cz /Cl)_l/M ))M
VJ = _(_VRz (C1 / Cz )_I/M +VR1) /(1_ (C1 /Cz)_l/M)
M =1log(C, /C,)/1og(Vy, [Vgs)

where:

* Vg1, Vg, and Vps are the values in the Reverse bias voltages [VR1 VR2 VR3]
vector.

+ (Cy, Cy, and C; are the values in the Corresponding capacitances [C1 C2 C3]
vector.

It is not possible to estimate FC reliably from tabulated data, so you must specify its
value using the Capacitance coefficient FC parameter. In the absence of suitable
data for this parameter, use a typical value of 0.5.

The reverse bias voltages (defined as positive values) should satisfy Vzs > Vi > Vi,
This means that the capacitances should satisfy C; > Cy > C; as reverse bias widens
the depletion region and hence reduces capacitance. Violating these inequalities
results in an error. Voltages Vg, and Vg3 should be well away from the Junction
potential VJ. Voltage Vz; should be less than the Junction potential VJ, with a typical
value for Vz; being 0.1 V.
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The voltage-dependent junction is defined in terms of the capacitor charge storage @) as:

* For V< FC-VJ:

o =CJO-(VI /(M =1))-((1=V /V])™ 1)

* For V>=FC-VdJ.

Qj =CJO-F,+(CJO/F,)-(F,-(V-FC -V])+O.5(M/V])-(Vz—(FC-VJ)Z))
where:
FE=VI/1-M))-1-(1-FC)™))

F,=(1-FC)""))

F,=1-FC-(1+M)

These equations are the same as used in [2], except that the temperature dependence of
VoJ and FC is not modeled. This model does not include the diffusion capacitance term
that affects performance for high frequency switching applications.

The Photodiode block contains several options for modeling the dependence of the

diode current-voltage relationship on the temperature during simulation. Temperature
dependence of the junction capacitance is not modeled, this being a much smaller effect.
For details, see the Diode reference page.

Thermal Port

The block has an optional thermal port, hidden by default. To expose the thermal port,
right-click the block in your model, and then from the context menu select Simscape >
Block choices > Show thermal port. This action displays the thermal port H on the
block icon, and adds the Thermal Port tab to the block dialog box.

Use the thermal port to simulate the effects of generated heat and device temperature.
For more information on using thermal ports and on the Thermal Port tab parameters,
see “Simulating Thermal Effects in Semiconductors”.
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Basic Assumptions and Limitations
The Photodiode block has the following limitations:

* When you select Use dark current plus a forward bias I-V curve data
point for the Diode parameterization parameter, choose a voltage near the diode
turn-on voltage. Typically this will be in the range from 0.05 to 1 Volt. Using a value
outside of this region may lead to a poor estimate for .

* You may need to use nonzero ohmic resistance and junction capacitance values to
prevent numerical simulation issues, but the simulation may run faster with these
values set to zero.

Dialog Box and Parameters

Block Parameters: Photodiode @
Photodiode

This block represents a photodiode. Structurally it consists of a controlled current source and an exponential diode
connected in parallel. The controlled current source produces a current Ip that is proportional to the Radiant flux
density presented at the physical signal port D:

Ip = Device sensitivity * Radiant flux density

In order to model dynamic response time, the diede junction capacitance can be set to a suitable value.

Parameters

Main | Ohmic Resistance | Junction Capacitance | Temperature Dependence |

Sensitivity parameterization: |Specify measured current for given flux density -
Measured current: 25 uA -
Flux density: 5 Wwim~2 -
Diode parameterization: Use dark current plus a forward bias IV data point -
Current IF at forward voltage VF: 0.1 A -
Forward voltage VF: 1.3 v -
Dark current: 5e-9 A -
Measurement temperature: 25 C -

0K ] | Cancel | | Help Apply

+ “Main Tab” on page 1-369



Photodiode

* “Ohmic Resistance Tab” on page 1-370
+ “Junction Capacitance Tab” on page 1-370
* “Temperature Dependence Tab” on page 1-371

Main Tab

Sensitivity parameterization
Select one of the following methods for sensitivity parameterization:

+ Specify measured current for given flux density — Specify the
measured current and the corresponding flux density. This is the default method.

+ Specify current per unit flux density — Specify the device sensitivity
directly.

Measured current
The current the block uses to calculate the device sensitivity. This parameter is only
visible when you select Specify measured current for given flux density
for the Sensitivity parameterization parameter. The default value is 25 pA.

Flux density

The flux density the block uses to calculate the device sensitivity. This parameter
1s only visible when you select Specify measured current for given flux
density for the Sensitivity parameterization parameter. The default value is 5

W/m?®,
Device sensitivity

The current per unit flux density. This parameter is only visible when you
select Specify current per unit flux density for the Sensitivity

parameterization parameter. The default value is 56-06 m**A/W.
Diode parameterization
Select one of the following methods for diode model parameterization:
+ Use dark current plus a forward bias I-V data point — Specify the
dark current and a point on the diode I-V curve. This is the default method.
+ Use dark current and N — Specify dark current and emission coefficient.

Current IF at forward voltage VF

The current at the forward-biased point on the diode I-V curve that the block
uses to calculate IS and N. This parameter is only visible when you select Use
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dark current plus a forward bias 1-V data point for the Diode
parameterization parameter. The default valueis 0.1 A.

Forward voltage VF

The corresponding voltage at the forward-biased point on the diode I-V curve that
the block uses to calculate IS and N. This parameter is only visible when you select
and Use dark current plus a forward bias 1-V data point for the Diode
parameterization parameter. The default valueis 1.3 V.

Dark current

The current through the diode when it is not exposed to light. The default value is
5e-9 A.

Measurement temperature

The temperature at which the I-V curve or dark current was measured. The default
value is 25 °C.

Emission coefficient N

The diode emission coefficient or ideality factor. This parameter is only visible when
you select Use dark current and N for the Diode parameterization parameter.
The default value is 3.

Ohmic Resistance Tab

Ohmic resistance RS

The series diode connection resistance. The default value is 0.1 Q.

Junction Capacitance Tab

Junction capacitance
Select one of the following options for modeling the junction capacitance:
* Fixed or zero junction capacitance — Model the junction capacitance as
a fixed value.

+ Use C-V curve data points — Specify measured data at three points on the
diode C-V curve.

+ Use parameters CJO, VJ, M & FC — Specify zero-bias junction capacitance,
junction potential, grading coefficient, and forward-bias depletion capacitance
coefficient.
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Zero-bias junction capacitance CJ0

The value of the capacitance placed in parallel with the exponential diode term.
This parameter is only visible when you select Fixed or zero junction
capacitance or Use parameters CJO, VJ, M & FC for the Junction
capacitance parameter. The default value is 60 pF. When you select Fixed or
zero junction capacitance for the Junction capacitance parameter, a value
of zero omits junction capacitance.

Reverse bias voltages [VR1 VR2 VR3]

A vector of the reverse bias voltage values at the three points on the diode C-V
curve that the block uses to calculate CJ0, VeJ, and M. This parameter is only visible
when you select Use C-V curve data points for the Junction capacitance
parameter. The default valueis [ 0.1 10 100 ] V.

Corresponding capacitances [C1 C2 C3]

A vector of the capacitance values at the three points on the diode C-V curve that
the block uses to calculate CJ0, VJ, and M. This parameter is only visible when you
select Use C-V curve data points for the Junction capacitance parameter.
The default valueis [ 45 30 6 ] pF.

Junction potential VJ

The junction potential. This parameter is only visible when you select Use
parameters CJO, VJ, M & FC for the Junction capacitance parameter. The
default valuei1s 1 V.

Grading coefficient M

The grading coefficient. This parameter is only visible when you select Use
parameters CJO, VJ, M & FC for the Junction capacitance parameter. The
default value is 0.5.

Capacitance coefficient FC

Fitting coefficient that quantifies the decrease of the depletion capacitance with
applied voltage. This parameter is only visible when you select Use C-V curve
data pointsor Use parameters CJO, VJ, M & FC for the Junction
capacitance parameter. The default value is 0.5.

Temperature Dependence Tab

Parameterization

Select one of the following methods for temperature dependence parameterization:
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- None — Simulate at parameter measurement temperature —
Temperature dependence is not modeled, or the model is simulated at the
measurement temperature Ty, (as specified by the Measurement temperature
parameter on the Main tab). This is the default method.

+ Use an I-V data point at second measurement temperature T2 —If
you select this option, you specify a second measurement temperature Ty, and
the current and voltage values at this temperature. The model uses these values,
along with the parameter values at the first measurement temperature 7,1, to
calculate the energy gap value.

+ Specify saturation current at second measurement temperature T2
— If you select this option, you specify a second measurement temperature T},
and saturation current value at this temperature. The model uses these values,
along with the parameter values at the first measurement temperature T},;, to
calculate the energy gap value.

+ Specify the energy gap EG — Specify the energy gap value directly.

Current I1 at second measurement temperature

Specify the diode current I1 value when the voltage is VI at the second measurement
temperature. This parameter is only visible when you select Use an 1-V data
point at second measurement temperature T2 for the Parameterization
parameter. The default value is 0.07 A.

Voltage V1 at second measurement temperature

Specify the diode voltage VI value when the current is I1 at the second measurement
temperature. This parameter is only visible when you select Use an 1-V data
point at second measurement temperature T2 for the Parameterization
parameter. The default valueis 1.3 V.

Saturation current, IS, at second measurement temperature

Specify the saturation current IS value at the second measurement temperature.
This parameter is only visible when you select Specify saturation current at
second measurement temperature T2 for the Parameterization parameter.
The default value is 2.5e-7 A.

Second measurement temperature

Specify the value for the second measurement temperature. This parameter is

only visible when you select either Use an I-V data point at second
measurement temperature T2 or Specify saturation current at second
measurement temperature T2 for the Parameterization parameter. The default
value is 125 C.
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Energy gap parameterization

This parameter is only visible when you select Specify the energy gap EG for
the Parameterization parameter. It lets you select a value for the energy gap from
a list of predetermined options, or specify a custom value:

+ Use
* Use
+ Use
* Use
+ Use
* Use
+ Use

nominal
nominal
nominal
nominal
nominal
nominal
nominal

value
value
value
value
value
value
value

for silicon (EG=1.11eV) — This is the default.
for 4H-SiC silicon carbide (EG=3.23eV)
for 6H-SiIC silicon carbide (EG=3.00eV)
for germanium (EG=0.67eV)

for gallium arsenide (EG=1.43eV)

for selenium (EG=1.74eV)

for Schottky barrier diodes (EG=0.69eV)

+ Specify a custom value — If you select this option, the Energy gap, EG
parameter appears in the dialog box, to let you specify a custom value for EG.

Energy gap, EG

Specify a custom value for the energy gap, EG. This parameter is only visible when
you select Specify a custom value for the Energy gap parameterization
parameter. The default valueis 1.11 eV.

Saturation current temperature exponent parameterization

Select one of the following options to specify the saturation current temperature
exponent value:

* Use nominal value for pn-junction diode (XT1=3) — This is the
default.

* Use nominal value for Schottky barrier diode (XTI=2)

+ Specify a custom value — If you select this option, the Saturation current
temperature exponent, XTI parameter appears in the dialog box, to let you
specify a custom value for X7T1T.

Saturation current temperature exponent, XTI

Specify a custom value for the saturation current temperature exponent, X7T1.
This parameter is only visible when you select Specify a custom value for the
Saturation current temperature exponent parameterization parameter. The

default value is 3.

Device simulation temperature
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Specify the value for the temperature T, at which the device is to be simulated. The
default value is 25 C.

Ports

The block has the following ports:

D
Physical port representing incident flux
+
Electrical conserving port associated with the diode positive terminal
Electrical conserving port associated with the diode negative terminal
References

[1] MH. Ahmed and P.d. Spreadbury. Analogue and digital electronics for engineers. 2nd
Edition, Cambridge University Press, 1984.

[2] G. Massobrio and P. Antognetti. Semiconductor Device Modeling with SPICE. 2nd
Edition, McGraw-Hill, 1993.

See Also
Diode | Light-Emitting Diode | Optocoupler
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Piezo Linear Motor

Model force-speed characteristics of linear piezoelectric traveling wave motor

Library

Translational Actuators

vy
ir—*
A
A

Description

The Piezo Linear Motor block represents the force-speed characteristics of a linear
piezoelectric traveling wave motor. The block represents the force-speed relationship of
the motor at a level that is suitable for system-level modeling. To simulate the motor, the
block uses the following models:

+ “Mass and Friction Model for Unpowered Motor” on page 1-375

+ “Resonant Circuit Model for Powered Motor” on page 1-376

Mass and Friction Model for Unpowered Motor

The motor is unpowered when the physical signal input v is zero. This corresponds to
applying zero RMS volts to the motor. In this scenario, the block models the motor using
the following elements:

*  An mass whose value is the Plunger mass parameter value.

+ A friction whose characteristics you specify using the parameter values in the Motor-
Off Friction tab.

The block uses a Simscape Translational Friction block to model the friction
component. For detailed information about the friction model, see the
Translational Friction block reference page.
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Resonant Circuit Model for Powered Motor

When the motor is active, Piezo Linear Motor block represents the motor characteristics
using the following equivalent circuit model.
— M }—{

Talh
@ 1(jeC)

In the preceding figure:

+ The AC voltage source represents the block's physical signal input of frequency f and
magnitude v.

* The resistor R provides the main electrical and mechanical damping term.

* The inductor L represents the rotor vibration inertia.

* The capacitor C represents the piezo crystal stiffness.

* The capacitor C, represents the phase capacitance. This is the electrical capacitance
associated with each of the two motor phases.

* The force constant ks relates the RMS current i to the resulting mechanical force.

The quadratic mechanical damping term, 52 , shapes the force-speed curve
predominantly at speeds close to maximum RPM. x is the linear speed.

The term Mx represents the plunger inertia.

At model initialization, the block calculates the model parameters R, L, C, k, and A to
ensure that the steady-state force-speed curve matches the values for the following user-
specified parameters:
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* Rated force

* Rated speed

* No-load maximum speed
+ Maximum (stall) force

These parameter values are defined for the Rated RMS voltage and Motor natural
frequency (or rated frequency) parameter values.

The quadratic mechanical damping term produces a quadratic force-speed curve.
Piezoelectric motors force-speed curves can typically be approximated more accurately
using a quadratic function than a linear one because the force-speed gradient becomes
steeper as the motor approaches the maximum speed.

If the plunger mass M is not specified on the datasheet, you can select a value that
provides a good match to the quoted response time. The response time is often defined as
the time for the rotor to reach maximum speed when starting from rest, under no-load
conditions.

The quality factor that you specify using the Resonance quality factor parameter
relates to the equivalent circuit model parameters as follows:

This term is not usually provided on a datasheet. You can calculate its value by matching
the sensitivity of force to driving frequency.

To reverse the motor direction of operation, make the physical signal input v negative.

Basic Assumptions and Limitations

The block has the following limitations:

*  When the motor is powered, the model is valid only between zero and maximum
speed, for the following reasons:

Datasheets do not provide information for operation outside of normal range.

Piezoelectric motors are not designed to operate in the powered braking and
generating regions.
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The block behaves as follows outside the valid operating region:

+  Below zero speed, the model maintains a constant force with a zero speed value.
The zero speed value is the Maximum (stall) force parameter value if the RMS
input voltage equals the Rated RMS voltage parameter value, and the frequency
input equals the Motor natural frequency parameter value.

+  Above maximum speed, the model produces the negative force predicted by the
equivalent circuit model, but limits the absolute value of the force to the zero-
speed maximum force.

+ The force-speed characteristics are most representative when operating the model
close to the rated voltage and resonant frequency.

Dialog Box and

Parameters

Block Parameters: Piezo Linear Motor

Fiezo Linear Motor

Parameters

For positive v, the block produces a positive force acting from the mechanical C to R ports.

Electrical Force Mechanical

Mator-Off Friction

This block provides a simple representation of the force-speed characteristics of a linear piezoelectric or ultrasonic
motor. Physical signal inputs are driving frequency f (Hz) and RMS voltage v (Volts). The driving frequency should
normally be set to the motor natural frequency, and the RMS voltage set to the Rated RMS voltage. If the voltage v
is zero, then the Foundation Library Translational Friction component is used internally to model the holding force
behavior. The direction of operation is reversed by providing a negative value for v.

==l

Mator natural frequency: 92 kHz -
Rated RMS voltage: 5.7 v -
Rated force: 0.1 N -
Rated speed: 50 mm/s -
No-load maximum speed: 150 mm/s -
Maximum (stall) force: 0.15 N -
Resonance quality factor: 100

Capacitance per phase: 5 nF -

0K ] | Cancel | | Help Apply

1-378



Piezo Linear Motor

+  “Electrical Force Tab” on page 1-379
* “Mechanical Tab” on page 1-380
+ “Motor-Off Friction Tab” on page 1-380

Electrical Force Tab

Motor natural frequency
Frequency at which the piezoelectric crystal naturally resonates. For most
applications, set the input signal at port F to this frequency. To slow down the motor,
for example in a closed-loop speed control, use a frequency slightly less than the
motor natural frequency. The default value is 92 kHz.

Rated RMS voltage
Voltage at which the motor is designed to operate. The default valueis 5.7 V.

Rated force
Force the motor delivers at the rated RMS voltage. The default value is 0.1 N.

Rated speed
Motor speed when the motor drives a load at the rated force. The default value is 50
mm/s.

No-load maximum speed
Motor speed when driving no load and powered at the rated voltage and driving
frequency. The default value is 150 mm/s.

Maximum (stall) force

Maximum force the motor delivers when actively driving a load and powered at the
rated voltage and frequency. The default value is 0.15 N.

Note: The Holding force parameter value, the load force the motor holds when
stationary, may be greater than the Maximum (stall) force parameter value.

Resonance quality factor

Quality factor @ that specifies how force varies as a function of driving frequency.
Increasing the quality factor results in a much more rapid decrease in force as
driving frequency is moved away from the natural frequency. The default value is
100.

Capacitance per phase
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Electrical capacitance associated with each of the two motor phases. The default
value is 5 nF.

Mechanical Tab

Plunger mass
Mass of the moving part of the motor. The default value 1s 0.3 g.
Initial rotor speed

Rotor speed at the start of the simulation. The default value is 0 mm/s.

Motor-Off Friction Tab
Holding force

The sum of the Coulomb and the static frictions. It must be greater than or equal to
the Coulomb friction force parameter value. The default value is 0.3 N.

Coulomb friction force

The friction that opposes rotation with a constant force at any velocity. The default
value is 0.15 N.

Viscous friction coefficient

Proportionality coefficient between the friction force and the relative velocity. The
parameter value must be greater than or equal to zero. The default value is 1e-05
s*N/mm.

Transition approximation coefficient
The parameter sets the coefficient value that is used to approximate the transition
between the static and the Coulomb frictions. For detailed information about the
coefficient, c,, see the Simscape Translational Friction block reference page.
The default value is 0.1 s/mm.

Linear region velocity threshold

The parameter sets the small vicinity near zero velocity, within which friction

force is considered to be linearly proportional to the relative velocity. MathWorks
recommends that you use values between 1e-6 and 1e-4 mm/s. The default value is
0.1 mm/s.

Ports

The block has the following ports:
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f
Physical signal input value specifying the motor driving frequency in Hz.
v
Physical signal input magnitude specifying the RMS supply voltage, and sign
specifying the direction of rotation. If v is positive, then a positive force acts from port
C to port R.
i
Physical signal output value that is the RMS phase current.
vel
Physical signal output value that is the linear speed of the rotor.
C
Mechanical translational conserving port.
R

Mechanical translational conserving port.
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Piezo Rotary Motor

Model torque-speed characteristics of rotary piezoelectric traveling wave motor

Library

Rotational Actuators

Fo

<Ji %ttq
'CC]'-vn@ W

Description

The Piezo Rotary Motor block represents the torque-speed characteristics of a
piezoelectric traveling wave motor. The block represents the torque-speed relationship of
the motor at a level that is suitable for system-level modeling. To simulate the motor, the
block uses the following models:

*  “Inertia and Friction Model for Unpowered Motor” on page 1-382

+ “Resonant Circuit Model for Powered Motor” on page 1-383

Inertia and Friction Model for Unpowered Motor

The motor is unpowered when the physical signal input v is zero. This corresponds to
applying zero RMS volts to the motor. In this scenario, the block models the motor using
the following elements:

* An inertia whose value is the Rotor inertia parameter value.

+ A friction whose characteristics are determined by the parameter values in the
Motor-Off Friction tab.

The block uses a Simscape Rotational Friction block to model the friction component.

For detailed information about the friction model, see the Rotational Friction
block reference page.
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Resonant Circuit Model for Powered Motor

When the motor is active, Piezo Rotary Motor block represents the motor characteristics
using the following equivalent circuit model.
o

v, 20 B 1/(jeC,)
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In the preceding figure:

* The AC voltage source represents the block's physical signal input of frequency f and
magnitude v.

* The resistor R provides the main electrical and mechanical damping term.

* The inductor L represents the rotor vibration inertia.

* The capacitor C represents the piezo crystal stiffness.

* The capacitor C, represents the phase capacitance. This is the electrical capacitance
associated with each of the two motor phases.

+ The torque constant &, relates the RMS current i to the resulting mechanical torque.

The quadratic mechanical damping term, Aw,,”, shapes the torque-speed curve
predominantly at speeds close to maximum RPM. w,, is the mechanical rotational
speed.

The term J®,, represents the rotor inertia.
At model initialization, the block calculates the model parameters R, L, C, k; and A to

ensure that the steady-state torque-speed curve matches the values of the following user-
specified parameter values:
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*+ Rated torque

* Rated rotational speed

* No-load maximum rotational speed
* Maximum torque

These parameter values are defined for the Rated RMS voltage and Motor natural
frequency (or rated frequency) parameter values.

The quadratic mechanical damping term produces a quadratic torque-speed curve.
Piezoelectric motors torque-speed curves can typically be approximated more accura