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Modeling Simple Systems

SimPowerSystems operates in the Simulink® environment. Therefore, before starting this user’s
guide, you should be familiar with Simulink. For help with Simulink, see the Using Simulink
documentation.

To master SimPowerSystems, you must learn how to model and simulate electrical circuits. This
chapter is organized into four tutorials, all based on a simple power system, that demonstrate basic
circuit modeling, analysis, and simulation.

What Is SimPowerSystems? (p. 1-2) Use SimPowerSystems simulation with other MathWorks
products to design electrical power systems

Using This Guide (p. 1-4) Understand the expected background of users and how to
most effectively use this guide

Building and Simulating a Simple Build a simple circuit with SimPowerSystems blocks and

Circuit (p. 1-5) connect it to other Simulink blocks

Analyzing a Simple Circuit (p. 1-16) Use the Powergui block and analyze static and
frequency-domain response

Simulating Transients (p. 1-29) Create an electrical subsystem, simulate transients, and
discretize simple circuits

Introducing the Phasor Simulation Use the phasor method to analyze magnitudes and
Method (p. 1-35) phases in linear circuits
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SimPowerSystems and SimMechanics of the Physical Modeling product family
work together with Simulink to model electrical, mechanical, and control
systems.

The Role of Simulation in Design

Electrical power systems are combinations of electrical circuits and
electromechanical devices like motors and generators. Engineers working in
this discipline are constantly improving the performance of the systems.
Requirements for drastically increased efficiency have forced power system
designers to use power electronic devices and sophisticated control system
concepts that tax traditional analysis tools and techniques. Further
complicating the analyst’s role is the fact that the system is often so nonlinear
that the only way to understand it is through simulation.

Land-based power generation from hydroelectric, steam, or other devices is not
the only use of power systems. A common attribute of these systems is their use
of power electronics and control systems to achieve their performance
objectives.

SimPowerSystems is a modern design tool that allows scientists and engineers
to rapidly and easily build models that simulate power systems.
SimPowerSystems uses the Simulink environment, allowing you to build a
model using simple click and drag procedures. Not only can you draw the
circuit topology rapidly, but your analysis of the circuit can include its
interactions with mechanical, thermal, control, and other disciplines. This is
possible because all the electrical parts of the simulation interact with the
extensive Simulink modeling library. Since Simulink uses MATLAB® as its
computational engine, designers can also use MATLAB toolboxes and
Simulink blocksets. SimPowerSystems and SimMechanics share a special
Physical Modeling block and connection line interface.

SimPowerSystems Libraries

You can rapidly put SimPowerSystems to work. The libraries contain models
of typical power equipment such as transformers, lines, machines, and power
electronics. These models are proven ones coming from textbooks, and their
validity is based on the experience of the Power Systems Testing and
Simulation Laboratory of Hydro-Québec, a large North American utility
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located in Canada, and also on the experience of Ecole de Technologie
supérieure and Université Laval. The capabilities of SimPowerSystems for
modeling a typical electrical system are illustrated in demonstration files. And
for users who want to refresh their knowledge of power system theory, there
are also self-learning case studies.

Required and Related Products

You must have the following products installed to use SimPowerSystems:

e MATLAB 7.0
¢ Simulink 6.0

In addition to SimPowerSystems, the Physical Modeling product family
includes SimMechanics, for modeling and simulating mechanical systems. Use
these products together to model physical systems in Simulink.

There are also a number of closely related toolboxes and other products from
the MathWorks that you can use with SimPowerSystems. For more
information about any of these products, see the MathWorks Web site at
http://www.mathworks.com; see the “Products” section.

1-3
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Using This Guide

14

If You Are a New User

Begin with this chapter and also the next chapter to learn how to

¢ Build and simulate electrical circuits using the powerlib library
¢ Interface an electrical circuit with Simulink blocks
® Analyze the steady-state and frequency response of an electrical circuit

® Discretize your model to increase simulation speed, especially for power
electronic circuits and large power systems

® Use the phasor simulation method

® Build your own nonlinear models

If You Are an Experienced Blockset User
See the Release Notes for details on the latest release.

Also, see these chapters:

e Chapter 1, “Modeling Simple Systems” to learn how to simulate discretized
electrical circuits

e Chapter 2, “Advanced Components and Techniques” to learn how to apply
the phasor simulation to transient stability study of multimachine systems

® Chapter 3, “Improving Simulation Performance” to learn how to increase
simulation speed

All SimPowerSystems Users
For reference information on blocks, simple demos, and GUI-based tools, use
the “SimPowerSystems Block Reference.”

For commands, refer to the “SimPowerSystems Command Reference” for a
synopsis of the command syntax, as well as a complete explanation of options
and operation.

Units

This guide uses the International System of Units (SI) and the per unit (p.u.)
system. See Appendix A, “Technical Conventions” for details.
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Building and Simulating a Simple Circuit

SimPowerSystems allows you to build and simulate electrical circuits
containing linear and nonlinear elements.

In this section you

¢ Explore the powerlib library of SimPowerSystems
¢ Learn how to build a simple circuit from the powerlib library

® Interconnect Simulink blocks with your circuit
The section contains discussion of the following topics:

¢ “Building the Electrical Circuit with powerlib Library” on page 1-6

¢ “Interfacing the Electrical Circuit with Simulink” on page 1-11

® “Measuring Voltages and Currents” on page 1-12

¢ “Basic Principles of Connecting Capacitors and Inductors” on page 1-13

® “Using the Powergui Block to Simulate SimPowerSystems Models” on
page 1-14

The circuit below represents an equivalent power system feeding a 300 km
transmission line. The line is compensated by a shunt inductor at its receiving
end. A circuit breaker allows energizing and de-energizing of the line. To
simplify matters, only one of the three phases is represented. The parameters
shown in the figure are typical of a 735 kV power system.

300 km
N ‘ | | transmission line |

S0 A e e |
200 z 5 _ 8.2;;49”;3(
—&q MM o - 110 Mvars
@ 424.4kV RMS R=1801Q C=134LnFkm o ity factor:300 §
0 degrees L =26.525 mH @
424.4kV
60 Hz -

Figure 1-1: Circuit to Be Modeled with SimPowerSystems
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Building the Electrical Circuit with powerlib Library

The graphical user interface makes use of the Simulink functionality to
interconnect various electrical components. The electrical components are
grouped in a special library called powerlib.

Open the SimPowerSystems library by entering the following command at the
MATLAB prompt.

powerlib

This command displays a Simulink window showing icons of different block
libraries.

E!Lihrary: powetrlib ;Iglll

File Edit WYiew Format Help

D& Rz hEE T

+ 28 ¥ @ &

Electrical Elements Fower Machines Measurements Application
Sources Electronics Libraries

Extras I powver g

SimP onerSystems
Copyright 1997-2004 T E ie Technologies, under subli
from Hydro-Quebec and The Mathinfods, Ine.

Demos

~obsolete blocks ‘

You can open these libraries to produce the windows containing the blocks to
be copied into your circuit. Each component is represented by a special icon
having one or several inputs and outputs corresponding to the different
terminals of the component:

1 From the File menu of the powerlib window, open a new window to contain
your first circuit and save it as circuiti.

2 Open the Electrical Sources library and copy the AC Voltage Source block
into the circuitl window.
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Open the AC Voltage Source dialog box by double-clicking the icon and
enter the Amplitude, Phase, and Frequency parameters according to the
values shown in Figure 1-1.

Note that the amplitude to be specified for a sinusoidal source is its peak
value (424.4e3*sqrt(2) volts in this case).

Change the name of this block from Voltage Source to Vs.

Copy the Parallel RLC Branch block, which can be found in the Elements
library of powerlib, set its parameters as shown in Figure 1-1, and name it
Z_eq.

The resistance Rs_eq of the circuit can be obtained from the Parallel RLC
Branch block. Duplicate the Parallel RLC Branch block, which is already in
your circuitl window, set the R parameter according to Figure 1-1, and set
the L and C parameters respectively to infinity (inf) and zero (0).

Once the dialog box is closed, notice that the L and C components have
disappeared so that the icon now shows a single resistor. The same result
would have been obtained with the Series RLC Branch block by setting L
and C respectively at zero and inf.

Name this block Rs_eq.

Resize the various components and interconnect blocks by dragging lines
from outputs to inputs of appropriate blocks.

+
@Vs
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To complete the circuit of Figure 1-1, you need to add a transmission line and
a shunt reactor. You add the circuit breaker later in “Simulating Transients”
on page 1-29.

The model of a line with uniformly distributed R, L, and C parameters
normally consists of a delay equal to the wave propagation time along the line.
This model cannot be simulated as a linear system because a delay corresponds
to an infinite number of states. However, a good approximation of the line with
a finite number of states can be obtained by cascading several PI circuits, each
representing a small section of the line.

A PI section consists of a series R-L branch and two shunt C branches. The
model accuracy depends on the number of PI sections used for the model. Copy
the PI Section Line block from the Elements library into the circuitl window,
set its parameters as shown in Figure 1-1, and specify one line section.

The shunt reactor is modeled by a resistor in series with an inductor. You could
use a Series RLC Branch block to model the shunt reactor, but then you would
have to manually calculate and set the R and L values from the quality factor
and reactive power specified in Figure 1-1.

Therefore, you might find it more convenient to use a Series RLC Load block
that allows you to specify directly the active and reactive powers absorbed by
the shunt reactor.

Copy the Series RLC Load block, which can be found in the Elements library of
powerlib. Name this block 110 Mvar. Set its parameters as follows:

Vn 424 .4e3 V

fn 60 Hz

P 110e6/300 W (quality factor =300)
QL 110e6 vars

Qc 0

Note that, as no reactive capacitive power is specified, the capacitor disappears
on the block icon when the dialog box is closed. Interconnect the new blocks as
shown.
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B1 B2
s =—=T
Fi Section Line
Fs_=q
Z_eq
@ i 110 Wvar i
L L

You need a Voltage Measurement block to measure the voltage at node B1.
This block is found in the Measurements library of powerlib. Copy it and name
it U1. Connect its positive input to the node B1 and its negative input to a new
Ground block.

To observe the voltage measured by the Voltage Measurement block named
U1, a display system is needed. This can be any device found in the Sinks
library of Simulink.

Open the Sinks library of Simulink and copy the Scope block into your circuitl
window. If the scope were connected directly at the output of the voltage
measurement, it would display the voltage in volts. However, electrical
engineers in power systems are used to working with normalized quantities
(per unit system). The voltage is normalized by dividing the value in volts by a
base voltage corresponding to the peak value of the system nominal voltage. In
this case the scaling factor K is

1
424.4%10% x /2

K =

Copy a Gain block from the Simulink library and set its gain as above. Connect
its output to the Scope block and connect the output of the Voltage
Measurement block to the Gain block. Duplicate this voltage measurement
system at the node B2, as shown below.

1-9
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B1 B2
— e
Fi Section Line
Rs_=q
Z_eq
.
@Vs :: 110 bl ar
1Tl ] J—q Lz
1
valts Soope walts Scope

to pou. to pou.

Building a Model Using Model Construction
Commands

Suppose that you want to add to your circuitl diagram the PI Section Line
block and the U2 block by using the add_block command, and connect the +
terminal of the U2 block to the right end of the PI Section Line block by using
the add_line command. The following code shows you how to do this.

add_block('powerlib/Elements/Pi Section Line','circuit1/PI
Section Line');

add_block('powerlib/Measurements/Voltage Measurement',
‘circuitti/u2');

set_param('circuit1/PI Section

Line', 'position',[340,84,420,106]);
set_param('circuitt1/U2', 'position',[520,183,545,207]);
Block1PortHandles = get_param('circuit1/PI Section
Line','PortHandles');

Block2PortHandles = get_param('circuit1/U2', 'PortHandles');
add_line('circuit1',Block1PortHandles.RConn(1),
Block2PortHandles.LConn(1));

The add_line command is using the RConn and Lconn fields of the
Block1PortHandles and Block2PortHandles structure variables to connect
the blocks together. The RConn field represents the right connectors of the
blocks and the Lconn field represents the left connectors. You then need to

1-10
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specify to the add_line command the indices of the connectors you want to
connect (in the example, the first right connector of the PI Section Line block
to the first left connector of the U2 block).

Interfacing the Electrical Circuit with Simulink

The Voltage Measurement block acts as an interface between the
SimPowerSystems blocks and the Simulink blocks. For the system shown
above, you implemented such an interface from the electrical system to the
Simulink system. The Voltage Measurement block converts the measured
voltages into Simulink signals.

Note that the Current Measurement block from the Measurements library of
powerlib can also be used to convert any measured current into a Simulink
signal.

You can also interface from Simulink blocks to the electrical system. For
example, you can use the Controlled Voltage Source block to inject a voltage in
an electrical circuit, as shown in the following figure.

Y

Initialized
Controlled Waoltage

Controlled Waltage

Source

Step

il
ot =
—|_ ]—ch11
Constant ]
—L

L

r
Souree c ‘l' + o
—|_ Vi
V-\l | .
7 "’ 1
120w BOH= | e L
= L]
Pt | L =
100w 120Hz — Nt h .
Switch Sum ®+ Scope
+
I' w

2=
[

.
L
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Electrical Terminal Ports and Connection Lines SimPowerSystems is
part of the Physical Modeling environment. Its blocks often feature both
normal Simulink input and output ports > and special electrical terminal ports
o:

¢ Lines that connect normal Simulink ports > are directional signal lines.

® Lines that connect terminal ports O are special electrical connection lines.
These lines are nondirectional and can be branched, but you cannot connect
them to Simulink ports > or to normal Simulink signal lines.

® You can connect Simulink ports > only to other Simulink ports and terminal
ports O only to other terminal ports.

¢ Converting Simulink signals to electrical connections or vice versa requires
using a SimPowerSystems block that features both Simulink and terminal
ports.

Some SimPowerSystems blocks feature only one type of port.

Measuring Voltages and Currents

When you measure a current using a Current Measurement block, the positive
direction of current is indicated on the block icon (positive current flowing from
+ terminal to — terminal). Similarly, when you measure a voltage using a
Voltage Measurement block, the measured voltage is the voltage of the +
terminal with respect to the — terminal. However, when voltages and currents
of blocks from the Elements library are measured using the Multimeter block,
the voltage and current polarities are not immediately obvious because blocks
might have been rotated and there are no signs indicating polarities on the
block icons.

Unlike Simulink signal lines and input and output ports, the Physical
Modeling connection lines and terminal ports O of SimPowerSystems lack
intrinsic directionality. The voltage and current polarities are determined, not
by line direction, but instead by block orientation. To find out a block
orientation, first click the block to select it. Then enter the following command.

get_param(gchb, 'Orientation')
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The following table indicates the polarities of the currents and voltages
measured with the Multimeter block for single-phase and three-phase RLC
branch and loads (and of the polarity of the capacitor voltage and the inductor
current), surge arresters, and single-phase and three-phase breakers.

Block Orientation Positive Current Measured Voltage
Direction

right left —> right Vleft — Vright

left right —> left Vright — Vleft

down top —> bottom Vtop — Vbottom

up bottom —> top Vbottom — Vtop

The natural orientation of the blocks (that is, their orientation in the Element
library) is right for horizontal blocks and down for vertical blocks.

For single-phase transformers (linear or saturable), with the winding
connectors appearing on the left and right sides, the winding voltages are the
voltages of the top connector with respect to the bottom connector, irrespective
of the block orientation (right or left). The winding currents are the currents
entering the top connector.

For three-phase transformers, the voltage polarities and positive current
directions are indicated by the signal labels used in the Multimeter block. For
example, Uan_w2 means phase A-to-neutral voltage of the Y connected
winding #2, Iab_w1 means winding current flowing from A to B in the
delta-connected winding #1.

Basic Principles of Connecting Capacitors and
Inductors

You have to pay particular attention when you connect capacitor elements
together with voltage sources, or inductor elements in series with current
sources. When you start the simulation, SimPowerSystems will signal an error
if one of the following two connection errors are present in your diagram:
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1 You have connected a voltage source in parallel with a capacitor, or a series
of capacitor elements in series, like in the two examples below.

Capacitar 2

|
I 1 | l l
z Voltage J{
Waoltage A oR oltage Py
source @ Eapaciter SORICE] Capacitor 1

—

] ] Capacitor 3

=

To fix this problem, you can add a small resistance in series between the
voltage source and the capacitors.

2 You have connected a current source in series with an inductor, or a series
of inductors connected in parallel, like in the example below.

Inductor2

Inductor /WL

Inductord
o
Current T Curent
source a3 @ source

] T L]

To fix this problem, you can add a big resistance in parallel with the inductor
and the capacitors.

Using the Powergui Block to Simulate
SimPowerSystems Models

The Powergui block is necessary to the simulation of any Simulink model
containing SimPowerSystems blocks. It is used to store the equivalent
Simulink circuit that represents the state-space equations of the model.

You must follow these rules when using this block in a model:
® Place the Powergui block at the top level of diagram

® You can only have a maximum of one Powergui block per model
® You must name the block powergui
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Now you can start the simulation from the Simulation menu. The command
line displays messages of SimPowerSystems during the analysis of the model.

Note SimPowerSystems will automatically add a Powergui block at the top
level of a diagram if no such block is found in your model.

You can deactivate the echo messages by clearing the Show messages during
simulation parameter of the Powergui block.

While the simulation is running, open the Vs block dialog box and modify the
amplitude. Observe the effect on the two scopes. You can also modify the
frequency and the phase. You can zoom in on the waveforms in the scope
windows by drawing a box around the region of interest with the left mouse
button.

To simulate this circuit, the default integration algorithm (ode45) was used.
However, for most applications of SimPowerSystems, your circuits contain
switches and other nonlinear models. In such a case, you must specify a
different integration algorithm. This is discussed in “Simulating Transients”
on page 1-29, where a circuit breaker is added to your circuit.
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Analyzing a Simple Circuit

In this section you

* Compute the steady-state voltages and currents using the graphical user
interface of the Powergui block

® Obtain the state-space representation of your model with the power _analyze
command

® Analyze an electrical circuit in the frequency domain

Steady-State Analysis

To facilitate the steady-state analysis of your circuit, the powerlib library
includes a Powergui (graphical user interface) block. Copy the Powergui block
into your circuitl diagram and double-click the block icon to open it.

From the Analysis tools menu of the Powergui block, select Steady-State
Voltages and Currents. This opens the Steady-State Tool window where the
steady-state phasors voltages measured by the two voltage measurement

blocks are displayed in polar form.
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J Powergui Steady-State Tool. model: session2 o =] ES
Steady state values:
WELCHRERENTS - = Wil
IF'eak values j
m = 6.1026e+005 W -0.21°
mz = 6.1958=+005 ¥ —0.25°
Frequency:
IEU 'I
Drizplay:
[~ States
¥ Measurements
[~ Sources

[~ Morlinear elements

Format:

|4.5033+DD4 [floating poin 'l

Reload Steady State “alues I

= Close |

Each measurement output is identified by a string corresponding to the
measurement block name. The magnitudes of the phasors Ul and U2
correspond to the peak value of the sinusoidal voltages.

From the Steady-State Tool window, you can also display the steady-state
values of the source voltage or the steady-state values of the inductor currents
and capacitor voltages by selecting either the Sources or the States check box.
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) Powergui Steady-State Tool. model: session2 IS [=] F3
Steady state values:
STATES : | Urits:
117 eq = 1.0133e+003 & 83.95 |Peak values i
To Z_eq = 1.0133=+004 ¥ 173 .95
I1_110 Mvars = 3.7839=+002 A 89.94 F )
Uc_input PI Section Line =  6.1027=+005 ¥ -0.21° S
Il_sectl PI Section Line = 9.7370e+001 & 89.01° Igg j
Uo_output PI Section Line = 6.1958=+005 ¥ —0.25°
Dizplay:

v | States

™ Measuremerts

I~ Sources

I Monlinear elements

Farmat:

|4.5032+004 (floating poiry) 7

Fieload Steady State Yalues |

= Cloze |

Note Depending on the order you added the blocks in your circuit1
diagram, the electrical state variables might not be ordered in the same way
as in the preceding figure.

Electrical State Variables

The electrical state variables are the Simulink states of your diagram
associated to the capacitor and inductor devices of the SimPowerSystems
blocks. Inductors and capacitors elements are found in the RLC-branch type
blocks such as the Series RLC Branch block, Three-Phase Parallel RLC Load
block, in the transformer models, in the PI Section Line block, in the snubber
devices of the power electronic devices, etc.

The electrical state variables consist of the inductor currents and the capacitor
voltages. The electrical state variable names displayed in the Powergui dialog
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contain the name of the block where the inductor or capacitor is found,
preceded by the I1 prefix for inductor currents or the Uc_ prefix for capacitor
voltages.

Refer to the section “Measuring Voltages and Currents” on page 1-12 for more
details on the sign conventions used for the voltages and currents of sources
and electrical state variables listed in the Steady-State Tool window.

State-Space Representation

Now compute the state-space representation of the model circuitl with the
power_analyze command. Enter the following command at the MATLAB
prompt.

[A,B,C,D,x0,electrical_states,inputs,outputs]=power_analyze('cir
cuiti')

The power_analyze command returns the state-space model of your circuit in
the four matrices A, B, C, and D. x0 is the vector of initial conditions of the
electrical states of your circuit. The names of the electrical state variables,
inputs, and outputs are returned in three string matrices.

electrical_states =
I1_110 Mvars

Uc_input PI Section Line
I1_ sect1 PI Section Line
Uc_output PI Section Line
I1 Z eq

Uc_Z_eq

inputs =

U Vs

outputs =

U_ut
u_u2
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Note that you could have obtained the names and ordering of the electrical
states, inputs, and outputs directly from the Powergui block. See the
power_analyze reference page for more details on how to use this function.

Frequency Analysis

The Measurements library of powerlib contains an Impedance Measurement
block that measures the impedance between any two nodes of a circuit. In the
following two sections, you measure the impedance of your circuit between
node B2 and ground by using two methods:

® Calculation from the state-space model

® Automatic measurement using the Impedance Measurement block and the
Powergui block

Obtaining the Impedance vs. Frequency Relation from the State-Space
Model

To measure the impedance versus frequency at node B2, you need a current
source at node B2 providing a second input to the state-space model. Open the
Electrical Sources library and copy the AC Current Source block into your
model. Connect this source at node B2, as shown below. Set the current source
magnitude to zero and keep its frequency at 60 Hz. Rearrange the blocks as
follows.

B1 B2
_._W_._,%._ —
I—I
Fi Section Line
R=_eq
£_eq
4
+
Ve La|+ 110 hvar El_ AC Current Source
_al. w -
i) 1 Lz
L €L L =+ L
Continuous | %’E A’D.[:l
walts Scope valts Scoped

to pou. to pou.

AC Current Source at the B2 Node
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Now compute the state-space representation of the model circuitl with the
power_analyze command. Enter the following command at the MATLAB
prompt.

[A,B,C,D]=power_analyze('circuitl')

Once the state-space model of the system is known, it can be analyzed in the
frequency domain. For example, the modes of this circuit can be found from the
eigenvalues of matrix A (use the MATLAB eig command).

eig(A)

ans =

1.0e+05 *

-2.4972

-0.0001 + 0.0144i <— 229 Hz
-0.0001 - 0.01441i

-0.0002 + 0.0056i <— 89 Hz
-0.0002 - 0.0056i

-0.0000

This system has two oscillatory modes at 89 Hz and 229 Hz. The 89 Hz mode
is due to the equivalent source, which is modeled by a single pole equivalent.
The 229 Hz mode is the first mode of the line modeled by a single PI section.

Note If you have Control System Toolbox installed, you can compute the
impedance of the network as a function of frequency by using the bode
function.

In the Laplace domain, the impedance Z2 at node B2 is defined as the transfer
function between the current injected at node B2 (input 2 of the system) and
the voltage measured at node B2 (output 2 of the system).

U2(s

7Z2(s) = Y2()

)= To(s)

The impedance at node B2 for the 0 to 1500 Hz range can be calculated and
displayed as follows.

freq=0:1500;
w=2*pi*freq;
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[mag1,phasel1]=bode(A,B,C,D,2,w);
semilogy(freq,magi(:,2));

Repeat the same process to get the frequency response with a 10 section line
model. Open the PI Section Line dialog box and change the number of sections
from 1 to 10. To calculate the new frequency response and superimpose it upon
the one obtained with a single line section, enter the following commands.

[A,B,C,D]=power_analyze('circuiti');
[mag10,phase10]=bode(A,B,C,D,2,w);
semilogy(freq,magi(:,2),freq,mag10(:,2));

This is the resulting plot.

10°

229 Hz

104

One line section ) ]
10 line sections

!

103
102

104

Impedance magnitude at node B2 (€2)

100o 500 1000 1500

Frequency (Hz)
Figure 1-2: Impedance at Node B2 as Function of Frequency

This graph indicates that the frequency range represented by the single line
section model is limited to approximately 150 Hz. For higher frequencies, the
10 line section model is a better approximation.

For a distributed parameter line model the propagation speed is

1
v = ——— =293,208 km/s
JL - C
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The propagation time for 300 km is therefore T = 300/293,208 = 1.023 ms and
the frequency of the first line mode is f1 = 1/4T = 244 Hz. A distributed
parameter line would have an infinite number of modes every 244 + n*488 Hz
(n=1,2,3...). The 10 section line model simulates the first 10 modes. The first
three line modes can be seen in Figure 1-2 (244 Hz, 732 Hz, and 1220 Hz).

Obtaining the Impedance vs. Frequency Relation from the Impedance
Measurement and Powergui Blocks

The process described above to measure a circuit impedance has been
automated in SimPowerSystems. Open the Measurements library of powerlib,
copy the Impedance Measurement block into your model, and rename it ZB2.
Connect the two inputs of this block between node B2 and ground as shown.

AWH%EHIT

Fi Section Line

—
Vi —= 110 M ar Tow —=
L J_ﬂ zZez
__I_

1

_l_ _l_ e
T
Continuous
volts Scope wolts Secope

to pou. to pou.

Measuring Impedance vs. Frequency with the Impedance Measurement Block

Now open the Powergui dialog. In the Tools menu, select Impedance vs
Frequency Measurement. A new window opens, showing the list of
Impedance Measurement blocks available in your circuit.

In your case, only one impedance is measured, and it is identified by ZB2 (the
name of the ZB2 block) in the window. Fill in the frequency range by entering
0:2:1500 (zero to 1500 Hz by steps of 2 Hz). Select the logarithmic scale to
display Z magnitude. Select the Save data when updated check box and enter
ZB2 as the variable name to contain the impedance vs. frequency. Click the
Display/Save button.

1-23



1 Modeling Simple Systems

1-24

-) Powergui Impedance Measurements. model: session2 I =] S
File Edit “iew Inzert Tools Window Help
5 Impedance teasurement:
L : :
- : :
£ : |
= 1 1
E’ 1 1
2 : : 4
& ' ;
E 1 : r iz
E ! | Riange [Hz): | 0:2:1500
- h ] |
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Frequency (Hz) |
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Frequency (Hz) Cloze |

When the calculation is finished, the window displays the magnitude and
phase as functions of frequency. The magnitude should be identical to the plot
(for one line section) shown in Figure 1-2. If you look in your workspace, you
should have a variable named zB2. It is a two-column matrix containing
frequency in column 1 and complex impedance in column 2.

Ol -T=

5
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Specifying Initial Conditions
In this section you

¢ Learn what are the state variables of a Simulink diagram

® Specify initial condition for the electrical state variables

State Variables
The state variables of a Simulink diagram consist of

® The electrical states associated to RLC branch-type blocks of
SimPowerSystems. They are defined by the state-space representation of

your model. See “Electrical State Variables” on page 1-18 for more details
about the electrical states.

¢ The Simulink states of the Electrical Simulink models of SimPowerSystem
such as the Synchronous Machine block, the Saturable Transformer block, or
the Three-Phase Dynamic Load block

¢ The state variables of the other Simulink blocks of your model (controls,
user-defined blocks, etc.)
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The following picture provides an example that contains the three types of
state variables:

L P

Three-Phase Three-Fhase
Transformer Dynamic Load

l (R & L branchas) Pm
g 23

Main Regulator
ks | {ta.s +1)

Synchronous Machipe Damging

kf.s | {tF.s+1)

X = [ [Xlelectric Xnelectric] ’ [leodel Xnmodel] ’ [Xlsimulink

Initial States

Initial conditions, which are applied to the entire system at the start of the
simulation, are generally set in the blocks. Most of the Simulink blocks allow
you to specify initial conditions. For the case of the electrical states
SimPowerSystems automatically sets the initial values of the electrical states
to start the simulation in steady state.

However, you can specify the initial conditions for the capacitor voltage and
inductor currents in the mask of these blocks:

® the Series and Parallel RLC Branch blocks

e the Series and Parallel RLC Load blocks

The initial values entered in the mask of these block will overwrite the default
parameters calculated by SimPowerSystems. In the same sense, you can

overwrite initial conditions of the overall blocks by specifying them in the
States area of the Simulation Parameters pane.
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See the power_init function reference page for more details on how you can
specify initial states for a Simulink diagram with SimPowerSystems blocks.

Specify Initial Electrical States

Now, from the Analysis tools menu of the Powergui block, select Initial State
Settings. The initial values of the six electrical state variables (three inductor
currents and three capacitor voltages) are displayed. These initial values are
set to start the simulation in steady state.

J Powerqui Initial States Tool. model: session2 = [=] B3
Imitial state walues for simulation:
TL T g I - T St selected state:
Uc_Z_eg = 1067 v I
I1_110 Hwvars = 378.4 A
Uz _input PI Section Line = -2199 ¥
Il _sectl PI Section Line = 97.36 A Feset all states:
Uz _output PI Section Line = —-2665 ¥
To Steady State
To Zemo
Reload states:
Fram File. ..
From Diagram
Apply | Rewvert |
=l Save |nitial States.. |
Formnat: I‘I12_3[best of] j Sort values by: IDefauIt order 'l Clase |

Now open the Simulation —> Simulation parameters dialog box of your
circuit1model. On the Solver pane, select the ode23tb integration algorithm.
Set the relative tolerance to 1e-4 and keep auto for the other parameters. Set
the stop time to 0.05. Open the scopes and start the simulation.

Look at the waveforms of the sending and receiving end voltages on ScopeU1l
and ScopeU2. As the electrical state variables are automatically initialized, the
system starts in steady state and sinusoidal waveforms are observed.
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Force the electrical initial states to zero by selecting the Force Initial State:
To zero check box and then the Apply button. Restart the simulation and
observe the transient when the line is energized from zero. The next plot shows
a comparison between the initial electrical states set for a steady-state

simulation and the initial electrical states reset to zero.

Yoltage at bus B2 (V)

0.5

0.4

| Steady state

! With ihitial stales reset to zero!

14
0 0oos 001 0015 002 0025 003 0035 004 0045 005

Time (s)

Receiving End Voltage U2 with 10 Pl Section Line
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Simulating Transients

|
=

[ttt e
Circuit
Fl Section Line
Subsystem Brreaker
% 110 i
war
W
@ = ; e

In this section you

® Learn how to create an electrical subsystem
¢ Simulate transients with a circuit breaker
® Compare time domain simulation results with different line models

¢ Learn how to discretize a circuit and compare results thus obtained with
results from a continuous, variable time step algorithm

One of the main uses of SimPowerSystems is to simulate transients in
electrical circuits. This can be done with either mechanical switches (circuit
breakers) or switches using power electronic devices.

First open your circuit1 system and delete the current source connected at
node B2. Save this new system as circuit2. Before connecting a circuit
breaker, you need to modify the schematic diagram of circuit2. As with
Simulink, SimPowerSystems allows you to group several components into a
subsystem. This feature is useful to simplify complex schematic diagrams.

Use this feature to transform the source impedance into a subsystem:
1 Select the two blocks identified as Rs_eq and Z_eq by surrounding them by

a box with the left mouse button and use the Edit —> Create subsystem
menu item. The two blocks now form a new block called Subsystem.

r Volis:apu Scope U4 Walts=pu Scope U2

Continuous

2 Using the Edit —> Mask subsystem menu item, change the icon of that
subsystem. In the Icon section of the mask editor, enter the following
drawing command:
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disp('Equivalent\nCircuit')
The icon now reads Equivalent Circuit, as shown in the figure above.

Use the Format —> Show drop shadow menu item to add a drop shadow
to the Subsystem block.

You can double-click the Subsystem block and look at its content.

Insert a circuit breaker into your circuit to simulate a line energization by
opening the Elements library of powerlib. Copy the Breaker block into your
circuit2 window.

The circuit breaker is a nonlinear element modeled by an ideal switch in series
with a resistance. Because of modeling constraints, this resistance cannot be
set to zero. However, it can be set to a very small value, say 0.001 Q, that does
not affect the performance of the circuit:

1 Open the Breaker block dialog box and set its parameters as follows:

Ron 0.001 Q
Initial state 0 (open)
Rs inf

Cs 0
Switching times [(1/60)/4]

Insert the circuit breaker in series with the sending end of the line, then
rearrange the circuit as shown in the previous figure.

Open the scope U2 and click the Parameters icon and select the Data
history tab. Click the Save data to workspace button and specify a
variable name U2 to save the simulation results; then change the Format
option for U2 to be Array. Also, clear Limit rows to last to display the entire
waveform for long simulation times.

You are now ready to simulate your system.
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Continuous, Variable Time Step Integration
Algorithms

Open the PI section Line dialog box and make sure the number of sections is
set to 1. Open the Simulation —> Simulation parameters dialog box. As you
now have a system containing switches, you need a stiff integration algorithm
to simulate the circuit. In the Solver pane, select the variable-step stiff
integration algorithm ode23tb.

Keep the default parameters (relative tolerance set at 1e-3) and set the stop
time to 0.02 seconds. Open the scopes and start the simulation. Look at the

waveforms of the sending and receiving end voltages on ScopeU1 and ScopeU2.

Once the simulation is complete, copy the variable U2 into U2_1 by entering the
following command in the MATLAB Command Window.

u2_1 = U2;

These two variables now contain the waveform obtained with a single PI
section line model.

Open the PI section Line dialog box and change the number of sections from
1 to 10. Start the simulation. Once the simulation is complete, copy the variable
U2 into U2_10.

Before modifying your circuit to use a distributed parameter line model, save
your system as circuit2 10pi, which you can reuse later.

Delete the PI section line model and replace it with a single-phase Distributed
Parameter Line block. Set the number of phases to 1 and use the same R, L, C,
and length parameters as for the PI section line (see Figure 1-1). Save this
system as circuit2_dist.

Restart the simulation and save the U2 voltage in the U2_d variable.

You can now compare the three waveforms obtained with the three line models.
Each variable U2_1,U2_10, and U2_d is a two-column matrix where the time is
in column 1 and the voltage is in column 2. Plot the three waveforms on the
same graph by entering the following command.

plot(u2_1(:,1), U2_1(:,2), U2_10(:,1),U2_10(:,2),
u2_d(:,1),U2_d(:,2));

These waveforms are shown in the next figure. As expected from the frequency
analysis performed during “Analyzing a Simple Circuit” on page 1-16, the
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single PI model does not respond to frequencies higher than 229 Hz. The 10 PI
section model gives a better accuracy, although high-frequency oscillations are
introduced by the discretization of the line. You can clearly see in the figure the
propagation time delay of 1.03 ms associated with the distributed parameter
line.

Waltage U2 {pu)

1 1 1 1 1 1 1 1 1
0 0.002 0.004 0.006 0.008 oo ooz 0014 006 0oa o0z
time {z)

Receiving End Voltage Obtained with Three Different Line Models

Discretizing the Electrical System

An important feature of SimPowerSystems is its ability to simulate either with
continuous, variable step integration algorithms or with discrete solvers. For
small systems, variable time step algorithms are usually faster than fixed step
methods, because the number of integration steps is lower. For large systems
that contain many states or many nonlinear blocks such as power electronic
switches, however, it is advantageous to discretize the electrical system.

When you discretize your system, the precision of the simulation is controlled
by the time step. If you use too large a time step, the precision might not be
sufficient. The only way to know if it is acceptable is to repeat the simulation
with different time steps and find a compromise for the largest acceptable time
step. Usually time steps of 20 pus to 50 us give good results for simulation of
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switching transients on 50 Hz or 60 Hz power systems or on systems using
line-commutated power electronic devices such as diodes and thyristors. You
must reduce the time step for systems using forced-commutated power
electronic switches. These devices, the insulated-gate bipolar transistor
(IGBT), the field-effect transistor (FET), and the gate-turnoff thyristor (GTO)
are operating at high switching frequencies.

For example, simulating a pulse-width-modulated (PWM) inverter operating
at 8 kHz would require a time step of at most 1 us.

You now learn how to discretize your system and compare simulation results
obtained with continuous and discrete systems. Open the circuit2 10pi
system that you saved from a previous simulation. This system contains 24
electrical states and one switch. Open the Powergui and select Discretize
electrical model. Set the sample time to 25e-6 s. When you restart the
simulation, the power system is discretized using the Tustin method
(corresponding to trapezoidal integration) using a 25 us sample time.

Open the Simulation —> Simulation parameters —> Solver dialog box and
set the simulation time to 0.2 s. Start the simulation.

Note Once the system is discretized, there are no more continuous states in
the electrical system. So you do not need a variable-step integration method to
simulate. In the Simulation —> Simulation parameters —> Solver dialog
box, you could have selected the Fixed-step and discrete (no continuous
states) options and specified a fixed step of 25 ps.

To measure the simulation time, you can restart the simulation by entering the
following commands.

tic; sim(gcs); toc

When the simulation is finished the elapsed time in seconds is displayed in the
MATLAB Command Window.

To return to the continuous simulation, open the Powergui block and select
Continuous. If you compare the simulation times, you find that the discrete
system simulates approximately 3.5 times faster than the continuous system.

To compare the precision of the two methods, perform the following three
simulations:
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1 Simulate a continuous system, with Ts = 0.
2 Simulate a discrete system, with Ts = 25 us.

3 Simulate a discrete system, with Ts = 50 ps.

For each simulation, save the voltage U2 in a different variable. Use
respectively U2c, U2d25, and U2d50. Plot the U2 waveforms on the same graph
by entering the following command.

plot(U2c(:,1), U2c(:,2), U2d25(:,1),U2d25(:,2),
U2d50(:,1),U2d50(:,2))

Zoom in on the 4 to 12 ms region of the plot window to compare the differences
on the high-frequency transients. The 25 s compares reasonably well with the
continuous simulation. However, increasing the time step to 50 us produces
appreciable errors. The 25 us time step would therefore be acceptable for this
circuit, while obtaining a gain of 3.5 on simulation speed.

37
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Introducing the Phasor Simulation Method

In this section, you

® Apply the phasor simulation method to a simple linear circuit

¢ Learn advantages and limitations of this method
Up to now you have used two methods to simulate electrical circuits:

® Simulation with variable time steps using the continuous Simulink solvers

¢ Simulation with fixed time steps using a discretized system

This section explains how to use a third simulation method, the phasor solution
method.

When to Use the Phasor Solution

The phasor solution method is mainly used to study electromechanical
oscillations of power systems consisting of large generators and motors. An
example of this method is the simulation of a multimachine system in
“Three-Phase Systems and Machines” on page 2-23. However, this technique is
not restricted to the study of transient stability of machines. It can be applied
to any linear system.

If, in a linear circuit, you are interested only in the changes in magnitude and
phase of all voltages and currents when switches are closed or opened, you do
not need to solve all differential equations (state-space model) resulting from
the interaction of R, L, and C elements. You can instead solve a much simpler
set of algebraic equations relating the voltage and current phasors. This is
what the phasor solution method does. As its name implies, this method
computes voltages and currents as phasors. Phasors are complex numbers
representing sinusoidal voltages and currents at a particular frequency. They
can be expressed either in Cartesian coordinates (real and imaginary) or in
polar coordinates (amplitude and phase). As the electrical states are ignored,
the phasor solution method does not require a particular solver to solve the
electrical part of your system. The simulation is therefore much faster to
execute. You must keep in mind, however, that this faster solution technique
gives the solution only at one particular frequency.
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Phasor Simulation of a Circuit Transient

You now apply the phasor solution method to a simple linear circuit. Open the
Demos library of powerlib. Open the General Demos library and select the
demo named “Transient Analysis.” A system named power_transient opens.

Zlpower_transient =1 E3
File Edit “iew Simulation Farmat Tools Help
DSE&| 4 a2 » =i deE | BB T ®

Transient analysis of a linear circuit

AT AT 0—0a H
Load current

Rz L= RL1
o Breaker Scope

180 km
transmission line

T 132 8 wims 1 |
2o) 60 bz 3 cz RL Load
T8 M 20 hhvar
[—=—“ ]
Line woltage

L L =

i
[

. el
Continuous

Double click here for details

Read 100% odeZ3th
y 4

Simple Linear Circuit Built in SimPowerSystems

This circuit is a simplified model of a 60 Hz, 230 kV three-phase power system
where only one phase is represented. The equivalent source is modeled by a
voltage source (230 kV RMS / sqrt(3) or 132.8 kV RMS, 60 Hz) in series with its
internal impedance (Rs Ls). The source feeds an RL load through a 150 km
transmission line modeled by a single PI section (RL1 branch and two shunt
capacitances, C1 and C2). A circuit breaker is used to switch the load (75 MW,
20 Mvar) at the receiving end of the transmission line. Two measurement
blocks are used to monitor the load voltage and current.

The Powergui block at the lower-left corner indicates that the model is
continuous. Start the simulation and observe transients in voltage and current
waveforms when the load is first switched off at t = 0.0333 s (2 cycles) and
switched on again at t = 0.1167 s (7 cycles).
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Invoking the Phasor Solution in the Powergui Block

You now simulate the same circuit using the phasor simulation method. This
option is accessible through the Powergui block. Open this block and select
Phasor simulation. You must also specify the frequency used to solve the
algebraic network equations. A default value of 60 Hz should already be
entered in the Frequency menu. Close the Powergui and notice that the word
Phasors now appears on the Powergui icon, indicating that the Powergui now
applies this method to simulate your circuit. Before restarting the simulation,
you need to specify the appropriate format for the two signals sent to the Scope
block.

Selecting Phasor Signal Measurement Formats

If you now double-click the Voltage Measurement block or the Current
Measurement block, you see that a menu allows you to output phasor signals
in four different formats: Complex (default choice), Real-Imag,
Magnitude-Angle, or just Magnitude. The Complex format is useful when you
want to process complex signals. Note that the oscilloscope does not accept
complex signals. Select Magnitude format for both the Line Voltage and the
Load Current Measurement blocks. This will allow you to observe the
magnitude of the voltage and current phasors.

Restart the simulation. The magnitudes of the 60 Hz voltage and current are
now displayed on the scope. Waveforms obtained from the continuous
simulation and the phasor simulation are superimposed in this plot.
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Waveforms Obtained with the Continuous and Phasor Simulation Methods

Note that with continuous simulation, the opening of the circuit breaker occurs
at the next zero crossing of current following the opening order; whereas for the
phasor simulation, this opening is instantaneous. This is because there is no
concept of zero crossing in the phasor simulation.

Processing Voltage and Current Phasors

The Complex format allows the use of complex operations and processing of
phasors without separating real and imaginary parts. Suppose, for example,
that you need to compute the power consumption of the load (active power P
and reactive power Q). The complex power S is obtained from the voltage and
current phasors as

*

§=P+jQ = %-V-I
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where I* is the conjugate of the current phasor. The 1/2 factor is required to
convert magnitudes of voltage and current from peak values to RMS values.

Select the Complex format for both current and voltage and, using blocks from
the Simulink Math library, implement the power measurement as shown.

([l
s
Complex to
i Magnitude-Angle
Y AN~ oo 1]
1_load
Rz L= RL1 Load t =
s Breaker @ad curren W line o l:l
150 km POy )
transmission line Comples to 0 (war) :
132.8 Wims 1 1 tagnitude-Anglet jl
6‘ 60 Hz (=3 pp— c2 RL Load Scope
75 MY 20 Mvar
L—af+
=] 1
Line woltage

Phasors

Product Gain Complex to
Real-lmag

Power Computation Using Complex Voltage and Current

The Complex to Magnitude-Angle blocks are now required to convert complex
phasors to magnitudes before sending them to the scope.

The power computation system you just implemented is already built into
SimPowerSystems. The Active & Reactive Power (Phasor Type) block is
available in the Extras library under the phasor collection of blocks.
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Advanced Components
and Techniques

This chapter introduces methods and devices that enhance your power system simulations and make
them more realistic.

The first two tutorials illustrate power electronics, simple motors, and Fourier analysis. The third
tutorial demonstrates three-phase power systems, electrical machinery, load flow, and use of the
phasor solution method for transient stability studies of electromechanical systems. The fourth
explains how you can create and customize your own nonlinear blocks.

Introducing Power Electronics Use power electronics and transformers and vary circuit
(p. 2-2) initial conditions

Simulating Variable Speed Motor Model and discretize simple motors with specialized blocks.
Control (p. 2-10) Use the FFT Analysis tool of the Powergui block to perform

harmonic analysis

Three-Phase Systems and Machines Use electrical machines and three-phase components. Apply
(p. 2-23) the phasor solution method to study of electromechanical
oscillations of power systems

Building and Customizing Model nonlinear systems and create your own blocks to
Nonlinear Models (p. 2-38) represent them



2 Advanced Components and Techniques

Introducing Power Electronics

In this section you

® Learn how to use power electronics components
¢ Learn how to use transformers
® Change initial conditions of a circuit

SimPowerSystems is designed to simulate power electronic devices. This
section uses a simple circuit based on thyristors as the main example.

Consider the circuit shown below. It represents one phase of a static var
compensator (SVC) used on a 735 kV transmission network. On the secondary
of the 735 kV/16 kV transformer, two variable susceptance branches are
connected in parallel: one thyristor-controlled reactor (TCR) branch and one
thyristor-switched capacitor (T'SC) branch.
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2.7Q 71.65mH
70.5mQ 15mQ
735KV / 3 16 kV 18.7mH 113 mH
@ 424.4KV Tms § é % %
0 degrees
60 Hz T
T T l
3084 uF
1 1 I
h - TCR TSC
branch branch
Transformer parameters: Thyristor parameters:
Nominal power 110 MVA Ron = 1 mQ; Vf=14%0.8 V

Primary: Rated voltage 424.4kV (14 thyristors in series)

RMS leakage reactance = 0.15 ) )

p.u. resistance = 0.002 p.u. Snubber: Rs = 5000; Cs = 0.15 uF
Secondary: Rated voltage 16 kV

RMS leakage reactance = 0 p.u.

resistance = 0.002 p.u.

Magnetizing current at 1 p.u.
voltage: Inductive: 0.2%
Resistive: 0.2%

Figure 2-1: One Phase of a TCR/TSC Static Var Compensator

The TCR and TSC branches are both controlled by a valve consisting of two
thyristor strings connected in antiparallel. An RC snubber circuit is connected
across each valve. The TSC branch is switched on/off, thus providing discrete
step variation of the SVC capacitive current. The TCR branch is phase
controlled to obtain a continuous variation of the net SVC reactive current.
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Now build two circuits illustrating the operation of the TCR and the TSC
branches.

Simulation of the TCR Branch

2

Open a new window and save it as circuit3.

Open the Power Electronics library and copy the Thyristor block into your
circuit3 model.

Open the Thyristor menu and set the parameters as follows:

Ron 1e-3
Lon 0

A% § 14*0.8
Rs 500

Cs 0.15e-6

Notice that the snubber circuit is integral to the Thyristor dialog box.
Rename this block Th1 and duplicate it.

Connect this new thyristor Th2 in antiparallel with Th1, as shown in Figure
2-2.

As the snubber circuit has already been specified with Th1, the snubber of
Th2 must be eliminated.

Open the Th2 dialog box and set the snubber parameters to
Rs Inf
Cs 0

Notice that the snubber disappears on the Th2 icon.

The linear transformer is located in the Elements library. Copy it, rename it to
TrA, and open its dialog box. Set its nominal power, frequency, and winding
parameters (winding 1 = primary; winding 2 = secondary) as shown in Figure
2-1.
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Note that the leakage reactance and resistance of each winding have to be
specified directly in per unit quantities. As there is no tertiary winding,
deselect Three windings transformer. Notice that winding 3 disappears on
the TrA block.

Finally, set the magnetizing branch parameters Rm and Xm at [500, 500].
These values correspond to 0.2% resistive and inductive currents.

Add a voltage source, series RL elements, and a Ground block. Set the
parameters as shown in Figure 2-1. Add a current measurement to measure
the primary current. Interconnect the circuit as shown in Figure 2-2.

Notice that the Thyristor blocks have an output identified by the letter m. This
output returns a Simulink vectorized signal containing the thyristor current
(Iak) and voltage (Vak). Connect a Demux block with two outputs at the m
output of Thl. Then connect the two demultiplexer outputs to a dual trace
scope that you rename Scope_Th1. (To create a second input to your scope, in
the Scope properties —> General menu item, set the number of axes to 2.)
Label the two connection lines Ith1 and Vth1. These labels are automatically
displayed on the top of each trace.

[

Scope_|prim

Wrhe—le [, AL

£ source lprim
Fulse
- g
o

I n,
=

Q

2$ Th1
(=1

m E 3
Pulze2

tth1 I:l

‘wth1

Scope_Tthi

Figure 2-2: Simulation of the TCR Branch
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You can now model the synchronized pulse generators firing thyristors Thl
and Th2. Copy two Simulink pulse generators into your system, name them
Pulsel and Pulse2, and connect them to the gates of Th1l and Th2.

Now you have to define the timing of the Th1 and Th2 pulses. At every cycle a
pulse has to be sent to each thyristor o degrees after the zero crossing of the
thyristor commutation voltage. Set the Pulsel and Pulse2 parameters as
follows:

Amplitude 1
Period 1/60 s
Pulse width (% of period) 1% (3.6 degrees pulses)

Phase Delay 1/60+T for Pulset
1/60+1/120+T for Pulse2

The pulses sent to Th2 are delayed by 180 degrees with respect to pulses sent
to Th1. The delay T is used to specify the firing angle a. To get a 120 degree
firing angle, specify T in the workspace by entering

T = 1/60/3;
Now open the Simulation —> Simulation parameters dialog box. Select the

ode23tb integration algorithm. Keep the default parameters but set the
relative tolerance to 1e-4 and the stop time to 0.1.

Add a Powergui block at the top level of your model, then start the simulation.
The results are shown in Figure 2-3.

Note You could also choose to discretize your system. Try, for example, a
sample time of 50 ps. The simulation results should compare well with the
continuous system.
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Figure 2-3: TCR Simulation Results

Simulation of the TSC Branch

You can now modify your circuit3 system and change the TCR branch to a
TSC branch. Save circuit3 as a new system and name it circuit4.

Connect a capacitor in series with the RL inductor and Th1/Th2 valve as shown
in the figure below. Change the R, L, and C parameters as shown in Figure 2-1.
Connect a voltmeter and scope to monitor the voltage across the capacitor.

Contrary to the TCR branch, which was fired by a synchronous pulse
generator, a continuous firing signal is now applied to the two thyristors.
Delete the two pulse generators. Copy a Step block from the Simulink library
and connect its output at both gates of Th1 and Th2. Set its step time at 1/60/4
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(energizing at the first positive peak of the source voltage). Your circuit should

now be similar to the one shown here.
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Simulation of the TSC Branch

Open the three scopes and start the simulation.

As the capacitor is energized from zero, you can observe a low damping
transient at 200 Hz, superimposed with the 60 Hz component in the capacitor
voltage and primary current. During normal TSC operation, the capacitor has
an initial voltage left since the last valve opening. To minimize the closing
transient with a charged capacitor, the thyristors of the TSC branch must be
fired when the source voltage is at maximum value and with the correct
polarity. The initial capacitor voltage corresponds to the steady-state voltage
obtained when the thyristor switch is closed. The capacitor voltage is 17.67
kVrms when the valve is conducting. At the closing time, the capacitor must be

charged at the peak voltage.

Uc = 17670 x /2 = 24989 V
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You can now use the Powergui block to change the capacitor initial voltage.
Open the Powergui and select Initial States Setting. A list of all the state
variables with their default initial values appears. The value of the initial
voltage across the capacitor C (variable Uc_C) should be —0.3141 V. This voltage
is not exactly zero because the snubber allows circulation of a small current
when both thyristors are blocked. Now select the Uc_C state variable and enter

24989 in the upper right field. Then click the Apply button to make this change
effective.

Start the simulation. As expected the transient component of capacitor voltage
and current has disappeared. The voltages obtained with and without initial
voltage are compared in this plot.

apacitor precharged (UCO = 24989 V)
Initial conditions calculated by power_analyze (UCO =-0.31V)

5x104|

0 0005 001 0015 002 0025 003 0035 004 0045 005

Transient Capacitor Voltage With and Without Initial Charge
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Simulating Variable Speed Motor Control

In this section you

® Use electrical machines and power electronics to simulate a simple AC motor
with variable speed control

® Learn how to use the Universal Bridge block

® Discretize your model and compare variable-step and fixed-step simulation
methods

® Learn how to use the Multimeter block
® Learn how to use the FFT tool

Variable speed control of AC electrical machines makes use of
forced-commutated electronic switches such as IGBTs, MOSFETSs, and GTOs.
Asynchronous machines fed by pulse width modulation (PWM) voltage sourced
converters (VSC) are nowadays gradually replacing the DC motors and
thyristor bridges. With PWM, combined with modern control techniques such
as field-oriented control or direct torque control, you can obtain the same
flexibility in speed and torque control as with DC machines. This section shows
how to build a simple open loop AC drive controlling an asynchronous machine.
Chapter 4 will introduce you to a specialized library containing 13 models of
DC and AC drives. These “ready to use” models will enable you to simulate
electric drive systems without the need to build those complex systems
yourself.

The Machines library contains four of the most commonly used three-phase
machines: simplified and complete synchronous machines, asynchronous
machine, and permanent magnet synchronous machine. Each machine can be
used either in generator or motor mode. Combined with linear and nonlinear
elements such as transformers, lines, loads, breakers, etc., they can be used to
simulate electromechanical transients in an electrical network. They can also
be combined with power electronic devices to simulate drives.

The Power Electronics library contains blocks allowing you to simulate diodes,
thyristors, GTO thyristors, MOSFETSs, and IGBT devices. You could
interconnect several blocks together to build a three-phase bridge. For
example, an IGBT inverter bridge would require six IGBTs and six antiparallel
diodes.
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To facilitate implementation of bridges, the Universal Bridge block
automatically performs these interconnections for you.
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Figure 2-4: Circuit 5: PWM Control of an Induction Motor

Building and Simulating the PWM Motor Drive

Follow these steps to build a PWM-controlled motor.

Assembling and Configuring the Motor Blocks
In the first steps, you copy and set up the motor blocks:

1 Open a new window and save it as circuit5.
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2 Open the Power Electronics library and copy the Universal Bridge block into

your circuit5 model.

Open the Universal Bridge dialog box and set its parameters as follows:

Power electronic device IGBT/Diodes

Snubber
Rs 1e5 Q
Cs inf
Ron 1e-3 Q

Forward voltages

A% oV

Vvid oV
Tail

Tf 1e-6 s

Tt 1e-6 s

Notice that the snubber circuit is integral to the Universal Bridge dialog box.
As the Cs capacitor value of the snubber is set to Inf (short-circuit), we are
using a purely resistive snubber. Generally, IGBT bridges do not use
snubbers; however, because each nonlinear element in SimPowerSystems is
modeled as a current source, you have to provide a parallel path across each
IGBT to allow connection to an inductive circuit (stator of the asynchronous
machine). The high resistance value of the snubber does not affect the circuit
performance.

Open the Machines library. Copy the Asynchronous Machine SI Units block
as well as the Machine Measurement Demux block into your circuit5
model.

Open the Asynchronous Machine menu and look at its parameters. Set the
nominal power Pn parameter to 3¥746 VA and the nominal line-to-line
voltage Vn to 220 Vrms to implement a 3 HP, 60 Hz machine with two pairs
of poles. Its nominal speed is therefore slightly lower than the synchronous
speed of 1800 rpm, or wy= 188.5 rad/s.
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6 Notice that the three rotor terminals a, b, and ¢ are made accessible. During
normal motor operation these terminals should be short-circuited together.
In the Asynchronous Machine menu change the rotor type to Squirrel cage.
Notice that after this change the rotor connections are no longer accessible.

7 Open the Machine Measurement Demux block menu. When this block is
connected to a machine measurement output, it allows you to access specific
internal signals of the machine. First select the Asynchronous machine
type. Deselect all signals except the following three signals: is_abc (three
stator currents), wm (rotor speed), and Te (electromagnetic torque).

Loading and Driving the Motor

You now implement the torque-speed characteristic of the motor load. Assume
a quadratic torque-speed characteristic (fan or pump type load). The torque T
is then proportional to the square of the speed .

T = kxw2

The nominal torque of the motor is

_ 3x746 _
W= Tegs = 1L87Nm

Therefore, the constant £ should be

T .
= 1187 _ 344,10

o> 18852

B

@® DN

1 Open the Math Operations library of Simulink and copy the Math Function
block into your circuit5 model. Open the block menu and enter the
expression of torque as a function of speed: 3.34e-4*u"2.

2 Connect the input of the Math Function block to the speed output of the
Machines Measurement Demux block, labeled wm, and its output to the
torque input of the motor, labeled Tm.

3 Open the Electrical Sources library and copy the DC Voltage Source block
into your circuit5 model. Open the block menu and set the voltage to 400 V.
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4 Open the Measurements library and copy a Voltage Measurement block into
your circuit5 model. Change the block name to Vab.

5 Using Ground blocks from the Elements library, complete the power
elements and voltage sensor interconnections as shown in Figure 2-4.

Controlling the Inverter Bridge with a Pulse Generator

To control your inverter bridge, you need a pulse generator. Such a generator
is available in the Extras library of powerlib:

1 Open the Extras/Discrete Control blocks library and copy the Discrete
3-Phase PWM Generator block into your circuit5 model. This block can be
used to generate pulses for a two-level or a three-level bridge. In addition the
block generates two sets of pulses (outputs P1 and P2) that can be sent to
two different three-arm bridges when the converter uses a twin bridge
configuration. In this case, use it as a two-level single-bridge PWM
generator. The converter operates in an open loop, and the three PWM
modulating signals are generated internally. Connect the P1 output to the
pulses input of the Universal Bridge block

2 Open the Discrete Three-Phase PWM Generator block dialog box and set the
parameters as follows.

Type 2 level
Mode of operation Un-synchronized
Carrier frequency 18*60Hz (1080 Hz)
Internal generation of modulating selected

signals

Modulation index m 0.9

Output voltage frequency 60 Hz

Output voltage phase 0 degrees

Sample time 10e-6 s

3 Use the Edit —> Look Under Mask menu item of your model window to see
how the PWM is implemented. This control system is made entirely with
Simulink blocks. The block has been discretized so that the pulses change at
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multiples of the specified time step. A time step of 10 us corresponds to
+/— 0.54% of the switching period at 1080 Hz.

One common method of generating the PWM pulses uses comparison of the
output voltage to synthesize (60 Hz in this case) with a triangular wave at
the switching frequency (1080 Hz in this case). This is the method that is
implemented in the Discrete 3-Phase PWM Generator block. The line-to-line
RMS output voltage is a function of the DC input voltage and of the
modulation index m as given by the following equation:

ViLime = M Byde = mx0.612x VDC

2"

Therefore, a DC voltage of 400 V and a modulation factor of 0.90 yield the
220 Vrms output line-to-line voltage, which is the nominal voltage of the
asynchronous motor.

Displaying Signals and Measuring Fundamental Voltage and Current

1 You now add blocks measuring the fundamental component (60 Hz)
embedded in the chopped Vab voltage and in the phase A current. Open the
Extras/Discrete Measurements library of powerlib and copy the discrete
Fourier block into your circuit5 model.

Open the discrete Fourier block dialog box and check that the parameters
are set as follows:

Fundamental frequency f1 60 Hz
Harmonic number 1
Initial input [0 0]
Sample time 10e-6 s

Connect this block to the output of the Vab voltage sensor.
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2 Duplicate the Discrete Fourier block. To measure the phase A current, you

need to select the first element of the is_abc output of the ASM
Measurement Demux block.

Copy a Selector block from the Signals & Systems library of Simulink.

Open its menu and set Element to 1. Connect the Selector output to the
second Discrete Fourier block and its input to the is_abc output of the
Machines Measurement Demux block as shown in Figure 2-4.

Finally, add scopes to your model. Copy one Scope block into your circuit.
This scope is used to display the instantaneous motor voltage, currents,
speed, and electromagnetic torque. In the Scope Properties —> General
menu of the scope, set the following parameters:

Number of axes 4
Time range 0.05 s
Tick labels bottom axis only

Connect the four inputs and label the four connection lines as shown in
Figure 2-3. When you start the simulation, these labels are displayed on top
of each trace.

To allow further processing of the signals displayed on the oscilloscope, you
have to store them in a variable. In the Scope Parameters/Data history
menu of the scope, set the following parameters:

Limit data point to last deselected

Save data to workspace selected

variable name ASM

Format Structure with time

After simulation, the four signals displayed on the scope are available in a
structure array named ASM.

Duplicate the four-input Scope and change its number of inputs to 2. This
scope is used to display the fundamental component of Vab voltage and Ia
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current. Connect the two inputs to the outputs of the Fourier blocks. Label
the two connection lines as shown in Figure 2-3.

You are now ready to simulate the motor starting.

Simulating the PWM Motor Drive with Continuous Integration Algorithm

Open the Simulation —> Simulation parameters menu. Select the ode23tb
integration algorithm. Set the relative tolerance to 1e-4, the absolute tolerance
and the Max step size to auto, and the stop time to 1 s. Start the simulation.
The simulation results are shown in Figure 2-5.

The motor starts and reaches its steady-state speed of 181 rad/s (1728 rpm)
after 0.5 s. At starting, the magnitude of the 60 Hz current reaches 90 A peak
(64 A RMS) whereas its steady-state value is 10.5 A (7.4 A RMS). As expected,
the magnitude of the 60 Hz voltage contained in the chopped wave stays at

220 x /2 = 311V

Also notice strong oscillations of the electromagnetic torque at starting. If you
zoom in on the torque in steady state, you should observe a noisy signal with a
mean value of 11.9 N.m, corresponding to the load torque at nominal speed.

If you zoom in on the three motor currents, you can see that all the harmonics
(multiples of the 1080 Hz switching frequency) are filtered by the stator
inductance, so that the 60 Hz component is dominant.
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Figure 2-5: PWM Motor Drive; Simulation Results for Motor Starting at Full

Voltage

Using the Multimeter Block

The Universal Bridge block is not a conventional subsystem where all the six
individual switches are accessible. If you want to measure the switch voltages
and currents, you must use the Multimeter block, which gives access to the

bridge internal signals:

1 Open the Universal Bridge dialog box and set the Measurement parameter

to Device currents.
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2 Copy the Multimeter block from the Measurements library into your
circuit5 circuit. Double-click the Multimeter block. A window showing the
six switch currents appears.

3 Select the two currents of the bridge arm connected to phase A. They are
identified as

iSwl Universal Bridge

iSw2 Universal Bridge

4 Click OK. The number of signals (2) is displayed in the multimeter icon.

5 Using a Demux block, send the two multimeter output signals to a two-trace
scope and label the two connection lines (Trace 1: iSw1 Trace 2: iSw2).

6 Restart the simulation. The waveforms obtained for the first 20 ms are
shown in this plot.
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As expected, the currents in switches 1 and 2 are complementary. A positive
current indicates a current flowing in the IGBT, whereas a negative current
indicates a current in the antiparallel diode.

Note Multimeter block use is not limited to the Universal Bridge block.
Many blocks of the Electrical Sources and Elements libraries have a
Measurement parameter where you can select voltages, currents, or saturable
transformer fluxes. A judicious use of the Multimeter block reduces the
number of current and voltage sensors in your circuit, making it easier to
follow.

Discretizing the PWM Motor Drive

You might have noticed that the simulation using a variable-step integration
algorithm is relatively long. Depending on your computer, it might take some
minutes to simulate one second. To shorten the simulation time, you can
discretize your circuit and simulate at fixed simulation time steps.

Open the Powergui and select Discretize electrical model. Set the Sample
Time to 10e-6 s. When you restart the simulation, the power system,
including the asynchronous machine, is discretized at a 10 us sample time.

As there are no more continuous states in the electrical system, you do not need
a variable-step integration method to solve this system. In the Simulation —>
Simulation parameters —> Solver dialog box pane, select the Fixed-step
and discrete (no continuous states) options.

Start the simulation. Observe that the simulation is now approximately three
times faster than with the continuous system. Results compare well with the
continuous system.

Performing Harmonic Analysis Using the FFT Tool

The two Discrete Fourier blocks allow computation of the fundamental
component of voltage and current while simulation is running. If you would
like to observe harmonic components also you would need a Discrete Fourier
block for each harmonic. This approach is not convenient.

Now use the FFT tool of Powergui to display the frequency spectrum of voltage
and current waveforms. These signals are stored in your workspace in the ASM
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structure with time variable generated by the Scope block. Because your model
is discretized, the signal saved in this structure is sampled at a fixed step and
consequently satisfies the FF'T tool requirements.

Open the Powergui and select FFT Analysis. A new window opens. Set the
parameters specifying the analyzed signal, the time window, and the frequency
range as follows:

Structure ASM

Input Vab

Signal number 1

Start time 0.7 s

Number of cycles 2

(pull-down menu) Display FFT window
Fundamental frequency 60 Hz

Max Frequency 5000 Hz

Frequency axis Harmonic order

Display style Bar (relative to Fund or DC)

The analyzed signal is displayed in the upper window. Click Display. The
frequency spectrum is displayed in the bottom window, as shown in the next
figure.
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FFT window: 2 of 48 cycles of selected signal
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FFT Analysis of the Motor Line-to-Line Voltage

The fundamental component and total harmonic distortion (THD) of the Vab
voltage are displayed above the spectrum window. The magnitude of the
fundamental of the inverter voltage (312 V) compares well with the theoretical
value (311 V for m=0.9).

Harmonics are displayed in percent of the fundamental component. As
expected, harmonics occur around multiples of carrier frequency (n*18 +- k).
Highest harmonics (30%) appear at 16th harmonic (18 — 2) and 20th harmonic
(18 + 2). Note that the THD value (69%) has been computed for the specified 0
to 5000 Hz frequency range. If you recompute the FFT with a maximum
frequency range of 10000 Hz, you should see the THD increasing to 74% (5%
contribution in THD for the 5000 to 10000 Hz frequencies).

Finally, select input Ia instead of Vab and display its current spectrum.
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Three-Phase Systems and Machines

In this section you

¢ Learn how to simulate a three-phase power system containing electrical
machines and other three-phase models

¢ Perform a load flow study and initialize machines to start simulation in
steady state by using the Load Flow and Machine Initialization option of
the Powergui

® Simulate the power system and observe its dynamic performance by using
both the standard solution technique using a continuous solver and the
Phasor Solution method

You now use three types of machines of the Electrical Machines library:
simplified synchronous machine, detailed synchronous machine, and
asynchronous machine. You interconnect these machines with linear and
nonlinear elements such as transformers, loads, and breakers to study the
transient stability of an uninterruptible power supply using a diesel generator.

Three-Phase Network with Electrical Machines

The two-machine system shown in this single line diagram is this section’s
main example:

250ky t1=02s 2.4kV
Qe @)
1000 MVA
Q=10 Asynchronous
Motor
SMW 2250 HP

Synchronous
Generator
3.125 MVA

Figure 2-6: Diesel Generator and Asynchronous Motor on Distribution
Network
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This system consists of a plant (bus B2), simulated by a 1 MW resistive load
and a motor load (ASM) fed at 2400 V from a distribution 25 kV network
through a 6 MVA, 25/2.4 kV transformer, and from an emergency synchronous
generator/diesel engine unit (SM).

The 25 kV network is modeled by a simple R-L equivalent source (short-circuit
level 1000 MVA, quality factor X/R = 10) and a 5 MW load. The asynchronous
motor is rated 2250 HP, 2.4 kV, and the synchronous machine is rated 3.125
MVA, 2.4 kV.

Initially, the motor develops a mechanical power of 2000 HP and the diesel
generator is in standby, delivering no active power. The synchronous machine
therefore operates as a synchronous condenser generating only the reactive
power required to regulate the 2400 V bus B2 voltage at 1.0 p.u. Att=0.1s,a
three-phase to ground fault occurs on the 25 kV system, causing the opening of
the 25 kV circuit breaker at t = 0.2 s, and a sudden increase of the generator
loading. During the transient period following the fault and islanding of the
motor-generator system, the synchronous machine excitation system and the
diesel speed governor react to maintain the voltage and speed at a constant
value.

This system is modeled in a SimPowerSystems demo. Open the Demos library
of powerlib and double-click the demo called “Three-Phase Machines and Load
Flow.” A system named power_machines opens.
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Figure 2-7: Power System of Figure 2-6 Built with SimPowerSystems

The Synchronous Machine (SM) block uses standard parameters, whereas the
Asynchronous Machine (ASM) block uses SI parameters.

The other three-phase elements such as the inductive voltage source, the

Y grounded/Delta transformer, and the loads are standard blocks from the
Electrical Source and Elements libraries of powerlib. If you open the dialog
box of the Three-Phase Fault and Three-Phase Breaker blocks, you see how the
switching times are specified. The Machine Measurement Demux block
provided in the Machines library is used to demux the output signals of the SM
and ASM machines.

The SM voltage and speed outputs are used as feedback inputs to a Simulink
control system that contains the diesel engine and governor block as well as an
excitation block. The excitation system is the standard block provided in the
Machines library. The SM parameters as well as the diesel engine and
governor models were taken from reference [1].
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Diesel Engine and Governor System

If you simulate this system for the first time, you normally do not know what
the initial conditions are for the SM and ASM to start in steady state.

These initial conditions are

® SM block: Initial values of speed deviation (usually 0%), rotor angle,
magnitudes and phases of currents in stator windings, and initial field
voltage required to obtain the desired terminal voltage under the specified
load flow

® ASM block: Initial values of slip, rotor angle, magnitudes and phases of
currents in stator windings

Open the dialog box of the Synchronous Machine and Asynchronous Machine
blocks. All initial conditions should be set at 0, except for the initial SM field
voltage and ASM slip, which are set at 1 p.u. Open the three scopes
monitoring the SM and ASM signals as well as the bus B2 voltage. Start the
simulation and observe the first 100 ms before fault is applied.

As the simulation starts, note that the three ASM currents start from zero and
contain a slowly decaying DC component. The machine speeds take a much
longer time to stabilize because of the inertia of the motor/load and
diesel/generator systems. In our example, the ASM even starts to rotate in the
wrong direction because the motor starting torque is lower than the applied
load torque. Stop the simulation.
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Load Flow and Machine Initialization

To start the simulation in steady state with sinusoidal currents and constant
speeds, all the machine states must be initialized properly. This is a difficult
task to perform manually, even for a simple system. In the next section you
learn how to use the Load Flow and Machine Initialization option of the
Powergui block to perform a load flow and initialize the machines.

Double-click the Powergui block. In the Tools menu, click the Load Flow and
Machine Initialization button. A new window appears. In the upper right
window you have a list of the machines appearing in your system. Select the
SM 3.125 MVA machine. Note that for the Bus Type, you have a menu
allowing you to choose either PV Generator, PQ Generator, or Swing
Generator.

For synchronous machines you normally specify the desired terminal voltage
and the active power that you want to generate (positive power for generator
mode) or absorb (negative power for motor mode). This is possible as long as
you have a swing (or slack) bus that generates or absorbs the excess power
required to balance the active powers throughout the network.

The swing bus can be either a voltage source or any other synchronous
machine. If you do not have any voltage source in your system, you must
declare one of the machines as a swing machine. In the next section, you
perform a load flow with the 25 kV voltage source connected to bus B1, which
is used as a swing bus.

Load Flow Without a Swing Machine

In the Load Flow window, your SM Bus Type should already be initialized as
P & V generator, indicating that the load flow is performed with the machine
controlling its active power and terminal voltage. By default, the desired
Terminal Voltage UAB is initialized at the nominal machine voltage (2400
Vrms). Keep it unchanged and set the Active Power to zero. The synchronous
machine therefore absorbs or generates reactive power only to keep terminal
voltage at 1 p.u. Now select the ASM 2250 HP machine in the upper right
window. The only parameter that is needed is the Mechanical power
developed by the motor. Enter 2000%746 (2000 HP). You now perform the load
flow with the following parameters.

SM
Terminal Voltage 2400 Vrms
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Active Power 0 kw
ASM
Mechanical Power 2000*746 W (2000 HP)

Click the Update Load Flow button. Once the load flow is solved, the three
phasors of line-to-line machine voltages as well as currents are updated as
shown on the next figure. Values are displayed both in SI units (volts RMS or
amperes RMS) and in p.u.

-} Machine Load Flow Tool. model: power_machines

Machines load flow:

Machine: SH 3.125 HMVa
Hominal : 3.125 HMVA 2400 ¥V rms
Bu= Type: P&V generator

Uan phase: -31.89°
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Tab: 2400 Vrm= [1 pu] -1.89°
Thc: 2400 Vrm= [1 pu] -121.89° Bus type :
Tca 2400 Vrm= [1 pu] 118.11° IP&V : j
Ia: 205.93 Arms [0.2739 pu] -121.89° SEIEIE
IL: 205.93 Arms [0.2739 pu] 118.11° Teminal valtage UAE [Vims):
Ic: 205.93 Arms [0.2739 pu] -1.89°
P Z2.9104e-011 W [-9,313=-018 pu] | 2400
Q: 8. 5605=+005 Vars [0.2739 pu] .
Prec: B42.21 ¥ [D.0002701 pu] slizlnodeiliials)
Torque: 4.4787 H.m [0.0002701 pu] ID
Vi 1.4273 pu
Freactive power [Vars];
Machine: ASM 2250HP Ix
Hominal : 1.6785 HVA 2400 ¥V rms
Bu= Type: Asynchronous machine Phase of LUAN voltage [deg)
Uan phase: -31.89° I><
Tab: 2400 Vrm= [1 pu] -1.89°
Thc: 2400 Vrm= [1 pu] -121.89°
Uea 2400 Vems [1 pu] 118.11° Coadonlieqiencylliz)
Ia: 393.23 Arms [0.9739 pu] -53.98° X |
Ihb: 393.23 Arms [0.9739 pu] -173.98° L -
Ic: 393.23 Arms [0.9739 pu] 66.02° Load flow initial condition:
P 1.5146=+006 W [0.9024 pu] IAuto j
0 6.1473=+005 Vars [0.3662 pu]
Fnec: 1.492e+006 W [0.8889 pu]
;?ig?e. E?Sgsgig [0.83544 pu] Update Circuit & Measurements |

Update Load Flow |

Cloze |

ow

The SM active and reactive powers, mechanical power, and field voltage are
displayed.

856 kvar or 856/3125 = 0.2739 p.u.
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Pmec 844.2 Wor 0.00027 p.u., representing
internal machine losses in stator windings
Ef (field voltage) 1.427 p.u.

The ASM active and reactive powers absorbed by the motor, slip, and torque
are also displayed.

P 1.515 MW (0.9024 p.u.)
Q 615 kvar (0.3662 p.u.)
Pmec 1.492 MW (2000 HP)
Slip 0.006119

Torque 7964 N.m (0.8944 p.u.)

Close the Load Flow window.

The ASM torque value (7964 N.m) should already be entered in the Constant
block connected at the ASM torque input. If you now open the SM and ASM
dialog boxes you can see the updated initial conditions. If you open the
Powergui, you can see updated values of the measurement outputs. You can
also click the Nonlinear button to obtain voltages and currents of the
nonlinear blocks. For example, you should find that the magnitude of the Phase
A voltage across the fault breaker (named Uc_3-Phase Fault/Breaker1)is
14.42 kV RMS, corresponding to a 24.98 kV RMS phase-to-phase voltage.

To start the simulation in steady state, the states of the Governor & Diesel
Engine and the Excitation blocks should also be initialized according to the
values calculated by the load flow. Open the Governor & Diesel Engine
subsystem, which is inside the Diesel Engine Speed and Voltage Control
subsystem. Notice that the initial mechanical power has been automatically set
to 0.0002701 p.u. Open the Excitation block and notice that the initial
terminal voltage and field voltage have been set respectively to 1.0 and 1.427

p.u.

Note that the load flow also initializes the Constant blocks connected at the
reference inputs (wref and vref) of the Governor and Excitation blocks as well
as the Constant block connected at the load torque input (Tm) of the
Asynchronous Machine block.
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Open the three scopes displaying the internal signals of synchronous and
asynchronous machines and phase A voltage. Start the simulation. The
simulation results are shown in the following figure.
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Figure 2-8: Simulation Results

Observe that during the fault, the terminal voltage drops to about 0.2 p.u., and
the excitation voltage hits the limit of 6 p.u. After fault clearing and islanding,
the SM mechanical power quickly increases from its initial value of 0 p.u. to 1
p.u. and stabilizes at the final value of 0.82 p.u. required by the resistive and
motor load (1.0 MW resistive load + 1.51 MW motor load = 2.51 MW =

2.51/3.125 = 0.80 p.u.). After 3 seconds the terminal voltage stabilizes close to
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its reference value of 1.0 p.u. The motor speed temporarily decreases from 1789
rpm to 1635 rpm, then recovers close to its normal value after 2 seconds.

If you increase the fault duration to 12 cycles by changing the breaker opening
time to 0.3 s, notice that the system collapses. The ASM speed slows down to
zero after 2 seconds.

Load Flow with a Swing Machine

In this section you make a load flow with two synchronous machine types: a PV
generator and a swing generator. In your power_machines window, delete the
inductive source and replace it with the Simplified Synchronous Machine block
in p.u. from the Machines library. Rename this machine SSM 1000MVA. Add
two constant blocks at the Pm and E inputs of the Simplified Synchronous
Machine. These two blocks, which are used to specify the mechanical power
and the machine internal voltage, will be automatically initialized when you
perform a new load flow. Save this new system in your working directory as
power_machines2.md1l.0Open the SSM 1000 MVA dialog box and enter the
following parameters:

Connection type 3-wire Y

Pn(VA), Vn(Vrms), fn(Hz) [1000e6 25e3 60]

H(s), KdO, p O [inf 0 2]

R(p.u.), X(p.u.) [0.11.0]

Init. cond. Leave all initial conditions at zero.

As you specify an infinite inertia, the speed and therefore the frequency of the
machine are kept constant. Notice how easily you can specify an inductive
short-circuit level of 1000 MVA and a quality factor of 10 with the per unit
system.

Also, connect at inputs 1 and 2 of the SSM block two Constant blocks specifying
respectively the required mechanical power (Pmec) and its internal voltage (E).
These two constants are updated automatically according to the load flow
solution.

When there is no voltage source imposing a reference angle for voltages, you
must choose one of the synchronous machines as a reference. In a load flow
program, this reference is called the swing bus. The swing bus absorbs or
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generates the power needed to balance the active power generated by the other
machines and the power dissipated in loads as well as losses in all elements.

Open the Powergui. In the Tools menu, select Load Flow and Machine
Initialization. Change the SSM Bus Type to Swing Generator. Specify the
load flow by entering the following parameters for the SM and ASM machines:

SM 1000 MVA:
Terminal voltage UAB 2400 Vrms

Active power ow
ASM 2250 HP:
Mechanical power 1.492e+06 W (2000 HP)

For the SSM swing machine you only have to specify the requested terminal
voltage (magnitude and phase). The active power is unknown. However, you
can specify an active power that is used as an initial guess and help load flow
convergence. Respecify the following SSM parameters:

Terminal voltage 24984 Vrms
(this voltage obtained at bus B1 from the
previous load flow)

Phase of UAN voltage 0 degrees

Active power guess 7.5e6 W
(estimated power = 6 MW (resistive load) + 1.5
MW motor load)

Click the Update Load Flow button. Once the load flow is solved the following
solution is displayed. Use the scroll bar of the left window to look at the solution
for each of the three machines.
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-} Machine Load Flow Tool. model: power_machines2

Machines load flow:

Machine: SSH 1000VA ;I
Hominal : 1000 MVA 25 kV rms
Bu= Type: Swing generator
Uan pha=e: -0.00°
Tab: 24984 Vrms [0.9994 pu] 30.00°
jij=l=H 24984 Vrms [0.9994 pu] -90.00°
Tca 24984 Vrm= [0.9994 pu] 150.00°
Ia: 174 .31 Arms [0.007548 pu] 1.12°
Ihb: 174 .31 Arms [0.007548 pu] -118.88°
Ic: 174 .31 Arms [0.007548 pu] 121.12°
P 7.5415=+006 W [0.007542 pu]
Q: -1.472e+005 Vars [-0.0001472 pu]
Pmec: 7.5472=+006 W [0.007547 pu]
Torque: 40039 H.om [0.007547 pu]

R 1 pu
Machine: SH 3.125 HMVa
Hominal : 3.125 HMVA 2400 ¥V rms
Bu= Type: P&V generator
Uan phase: -31.46°
Tab: 2400 Vrm= [1 pu] -1.46°
Thc: 2400 Vrm= [1 pu] -121.46°
Tca 2400 Vrm= [1 pu] 118.54°
Ia: 206.02 Arms [0.2741 pu] -121 48"
Ihb: 206.02 Arms [0.2741 pu] 118 54"
Ic: 206.02 Arms [0.2741 pu] -1.46°
P -1.1642e-010 U [-3.725e-017 pu]
0 8.5642e+005 Vars [0.2741 pu]
Pmec: 844 .94 W [0.0002704 pu]
Torque: 4. 4825 H.m [0.0002704 pu]
Vi 1.4275 pu
Machine: ASM 2250HP
Hominal : 1.6785 HVA 2400 ¥V rms
Bu= Type: Asynchronous machine
Uan phase: -31.46°
Tab: 2400 Vrm= [1 pu] -1.46°
Thc: 2400 Vrm= [1 pu] -121.46°
Tca 2400 Vrm= [1 pu] 118.54°
Ia: 393.23 Arms [0.9739 pu] -53.55°
Ihb: 393.23 Arms [0.9739 pu] -173.55°
Ic: 393.23 Arms [0.9739 pu] 66.45°
P 1.5146=+006 W [0.9024 pu]
0 6.1473=+005 Vars [0.3662 pu]
Fnec: 1.492e+006 W [0.8889 pu]
Torque: 7964 H.m [0.8944 pu]
=lip: 0.006119

[

=10l x|

Machines:

SHM 3.125 MVa

ASH 2250HP
Bus Type :
ISwing busz j
Terminal voltage UAB [Wims]:
I 24354
Active power guess [Watts] :
I 7 5e+006
Freactive power [Wars]:
I ®
Fhase of UAM voltage [deq) :
I 0
Load flow frequency [Hz):
E =]
Load flow initial condition:
IAmo :J

Update Circuit & Measurements |

Update Load Flow

Cloze |

The active and reactive electrical powers, mechanical power, and internal

voltage are displayed for the SSM block.

P=7.542 MW; Q=-147 kvar
Pmec=7.547 MW (or 7.547/1000=0.007547 p.u.)
Internal voltage E=1.0 p.u.
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The active and reactive electrical powers, mechanical power, and field voltage
of the SM block are

P=0 W; Q=856 kvar
Pmec=844 W
Vf=1.428 p.u.

The active and reactive powers absorbed by the motor, slip, and torque of the
ASM block are also displayed.

P=1.515MW Q=615 kvar Pmec=1.492 MW (2000 HP)
S1ip=0.006119 Torque=7964 N.m

As expected, the solution obtained is exactly the same as the one obtained with
the R-L voltage source. The active power delivered by the swing bus is 7.54 MW
(6.0 MW resistive load + 1.51 MW motor load = 7.51 MW, the difference (0.03
MW) corresponding to losses in the transformer).

Restart the simulation. You should get the same waveforms as those shown in
the figure called Figure 2-8.

Reference

[1] Yeager, K.E., and J.R.Willis, “Modeling of Emergency Diesel Generators in
an 800 Megawatt Nuclear Power Plant,” IEEE Transactions on Energy
Conversion, Vol. 8, No. 3, September, 1993.

Using the Phasor Solution Method for Stability
Studies

Up to now, you have simulated a relatively simple power system consisting of
a maximum of three machines. If you increase complexity of your network by
adding extra lines, loads, transformers, and machines, the required simulation
time becomes longer and longer. Moreover, if you are interested in slow
electromechanical oscillation modes (typically between 0.02 Hz and 2 Hz on
large systems) you might have to simulate for several tens of seconds, implying
simulation times of minutes and even hours. The conventional continuous or
discrete solution method is therefore not practical for stability studies
involving low-frequency oscillation modes. To allow such studies, you have to
use the phasor technique (see “Introducing the Phasor Simulation Method” on
page 1-35).
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For a stability study, we are not interested in the fast oscillation modes
resulting from the interaction of linear R, L, C elements and distributed
parameter lines. These oscillation modes, which are usually located above the
fundamental frequency of 50 Hz or 60 Hz, do not interfere with the slow
machine modes and regulator time constants. In the phasor solution method,
these fast modes are ignored by replacing the network’s differential equations
by a set of algebraic equations. The state-space model of the network is
therefore replaced by a transfer function evaluated at the fundamental
frequency and relating inputs (current injected by machines into the network)
and outputs (voltages at machine terminals). The phasor solution method uses
a reduced state-space model consisting of slow states of machines, turbines,
and regulators, thus dramatically reducing the required simulation time.
Continuous variable-step solvers are very efficient in solving this type of
problem. Recommended solvers are ode15s or ode23tb with a maximum time
step of one cycle of the fundamental frequency (1/60 s or 1/50 s).

Now apply the phasor solution method to the two-machine system you have

just simulated with the conventional method. Open the power _machines demo.

Double-click the Powergui. Select the Phasor simulation option. You must
also specify the fundamental frequency used to solve the algebraic network
equations. A default value of 60 Hz should already be entered in the
Frequency menu. Close the Powergui and notice that Phasors appears on
thee Powergui icon, indicating that this new method can be used to simulate
your circuit. To start the simulation in steady state, you must first repeat the
load flow and machine initialization procedure explained in the previous
section, “Load Flow and Machine Initialization” on page 2-27.

In the Simulation Parameters dialog box, specify a Max step size of 1/60 s
(one cycle) and start the simulation.
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Observe that simulation is now much faster. The results compare well with
those obtained in the previous simulation. A comparison of synchronous
machine and asynchronous machine signals is shown below.
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Comparison of Results for Continuous and Phasor Simulation Methods
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The phasor solution method is illustrated on more complex networks presented
in the Demos library. These demos are identified as

¢ Transient stability of two machines with power system stabilizers (PSS) and

a static var compensator (SVC)
¢ Performance of three power system stabilizers for interarea oscillations

The first demo illustrates the impact of PSS and use of a SVC to stabilize a
two-machine system. The second demo compares the performance of three
different types of power system stabilizers on a four-machine, two-area system.
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Building and Customizing Nonlinear Models

SimPowerSystems provides a wide collection of nonlinear models. It can
happen, however, that you need to interface your own nonlinear model with the
standard models provided in the powerlib library. This model could be a
simple nonlinear resistance simulating an arc or a varistor, a saturable
inductor, a new type of motor, etc.

In the following section you learn how to build such a nonlinear model. A
simple saturable inductance and a nonlinear resistance serve as examples.

Modeling a Nonlinear Inductance

Consider an inductor of 2 henries designed to operate at a nominal voltage,
Vnom = 120 V RMS, and a nominal frequency, fnom = 60 Hz. From zero to 120
V RMS the inductor has a constant inductance, L = 2 H. When voltage exceeds
its nominal voltage, the inductor saturates and its inductance is reduced to
Lsat = 0.5 H. The nonlinear flux-current characteristic is plotted in the next
figure. Flux and current scales are in per units. The nominal voltage and
nominal current are chosen as base values for the per-unit system.
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Flux (p.u.) A
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Figure 2-9: Flux-Current Characteristic of the Nonlinear Inductance

The current i flowing in the inductor is a nonlinear function of flux linkage
that, in turn, is a function of v appearing across its terminals. These relations
are given by the following equations:

. ¥ _dy - (v
v_Ldt_dt or w—jv dt
=

L(v)

The model of the nonlinear inductance can therefore be implemented as a
controlled current source, where current i is a nonlinear function of voltage v,
as shown.
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| integrator I=f(y)

Model of a Nonlinear Inductance

Figure 2-10 shows a circuit using a 2 H nonlinear inductance. The nonlinear
inductance is connected in series with two voltage sources (an AC Voltage
Source block of 120 volts RMS, 60 Hz, and a DC Voltage Source block) and a 5
ohm resistor.

All the elements used to build the nonlinear model have been grouped in a
subsystem named Nonlinear Inductance. The inductor terminals are labeled In
and Out. Notice that a second output returning the flux has been added to the
subsystem. You can use this Simulink output to observe the flux by connecting
it to a Simulink Scope block.

The nonlinear model uses two powerlib blocks and two Simulink blocks. The
two powerlib blocks are a Voltage Measurement block to read the voltage at

the inductance terminals and a Controlled Current Source block. The direction
of the arrow of the current source is oriented from input to output according to
the model shown above.

The two Simulink blocks are an Integrator block computing the flux from the
voltage input and a Look-Up Table block implementing the saturation
characteristic i = f{y) described by Figure 2-9.
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Figure 2-10: Implementation of a Nonlinear Inductance

Two Fourier blocks from the Measurements library of powerlib_extras are
used to analyze the fundamental component and the DC component of the

current.

Using blocks of the powerlib and Simulink libraries, build the circuit shown
above. To implement the i =f(\y) relation, specify the following vectors in the

Look-Up Table block:

Vector of input
values (flux)

Vector of output [-2 -1 1 2]*(120*sqrt(2)/(47*60))

values (current)

Save your circuit as circuit7?.

[-1.25 -1 11.25] *(120*sqrt(2)/(2n*60))

2-41



2 Advanced Components and Techniques

2-42

Set the following parameters for the two sources:
AC source
Peak amplitude 120*sqrt(2)
Phase 90 degrees
Frequency 60 Hz
DC source

Amplitude (VY

Adjust the simulation time to 1.5 s and select the ode33tb integration
algorithm with default parameters. Start the simulation.

As expected, the current and the flux are sinusoidal. Their peak values
correspond to the nominal values.

120 - /2
P . = —_—— = O.225A
eak - Current 5 or 60
Peak - Flux = 22042 _ o 450 v
21 - 60

Current and flux waveforms are shown.
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Figure 2-11: Current and Flux Waveforms Obtained with VDC = 0 V and
vDC=1V

Now change the DC voltage to 1 V and restart the simulation. Observe that the
current is distorted. The 1 V DC voltage is now integrated, causing a flux offset,
which makes the flux enter into the nonlinear region of the flux-current
characteristic (¢ > 0.450 V.s). As a result of this flux saturation, the current
contains harmonics. Zoom in on the last three cycles of the simulation. The
peak value of the current now reaches 0.70 A and the fundamental component
has increased to 0.368 A. As expected, the DC component of the current is 1 V/
0.5 Q = 0.2. The current and flux waveforms obtained with and without
saturation are superimposed in the figure above.
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Customizing Your Nonlinear Model

Simulink provides the Masking facilities to create a dialog box for your models.
You can create a mask that specifies the following prompts and variables:

Nominal voltage (Volts rms):
Nominal frequency (Hz):
Unsaturated inductance (H):

Saturation characteristic [i1(pu)
phil(pu); i2 phi2; ...]J:

Vnom

Fnom

sat

The resulting mask for your nonlinear inductance block is shown in the next

figure.

Block Parameters: Nonlinear x|

— Monlinear Inductance [mask]

Thiz block implements a nonlinear inductance.
The Flux output iz a Simulink. output returning the flux linkage in .z

The saturation characteristic iz a 2 column matrix [1 st column = curent in
pu. 2nd column = flux in pu] defining the flus-current relation in the first
quadrant. & symetric characteristic iz assumed for negative fluses. The
characteristic must contain at least three rows. The first two pairs of points
defining the unzaturated inductance must be: [00:11; ...]

.
F

Mominal voltage [Volts rms]:
J120

Mominal frequency [Hz):
IE]

Unzaturated inductance [H]:
|2

Saturation characteristic [i1[pu) phil [pu]; i2 phi2; ...]:
Jroo: 11:21.25]

QK I Cancel | Help | Lpply |

Dialog Box of the Nonlinear Inductance Block
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The following code in the mask initializations of the block prepares the two
vectors Current_vect and Flux_vect to be used in the Look-Up Table block of
the model.

% Define base current and Flux for p.u. system
I _base = Vnom*sqrt(2)/(L*2*pi*fnom);
Phi_base = Vnom*sqrt(2)/(2*pi*fnom);

% Check first two points of the saturation characteristic
if ~all(all(sat(1:2,:)==[0 0; 1 1])),
h=errordlg('The first two points of the characteristic must
be [0 0; 1 1]',"'Error');
uiwait (h);
end

% Complete negative part of saturation characteristic
[npoints,ncol]=size(sat);

sat1=[sat ; -sat(2:npoints,:)];

sat1=sort(satl);

% Current vector (A) and flux vector (V.s)
Current_vect=sati1(:,1)*I_base;
Flux_vect=sat1(:,2)*Phi_base;

As the saturation characteristic is specified only in the first quadrant, three
lines of code are added to complete the negative part of the saturation
characteristic. Notice also how the validity of the first segment of the
saturation characteristic is verified. This segment must be defined by two
points [0 0; 1 1] specifying a 1 p.u. inductance (nominal value) for the first
segment.

Before you can use the masked block, you must apply the two internal variables
defined in the initialization section of the block. Open the Look-Up Table block
dialog box and enter the following variable names in the two fields:

Vector of input values (flux) Flux_vect

Vector of output values (current) Current_vect

Close the Nonlinear Inductance subsystem and start the simulation. You
should get the same waveforms as shown in Figure 2-11.
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Modeling a Nonlinear Resistance
The technique for modeling a nonlinear resistance is similar to the one used for
the nonlinear inductance.

A good example is a metal-oxide varistor (MOV) having the following V-I
characteristic:

. v\
i=1,- (—V-;)
where
v,i= Instantaneous voltage and current
Vo = Protection voltage
Io=  Reference current used to specify the protection voltage
o= Exponent defining the nonlinear characteristic (typically between
10 and 50)

The following figure shows an application of such a nonlinear resistance to
simulate a MOV used to protect equipment on a 120 kV network. To keep the
circuit simple, only one phase of the circuit is represented.
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Using blocks of the powerlib and Simulink libraries, build this circuit. Group
all components used to model the nonlinear model in a subsystem named
Nonlinear Resistance. Use an X-Y Graph block to plot the V-I characteristic of
the Nonlinear Resistance subsystem.

The model does not use a Look-Up Table block as in the case of the nonlinear
inductance model. As the analytical expression of current as a function of
voltage is known, the nonlinear I(V) characteristic is implemented directly
with a Math Function block from the Math Operations library of Simulink.

This purely resistive model contains no states. It produces an algebraic loop in
the state-space representation of the circuit, as shown in the next figure. See
the SimPowerSystems Block Reference for more details on how
SimPowerSystems works.
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block

Controlled
Current Source
block

AC Voltage Source >

State-space
u matrices y

> Linear circuit

Algebraic loop

Nonlinear resistance
subsystem

Current Measurement block
Voltage Measurement block

\

Voltage M easurement
block

Algebraic Loop Introduced by the Nonlinear Resistance Model

Although Simulink can solve algebraic loops, they often lead to slow simulation

times. You should break the loop with a block that does not change the

nonlinear characteristic. Here a first-order transfer function H(s) = 1/(1+Ts) is

introduced into the system, using a fast time constant (T = 0.01 us).

Use the technique explained for the nonlinear inductance block to mask and
customize your nonlinear resistance block as shown.

— Monlinear Resistance [mask] [link]

defined by:
I=lo"f o) " alpha
where:

o : Protection voltage [V]

Thiz block implements a nonlinear resistance with a -l characteristic

lo: Reference curment [4] used to specify the pratection voltage

=

Pratection voltage Yo [V

|1 20e+03/ gt A sqrt(2)72

Fieference current o [A]:

500

alpha:

|5

()3 I Cancel |

Help | Appl |

Dialog Box of the Nonlinear Resistance Block
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Open the dialog box of your new masked block and enter the parameters shown
in the figure above. Notice that the protection voltage Vo is set at 2 p.u. of the
nominal system voltage. Adjust the source voltage at 2.3 p.u. by entering the
following peak amplitude:

120e3/sqrt(3)*sqrt(2)*2.3
Save your circuit as circuits.

Using the ode23tb integration algorithm, simulate your circuit8 system for 0.1
s. The results are shown below.
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Creating Your Own Library

Simulink lets you create your own libraries of SimPowerSystems blocks. To
create a library, in the File menu choose New Library. A new Simulink
window named Library: untitled opens. Now copy the Nonlinear Inductance
block of your circuit7 system and the Nonlinear Resistance block of your
circuit8 system into that library. Save this library as my_powerlib. Next
time you develop a new model, you can add it to your personal library. You can
also organize your library in different sublibraries according to their functions,
as is done in the powerlib library.

=] Library: my_powerlib =1
File Edit “iew Format Help

DEEHE| b2 0| hm e

U
o o
ofln
Out |2

Nonlinear
Resistance

Honlinear
Inductance

Ready [100%  |Unlocked 4

Nonlinear Inductance and Resistance Blocks in my_powerlib

One advantage of using a library is that all blocks that you copy from that
library are referenced to the library. In other words, if you make a correction
in your library block, the correction is automatically applied to all circuits
using that block.

Connecting Your Model with Other Nonlinear Blocks

You now learn how to avoid error messages that can appear with nonlinear
blocks when they are simulated by a current source. Obviously, a current
source cannot be connected in series with an inductor, another current source,
or an open circuit. Such circuit topologies are forbidden in SimPowerSystems.

Similarly, if your nonlinear model uses a Controlled Voltage Source block, this
model could not be short-circuited or connected across a capacitor.

Suppose, for example, that you want to study the inrush current in a nonlinear
inductance when it is energized on a voltage source. Using blocks from
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powerlib library and my_powerlibrary, you can build the circuit shown here.
Change the Breaker block parameters as follows:

Snubber resistance Rs inf (no snubber)
Snubber capacitance Cs 0

External control Not selected
Switching times [1/60]

D/ i o
1
A 7Y W D=_= "
11

Cut

5 ohms Breaker
=180 5 Nenlinear
Inductance
* o[
120 W rms, 60 Hz, O deg
Flux =) >

Scope

Circuit Topology Causing an Error

If you try to simulate this circuit, you get the following error message.

+ |Error Dialog (=[] =]

Current source or nonlinear element modeled as current source (branch
'‘Breaker”) iz in series with current source or nonlinesr element modeled
0 as current source (hranch 'Monlinesr InductancefControlled Current

Source’).

L |

This topology is forbidden because two nonlinear elements simulated by
current sources are connected in series: the Breaker block and the Nonlinear
Inductance block. To be able to simulate this circuit, you must provide a
current path around one of the two nonlinear blocks. You could, for example,
connect a large resistance, say 1 MQ, across the Breaker block or the
Inductance block.
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In this case, it is more convenient to choose the Breaker block because a series
RC snubber circuit is provided with the model. Open the Breaker block dialog
box and specify the following snubber parameters:

Snubber resistance Rs (ohms) 1e6

Snubber capacitance Cs (F) inf

Notice that to get a purely resistive snubber you have to use an infinite
capacitance.

Note Using an inductive source impedance (R-L series) instead of a purely
resistive impedance would have produced another error message, because the
current source modeling the nonlinear inductance would have been in series
with an inductance, even with a resistive snubber connected across the
breaker. In such a case, you could add either a parallel resistance across the
source impedance or a large shunt resistance connected between one breaker
terminal and the source neutral terminal.

Make sure that the phase angle of the voltage source is zero. Use the ode23tb
integration algorithm and simulate the circuit for 1 second. Voltage and
current waveforms are shown here.
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Current and Flux Waveforms When Energizing the Nonlinear Inductance with
Maximum Flux Offset

The figure above shows that energizing the inductor at a zero crossing of
voltage results in a maximum flux offset and saturation.
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Performance

SimPowerSystems gives you many tools to speed up your power system simulations. Depending on
your model, you can choose among continuous, discrete, and phasor integration methods. Simulink
and related products provide additional ways to enhance model performance, including code
generation, creating your own model libraries, and tuning block parameters.

How SimPowerSystems Works
(p. 3-2)

Choosing an Integration Method
(p. 3-5)

Simulating with Continuous
Integration Algorithms (p. 3-7)

Simulating Discretized Electrical
Systems (p. 3-11)

Simulating Power Electronic Models
(p. 3-13)

Increasing Simulation Speed
(p. 3-14)
The Nonlinear Model Library
(p. 3-16)

Creating Your Own Library of
Models (p. 3-18)

Changing Your Circuit Parameters
(p. 3-19)

Overview of what SimPowerSystems does when it analyzes
and runs your models

Advantages and disadvantages of continuous, discrete, and
phasor simulation of power system models

How to integrate continuous time power models with
SimPowerSystems

How to solve discretized power models with
SimPowerSystems

How to simulate power electronic models with
SimPowerSystems

Ways to optimize simulation speed and efficiency, including
the Simulink Accelerator and Real-Time Workshop®

Using and modifying the powerlib_models library to model
nonlinear power components

Creating your own custom power system blocks with the
Simulink block masking feature

Modifying SimPowerSystems block parameters during
simulation and automating with MATLAB scripts
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How SimPowerSystems Works

Once you have built your circuit with the blocks of powerlib, you can start the
simulation just like any other Simulink model. Each time you start the
simulation, a special initialization mechanism is called. This initialization
process computes the state-space model of your electric circuit and builds the
equivalent system that can be simulated by Simulink.

The power_analyze command is part of that process. It obtains the state-space
model and builds the Simulink model of your circuit. You can also call
power_analyze from the command line to obtain the state-space model of the
linear part of the circuit. When called by the initialization process,
power_analyze performs the following five steps as shown in Figure 3-1:

1 Sorts all SimPowerSystems blocks, gets the block parameters and evaluates
the network topology. The blocks are separated into linear and nonlinear
blocks, and each electrical node is automatically given a node number.

2 Once the network topology has been obtained, the state-space model (A, B,
C, D matrices) of the linear part of the circuit is computed by the
power_ statespace command. All steady-state calculations and
initializations are performed at this stage.

If you have chosen to discretize your circuit, the discrete state-space model
is computed from the continuous state-space model, using the Tustin
method.

If you are using the phasor solution method, the state-space model is
replaced with the complex transfer matrix H(jw) relating inputs and outputs
(voltage and current phasors) at the specified frequency. This matrix defines
the network algebraic equations.

3 Builds the Simulink model of your circuit and stores it inside the Powergui
block located at the top level of your model.
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Start simulation
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Simulink library |

powerlib library |

1 power _analyze
- Analyze network topology
- Get circuit parameters

2. power_statespace
- Compute continuous state-space

model of linear circuit (A, B, C, D)

powerlib_modelslibrary

- Compute steady-state and
initial conditions
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Solution| Method Solution
v
Discretize H(jo)
(Tustin Matrix
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3 power _analyze

- Build the Simulink model
- Initialize nonlinear models

Simulink
starts simulation

Figure 3-1: SimPowerSystems Flowchart

power gui
- Display steady state info.
- Changeinitial conditions
- Initialize machines (L oad Flow)
- Compute impedance vs. frequency

The Simulink model uses an S-Function block to model the linear part of the
circuit. Predefined Simulink models are used to simulate nonlinear elements.
These models can be found in the powerlib_models library available with
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SimPowerSystems. Simulink Source blocks connected at the input of the
State-Space block are used to simulate the electrical source blocks.

The next figure represents the interconnections between the different parts of
the complete Simulink model. The nonlinear models are connected in feedback
between voltage outputs and current inputs of the linear model.

Linear model
Sources Outputs from
(inputs) Lt u State-space y measurements
— ™ matrices blocks

Nonlinear models

Figure 3-2: Interconnection of Linear Circuit and Nonlinear Models

Once power_analyze has completed the initialization process, Simulink starts
the simulation. You can observe waveforms on scopes connected at the outputs
of your measurement blocks. Through the Powergui, you can access the LTI
viewer and obtain transfer functions of your system between any pair of input
and output. The Powergui also allows you to perform a FFT analysis of
recorded signals to obtain their frequency spectrum.

If you stop the simulation and drag a copy of the Powergui block into your
circuit window, you have access to the steady-state values of inputs, outputs,
and state variables displayed as phasors. You can also use the interface to
modify the initial conditions. The Powergui block interface allows you to
perform a load flow with circuits involving three-phase machinery and
initialize the machine models so that the simulation starts in steady state. This
feature avoids long transients due to mechanical time constants of machines.
The Powergui block allows you to specify the desired frequency range, visualize
impedance curves, and store results in your workspace for Impedance
Measurement blocks connected in your circuit.



Choosing an Integration Method

Choosing an Integration Method

Three solution methods are available through the Powergui block. These are:

® Continuous solution method using Simulink variable-step solvers
¢ Discretization for solution at fixed time steps

® Phasor solution method using Simulink variable-step solvers

Continuous Versus Discrete Solution

One important feature of SimPowerSystems is its ability to simulate electrical
systems either with continuous variable-step integration algorithms or with a
fixed-step using a discretized system. For small size systems, the continuous
method is usually more accurate. Variable-step algorithms are also faster
because the number of steps is fewer than with a fixed-step method giving
comparable accuracy. When using line-commutated power electronics, the
variable-step, event-sensitive algorithms detect the zero crossings of currents
in diodes and thyristors with a high accuracy so that you do not observe any
current chopping. However, for large systems (containing either a large
number of states or nonlinear blocks), the drawback of the continuous method
is that its extreme accuracy slows down the simulation. In such cases, it is
advantageous to discretize your system. In the following two sections, we
explain these two methods, their advantages, and their limitations.

What do we mean by “small size” and “large size”™? Although the distinction is
not sharp, you can consider small size a system that contains fewer than 30
electrical states and fewer than 6 electronic switches. Circuit breakers do not
affect the speed much, because unlike power electronic switches, which are
commutated at every cycle, these devices are operated only a couple of times
during a test.

Phasor Solution Method

If you are interested only in the changes in magnitude and phase of all voltages
and currents when switches are closed or opened, you don’t need to solve all
differential equations (state-space model) resulting from the interaction of R,
L, C elements. You can instead solve a much simpler set of algebraic equations
relating the voltage and current phasors. This is what the phasor solution
method does. As its name implies, this method computes voltages and currents
as phasors. The phasor solution method is particularly useful for studying
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transient stability of networks containing large generators and motors. In this
type of problem, we are interested in electromechanical oscillations resulting
from interactions of machine inertias and regulators. These oscillations
produce a modulation of the magnitude and phase of fundamental voltages and
currents at low frequencies (typically between 0.02 Hz and 2 Hz). Long
simulation times are therefore required (several tens of seconds). The
continuous or discrete solution methods are not appropriate for this type of
problem.

In the phasor solution method, the fast modes are ignored by replacing the
network differential equations by a set of algebraic equations. The state-space
model of the network is replaced by a complex matrix evaluated at the
fundamental frequency and relating inputs (currents injected by machines into
the network) and outputs (voltages at machine terminals). As the phasor
solution method uses a reduced state-space model consisting of slow states of
machines, turbines and regulators, it dramatically reduces the required
simulation time.

Continuous variable-step solvers are very efficient in solving this type of
problem. Recommended solvers are ode15s or ode23tb with a maximum time
step of one cycle of the fundamental frequency (1/60 s or 1/50 s).You must keep
in mind however that this faster solution technique gives the solution only in
the vicinity of the fundamental frequency.
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Simulating with Continuous Integration Algorithms

Simulink provides a variety of solvers. Most of the variable-step solvers work
well with linear circuits. However circuits containing nonlinear models,
especially circuits with circuit breakers and power electronics, require stiff
solvers.

Choosing an Integration Algorithm

Fastest simulation speed is usually achieved with ode23tb or ode15s with
default parameters.

Solver 0ode23tb or ode15s
Relative tolerance 1e-3

Absolute tolerance auto

Maximum step siz auto

Initial step size auto

Maximum order (for ode15s) = 5

Normally, you can choose auto for the absolute tolerance and the maximum
step size. In some occasions you might have to limit the maximum step size and
the absolute tolerance. Selecting too small a tolerance can slow down the
simulation considerably. The choice of the absolute tolerance depends on the
maximum expected magnitudes of the state variables (inductor currents and
capacitor voltages). For example, if you work with high-power converters
where expected voltage and currents are thousands of volts and amperes, an
absolute tolerance of 0.1 or even 1.0 should be sufficient. If you are working
with low-power circuits involving maximum values of 100 V and 10 A, you
should use a smaller absolute tolerance, such as 0.001 or 0.01.

Simulating Switches and Power Electronic Devices

Two methods are used for simulation of switches and power electronic devices:

e If the switch is purely resistive the switch model is considered as part of the
linear circuit. The state-space model of the circuit, including open and closed

switches, is therefore recalculated at each switch opening or closing,
producing a change in the circuit topology. This method is always used with
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the Breaker block and the Ideal Switch block because these elements do not
have internal inductance. It is also applied for the power electronic blocks
when Ron > 0 and Lon = 0, and for the Universal Bridge with forced
commutated devices.

e Ifthe switch contains a series inductance (Diode and Thyristor with Lon > 0,
IGBT, MOSFET, or GTO), the switch is simulated as a current source driven
by voltage across its terminals. The nonlinear element (with a voltage input
and a current output) is then connected in feedback on the linear circuit, as
shown in the Figure 3-2.

Note You have therefore the choice to simulate diodes and thyristors with or
without Lon internal inductance. In most applications, it is not necessary to
specify an inductance Lon. However, for circuit topologies resulting in zero
commutation or overlap angle, you have to specify a switch inductance Lon to
help commutation.

Consider for example the circuit shown in the following figure. This circuit is
available in the power_rectifier ideal model. The thyristor bridge is fed
from an infinite source (zero impedance) so that the commutation between
thyristors is quasi instantaneous.
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If you simulate this circuit without internal thyristor inductances (Lon = 0),
observe high current spikes flowing in the three lines. This happens because
during commutation two thyristors connected to the same positive or negative
terminal of the bridge are in conduction for a short period of time, applying a
line-to-line short circuit on the source (see the Figure 3-3). During
commutation, the current is limited only by the internal resistance of
thyristors (with Ron = 0.01 ohms, the current reaches 7.35 kA (208* /2
*$in(30°) / (2%0.01) or 245 times the normal DC current of 30 A). These short
circuits can be avoided by using a small Lon = 1 uH in the thyristor model. If

you repeat the simulation, you get square current waveforms with a peak value
of 30 A.

If you zoom in on the line current during a commutation, you discover that the
commutation is not instantaneous. The commutation time depends on the Lon
value and the DC current.
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Figure 3-3: Source Currents and DC Load Voltage with Lon = 0 and Lon = 1 uH
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Simulating Discretized Electrical Systems

You implement discretization by dragging the Powergui block into your
system. The sample time is specified in the block dialog box. The electrical
system is discretized using the Tustin method, which is equivalent to a
fixed-step trapezoidal integration. To avoid algebraic loops, the electrical
machines are discretized using the Forward Euler method.

The precision of the simulation is controlled by the time step you choose for the
discretization. If you use too large a sample time, the precision might not be
sufficient. The only way to know if it is acceptable is to repeat the simulation
with different sample times or to compare with a continuous method and to
find a compromise for the largest acceptable sample time. Usually sample
times of 20 us to 50 us give good results for simulation of switching transients
on 50 Hz or 60 Hz power systems or on systems using line-commutated power
electronic devices such as diodes and thyristors. However, for systems using
forced-commutated power electronic switches, you must reduce the time step.
These devices, the insulated-gate-bipolar transistor (IGBT), the field-effect
transistor (FET), and the gate-turnoff thyristor (GTO) are usually operating at
high switching frequencies. For example, simulating a pulse-width-modulated
(PWM) inverter operating at 8 kHz requires a time step of 1 us or less.

Note that even if you discretize your electric circuit, you can still use a
continuous control system. However, the simulation speed is improved by use
of a discrete control system.

Limitations of Discretization with Nonlinear Models

There are a few limitations to discretizing nonlinear models.

Minimal Load Is Required at Machine Terminals

When using electrical machines in discrete systems, you might have to use a
small parasitic resistive load, connected at the machine terminals, to avoid
numerical oscillations. Large sample times require larger loads. The minimum
resistive load is proportional to the sample time. As a rule of thumb, remember
that with a 25 us time step on a 60 Hz system, the minimum load is
approximately 2.5% of the machine nominal power. For example, a 200 MVA
synchronous machine in a power system discretized with a 50 us sample time
requires approximately 5% of resistive load or 10 MW. If the sample time is
reduced to 20 us, a resistive load of 4 MW should be sufficient.
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Lon = 0 Is Used for Diodes and Thyristors in Discrete Circuits

Diodes and thyristors used in a discretized circuit must have a zero internal
inductance. If you discretize a circuit containing diodes or thyristors with Lon
> 0, SimPowerSystems prompts you with a warning indicating that Lon will be
reset to zero.
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Simulating Power Electronic Models

There are two types of circuits using power electronics.

Circuit Using Forced-Commutated Power Electronics

In this type of circuit, the semiconductor such as IGBT GTO FET turns off
instantaneously when the gate signal is removed. This switching off may in
turn cause instantaneous switching on of another device (usually a diode).

This problem of instantaneous switching of two or more devices in the same
time step has been solved in SimPowerSystems, both for continuous and
discrete fixed time step solvers. It is now possible to discretize circuits with any
type of topology, like multilevel converters. This was possible before only with
the use of the Universal Bridge.

The power electronic models are implemented directly in the S-functions that
compute the state-space equations of the model.

Circuit Using Naturally Commutated Power
Electronics

In this type of circuit, the diode or thyristor is turned off at zero crossing of
current. It means that if the model is discretized at fixed time step, the natural
zero crossing will most probably occur between two time steps. As current
inversion is detected at a time step following the real zero crossing, a small
negative current will be chopped. This current chopping in inductive circuits
will cause numerical oscillations that can be observed in simple rectifier
circuits.

This problem is not yet solved in SimPowerSystems because we still use a
fixed-step solver. (The system is discretized using a trapezoidal solver.) The
way to avoid this problem is to increase the RC snubbers connected across
diodes or thyristors. But if large time steps are used, this may lead to
unacceptable leakage current in the snubbers.

Fortunately, the trend of power electronics is to use forced-commutated power
electronics and PWM rather than naturally commutated power electronics.
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Increasing Simulation Speed

Once the proper method (continuous, discrete, or phasor), solver type, and
parameters have been selected, there are additional steps you can take to
optimize your simulation speed:

¢ Discretizing your electric circuit and your control system. You can even use
a larger sample time for the control system, provided that it is a multiple of
the smallest sample time.

® Simulating large systems or complex power electronic converters can be time
consuming. If you have to repeat several simulations from a particular
operating point, you can save time by specifying a vector of initial states in
the Simulation —> Simulation parameters —> Workspace I0 dialog box
pane. This vector of initial conditions must have been saved from a previous
simulation run.

® Reducing the number of open scopes and the number of points saved in the
scope also helps in reducing the simulation time.

¢ Installing the Simulink Accelerator. The performance gain obtained with the
Accelerator varies with the size and complexity of your model. Typically you
can expect performance improvements by factors of two to 10.

Using Accelerator Mode and Real-Time Workshop

The Simulink Accelerator mode is explained in the Simulink user’s guide.

The Simulink Accelerator speeds up the execution of Simulink models by
replacing the interpreted M code running beneath the Simulink blocks with
compiled code as your model executes. The Simulink Accelerator uses portions
of Real-Time Workshop (RTW) to generate this code on the fly. Although the
Simulink Accelerator uses RTW technology, Real-Time Workshop is not
required to run it. Also, if you do not have your own C compiler installed, you
can use the lec C compiler provided with MATLAB.

To activate the Simulink Accelerator, select Accelerator instead of Normal in
the Simulation menu of your model window. Alternatively, select Accelerator
in the pull-down menu to the right and below the Simulation menu.

The following table shows typical performance gains obtained with
discretization and Simulink Accelerator applied on the following two demos: a
DC drive using a chopper and the AC-DC converter using a three-phase,



Increasing Simulation Speed

three-level voltage-sourced converter. Two versions of the DC drive model are
provided in the Demos library: a continuous version, power_dcdrive, and a
discrete version, power _dcdrive disc. The AC-DC converter is available as
the power_31levelVSC demo.

Simulation Time in Seconds*

Simulation Method DC drive AC-DC converter

(Stop time =1 s) (Stop time = 0.15 s)

Continuous: ode23tb 175 —

default parameters

Discrete 23 (Ts =10 us) 25 (Ts =5 us)
Discrete + Accelerator 10 (Ts = 10 us) 8.4 (Ts =5 us)

* Simulation times obtained on a Pentium II 500 MHz processor, with 128MB
of RAM

The table shows how discretizing your circuit boosts the simulation speed by a
factor of 7.6 for the DC drive. Using the Accelerator mode, an additional factor
of 2.3 performance gain is obtained. For complex power electronic converter
models, the Accelerator provides performance gains up to factors of 10.

To take full advantage of the performance enhancements made possible by
converting your models to code, you must use Real-Time Workshop to generate
stand-alone C code. You can then compile and run this code and, with xPC
Target, also run it on a target PC operating the xPC Target real-time kernel.
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The Nonlinear Model Library

The building blocks used to assemble the Simulink model of the nonlinear
circuit are stored in a library named powerlib_models. You do not normally
need to work with the powerlib_models library. You can access that library by
entering powerlib models in the MATLAB Command Window.

The Continuous Library

The Continuous library contains blocks that use voltage inputs (output of the
state-space model of the linear circuit) and their current output is fed into the
state-space model. For complex models, such as electrical machines requiring
several inputs and outputs, vectorized signals are used. Useful internal signals
are also returned by most of the models in a measurement output vector m.

For example, the Asynchronous Machine model is stored in the block named
asynchronous_machine. The model uses as inputs a vector of four voltages, two
rotor voltages and two stator voltages, respectively: (VabR, VbcR, VabS, VbcS).
It returns a vector of four currents, two rotor currents and two stator currents,
respectively: (IaR, IbR, IaS, IbS). The model also returns a measurement
output vector of 20 signals. When the Asynchronous Machine block is used
from the powerlib library, this measurement output vector is accessible
through the m output of the machine icon. You can get details on the model
inputs and outputs from the documentation of powerlib and powerlib_models
block icons.

The Discrete Library

The Discrete library contains the discrete versions of the continuous models
described above.

The Phasors Library

The Phasors library contains the phasor versions of some of the continuous
models described above. See Chapter 1, “Modeling Simple Systems” for more
details on the phasor simulation.

The Switch Current Source Library

The Switch Current Source library contains models of power electronic devices,
which are simulated by a current source external to the linear circuit. These
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devices are the diode and the thyristor with Lon > 0, and the three
forced-commutated devices: gate-turnoff thyristor (GTO),
metal-oxide-semiconductor field-effect transistor (MOSFET), and the
insulated-gate-bipolar transistor (IGBT). All these models are continuous and
contain an internal inductance, allowing you to handle fast transitions of
forced-commutated converters. As for electrical machines, these models use a
voltage input (output of the state-space model of the linear circuit) and their
current output is fed into the state-space model. All these models are
vectorized.

Limitations of the Nonlinear Models

Because nonlinear models are simulated as current sources, they cannot be
connected in series with inductors and their terminals cannot be left open.

Ifyou feed a machine through an inductive source, power_analyze prompts you
with an error message. You can avoid this by connecting large resistances in
parallel with the source inductances or across the machine terminals.

A series RC snubber circuit is included in the model of the Breaker block and
power electronics blocks. You should not have any problems if you keep these
snubber circuits in service. The snubber can be changed to a single resistance
by setting Cs to Inf, or to a single capacitor by setting Rs = 0. To eliminate the
snubber, specify Rs = Inf or Cs = 0.

Modifying the Nonlinear Models of the
powerlib_models Library

We do not recommend to modify the powerlib_models library. However you can
use the models as a starting point to create your own version of the models. Use
the technique described in “Building and Customizing Nonlinear Models” on
page 2-38.
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Creating Your Own Library of Models

SimPowerSystems provides a variety of basic building blocks to build more
complex electric blocks. Using the masking feature of Simulink, you can
assemble several elementary blocks from the powerlib library into a
subsystem, build your own parameter dialog box, create the desired block icon,
and place this new block in your personal library.

Chapter 1, “Modeling Simple Systems” explains how to build a nonlinear model
using a Voltage Measurement block and a Controlled Current Source block.
The proposed examples (a nonlinear inductance and a nonlinear resistance)
were relatively simple. Using the same principle, you can develop much more
complex models using several controlled current sources, or even controlled
voltage sources. Refer to the tutorial “Building and Customizing Nonlinear
Models” on page 2-38.
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Changing Your Circuit Parameters

Each time that you change a parameter of the powerlib library blocks, you
have to restart the simulation to evaluate the state-space model and update the
parameters of the nonlinear models. However, you can change any source
parameter (Magnitude, Frequency, or Phase) during the simulation. The
modification takes place as soon as you apply the modification or close the
source block menu.

As for the Simulink blocks, all the powerlib library block parameters that you
specify in the dialog box can contain MATLAB expressions using symbolic
variable names. Before running the simulation, you must assign a value to
each of these variables in your MATLAB workspace. This allows you to perform
parametric studies by changing the parameter values in a MATLAB script.

Example of MATLAB Script Performing a Parametric
Study

Suppose that you want to perform a parametric study in a circuit named
my_circuit to find the impact of varying an inductance on switching
transients. You want to find the highest overvoltage and the inductance value
for which it occurred.

The inductance value of one of the blocks contains variable L1, which should be
defined in your workspace. L1 is varied in 10 steps from 10 mH to 100 mH and
the values to be tested are saved in a vector, L1_vec. The voltage waveform to
be analyzed is stored in a ToWorkspace block in matrix format with V1 variable
name.

You can write a MATLAB M-file that loops on the 10 inductance values and
displays the worst case.

L1_vec= (10:10:100)*1e-3; % 10 inductances values 10/100 mH
V1_max=0;
for i=1:10
L1=L1_vec(1i);
fprintf('Test No %d L1= %g H\n', i, L1);
sim('my_circuit'); % performs simulation
% memorize worst case
if max(abs(V1))>V1_max,
imax=i;
V1_max=max(abs(V1));
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end
end

fprintf('Maximum overvoltage= %g V occured for L1=%g H\n', V1_max,
L1_vec(imax));
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Systems with Electric
Drives

This chapter introduces the Electric Drives library of SimPowerSystems. This specialized library is
designed for engineers from many disciplines who want to easily and accurately incorporate electric
drives in the simulation of their systems.

About the Electric Drives Library Presentation of the Electric Drives library: its contents
(p. 4-2) and the advantages for the user.
Getting Started (p. 4-4) Information on electric drive fundamentals, including the

general layout and features of the library’s graphical user
interface (GUI).

Simulating a DC Motor Drive (p. 4-12) Step by step example showing how to simulate a DC drive
model.

Simulating an AC Motor Drive (p. 4-37) Step by step example showing how to simulate an AC
drive model.

Mechanical Models (p. 4-67) Descriptions of the Mechanical Shaft block and the Speed
Reducer block.

Mechanical Coupling of Two Motor Study of the mechanical coupling of the AC4 (DTC

Drives (p. 4-69) three-phase induction motor-based drive) and DC2
(single-phase dual-converter DC motor drive) blocks.

Winding Machine (p. 4-75) Study of a winding machine driven by the DC3
(two-quadrant three-phase rectifier DC motor drive)
block.

Robot Axis Control Using Brushless Study of a six degrees-of-freedom robot driven by the AC6

DC Motor Drive (p. 4-82) (brushless DC motor drive) blocks.

Building Your Own Drive (p. 4-93) Study of how to build your own motor drive model

according to your specific requirements.
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About the Electric Drives Library

The Electric Drives library is designed for engineers from many disciplines
who want to incorporate easily and accurately electric drives in the
simulation of their systems. A specialized interface presents the parameters
of the selected drive in a system-look topology, thereby simplifying the
adjustments users may want to bring to the default values. Then they can
seamlessly use any other toolboxes or blocksets to analyze the time or
frequency behavior of the electric drive interacting with its system. The
library is most helpful when a powerful drive has to be carefully maneuvered
without ignoring the operating limits of the load on one side and of the power
source on the other side. A good example is the electric drive system of a
hybrid car that can switch in milliseconds from driving the wheels to
recharging the batteries when the brakes are engaged.

Engineers and scientists can work readily with the library. The library has
seven typical direct current (DC) drives used in industries and transportation
systems, six alternating current (AC) drives providing more efficient and
versatile motors from traction to positioning devices, and shaft and speed
reducer models useful for connecting to the motor a model of load made of
Simulink blocks. An added value of the library is parameters that assure the
validity of the motor, the power converters, and the control system. When
designing the library, particular attention was devoted to the motor models
by comparing the models’ behavior to the published data of the major
manufacturers. Numerous examples, demos or case studies of typical drives
are supplied with the library. Hopefully, typical user systems are similar to
these analyzed systems, thereby saving time in building the practical system
and supplying a known reference point in the analysis.

To access the Electric Drives library, open the SimPowerSystems main
library, powerlib, then double-click the Applications Libraries icon. A new
window opens containing the icons for the Electric Drives library, FACTS
library, and DR library, as shown in the following illustration.
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Getting Started

To master the Electric Drives library, you must have some knowledge of
electric drive fundamentals and know how to run simulations in the Simulink
environment. This section and the next three sections introduce you to DC
and AC drive fundamentals through simple simulation examples.

What Is an Electric Drive?

An electric drive is a system that performs the conversion of electric energy
into mechanical energy at adjustable speeds. This is the reason why an
electric drive is also called adjustable speed drive (ASD). Moreover, the
electric drive, as we will see later, always contains a current (or torque)
regulation in order to provide safe current control for the motor. Therefore,
the electric drive torque/speed is able to match in steady state the
torque/speed characteristics of any mechanical load. This motor to
mechanical load match means better energy efficiency and leads to lower
energy costs. In addition, during the transient period of acceleration and
deceleration, the electric drive provides fast dynamics and allows soft starts
and stops, for instance.

A growing number of applications require that the torque and speed must
vary to match the mechanical load. Electric transportation means, elevators,
computer disk drives, machine tools, and robots are examples of
high-performance applications where the desired motion versus time profile
must be tracked very precisely. Pumps, fans, conveyers, and HVAC (heat,
ventilation, air conditioners) are examples of moderate performance
applications where variable-speed operation means energy savings.

Three Main Components of an Electric Drive

An electric drive has three main components:

® The electric motor

¢ The power electronic converter

® The drive controller

The following figure shows the basic topology of an electric drive. Beside the

three main components, the figure shows an electric power source, a
mechanical load, electric and motion sensors, and a user interface.



Cetting Started

Electric PO Electric Mechanical
Power ——®» Electronic —p

Motor Load
Source Converter
Electric Electric Motion
Sensor | Sensor Sensor

Drive Controller

User
Interface

Electric Drive Basic Topology

The motor used in an electric drive is either a direct current (DC) motor or an
alternating current (AC) motor. The type of motor used defines the electric
drive’s classification into DC motor drives and AC motor drives. The ease of
producing a variable DC voltage source for a wide range of speed control made
the DC motor drive the favorite electric drive up to the 1960s. Then the
advances of power electronics combined with the remarkable evolution of
microprocessor-based controls paved the way to the AC motor drive’s
expansion. In the 1990s, the AC motor drives took over the high-performance
variable-speed applications.

The power electronic converter produces variable AC voltage and frequency
from the electric power source. There are many types of converters depending
on the type of electric drive. The DC motor drives are based on
phase-controlled rectifiers (AC-DC converters) or on choppers (DC-DC
converters), while the AC motor drives use inverters (DC-AC converters) or
cyclo converters (AC-AC converters). The basic component of all the power
electronic converters is the electronic switch, which is either semicontrolled
(controllable on-state), as in the case of the thyristor, or fully controllable
(controllable on-state and off-state), as in the cases of the IGBT (insulated
gate bipolar transistor) and the GTO (gate turn off thyristor) blocks. The
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controllable feature of the electronic switch is what allows the converter to
produce the variable AC voltage and frequency.

The purpose of the drive controller is essentially to convert the desired drive
torque/speed profile into triggering pulses for the electronic power converter,
taking into account various drive variables (currents, speed, etc.) fed back by
the sensors. To accomplish this, the controller is based first on a current (or
torque) regulator. The current regulator is mandatory because, as mentioned
previously, it protects the motor by precisely controlling the motor currents.
The set point (SP) of this regulator can be supplied externally if the drive is
in torque regulation mode, or internally by a speed regulator if the drive is in
speed regulation mode. In the SimPowerSystems Electric Drives library, the
speed regulator is in series with the current regulator and is based on a PI
controller that has three important features. First, the SP rate of change is
limited so that the desired speed ramps gradually to the SP, in order to avoid
sudden step changes. Second, the speed regulator output that is the SP for the
current regulator is limited by maximum and minimum ceilings. Finally, the
integral term is also limited in order to avoid wind-up. The following figure
shows a block diagram of a PI controller-based speed controller.

Output
limiter

— T e k Current
Speed__, Ramp A Kp | | regulator
=l generator |~ -/ \f / SP

L
—1

Measured Anti wind-up

speed

Block Diagram of the Pl Controller-Based Speed Regulator

Multiquadrant Operation

For each electric drive application, the mechanical load to be driven has a
specific set of requirements. The torque/speed possibilities of the electric
drive can be represented as a speed versus torque graph consisting of four
quadrants. In the first quadrant, the electric torque and the speed signs are
both positive, indicating forward motoring since the electric torque is in the
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direction of motion. In the second quadrant, the electric torque sign is
negative and the speed sign is positive, indicating forward braking since the
electric torque is opposite to the direction of motion. In the third quadrant,
the electric torque and speed signs are both negative, indicating reverse
motoring. In the fourth quadrant, the electric torque sign is positive and the
speed is negative, indicating reverse braking. The drive braking is handled
either by a braking chopper (dynamic braking) or by bidirectional power flow
(regenerative braking).

The following figure illustrates the four-quadrants operating region of an
electric drive. Each quadrant has a constant torque region from 0 to +/-
nominal speed ®, and aregion where the torque decreases inversely with the
speed from o, tothe maximum speed ®,, ... This second region is a constant
power region and is obtained by decreasing the motor magnetic flux.

lﬂm A

Four-Quadrant Operation of an Electric Drive
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Average-Value Models

The AC and DC library allows two levels of simulation, detailed simulations
or average-value simulations. The detailed simulations use the Universal
Bridge block of SimPowerSystems to represent the detailed behavior of
rectifier and inverter controlled drives. This simulation level requires small
simulation time steps to achieve correct representation of the high frequency
electrical signal components of the drives.

The average-value simulations use average-value models of the power
converters. When simulating in average-value mode, the electrical input and
output currents and voltages of the power converters driving the electrical
motors represent the average values of the real-life currents and voltages. By
doing so, the high frequency components are not represented and the
simulations can use much bigger time steps. Each power converter
average-value model is described in the detailed documentation associated
with each DC or AC model type. The time step used in a drive at
average-value level can usually be increased up to the smallest controller
sampling time used in a model. For example, if a drive uses a 20 us for the
current loop and 100 us time step for the speed loop, then the simulation time
step in average-value mode can be increased up to 20 |s . Simulation time
step guidelines are given in the detailed documentation of each model.

Switching between the detailed simulation level and the average-value
simulation level can easily be done via the new GUI associated with each
model, as explained in “Selecting the Detailed or the Average-Value Model
Detail Level” on page 4-11.
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A New User Interface

The drive models supplied in the library are relatively complex and involve a
large number of parameters. The Electric Drives library provides new GUIs
for all models. The new GUIs offer all the functionality you would expect from
existing Simulink masks, plus some new features, as outlined below.

General Layout of the Library’s GUIs

The general layout of the GUIs is identical to the layout of Simulink masks.
A short description of the model appears at the top, parameters are entered
in the middle portion, and buttons are placed at the bottom.

The parameters section is divided in three tabs at the top level, for all drive
models supplied in the library. You enter parameters related to the electric
machine, converters and DC bus, and controller in the first, second and third
tabs, respectively. The following figure illustrates the Self-Controlled
Synchronous Motor Drive GUI with the Controller tab active.

=) Self-Controlled Synchronous Motor Drive o ]
Seli-Controlled Synchronous Motor Drive

The synchronous motar parameters are specified in the Machine tab. The line impedance, the DC bus capacitance, the
dinde rectifier and the inverter switches parameters are specified in the Corwerters tab. Vector controller, active rectifisr
controller and speed cortroller parameters are specified in the cortroller tab

Synchronous Machine I Caorwerters and DC Bus Contraller |
Regulation type : I Speed regulstion ™ Schematic |
Speed Controller | D'C Bus Cortraller | “ector Controller |
Speed ramps (rpmis) Currert lirmits (4)

Acceleration: Deceleration: Minirnurn (necgstive): Maximum (positive):

|1 an -100 -1200 1200
Pl regulator

Speed cutoff Speed cortroller
Proportionsl gain: Irtecral gain: fregquency (HZ) satnpling time (31
frs 100 s 1508-6

Parameters file options

Loz | Save |

Ok Cancel Help | Apply |
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Features of the New GUIs

The new GUISs offer the same functionality as Simulink masks. You can enter
as parameters numerical values, valid MATLAB expressions, and MATLAB
variables. An important difference between these GUIs and Simulink masks
is that you can only enter a single value in each input field (e.g. vectors and
arrays are not allowed).

The new features (with respect to Simulink masks) are outlined below.

Parameter Validation

The new GUIs are designed to signal invalid parameters as early as possible.
Hence, if you enter an invalid constant (for example 1.2.3 or --2) in a drive
model’s GUI, an error will be flagged as soon as you move away from the
invalid parameter (for instance if you try to change another parameter in the
GUI). Variables are treated slightly differently. If you enter a variable name
that has yet not been defined in the MATLAB workspace, parameter
validation is deferred until you start the simulation of the diagram that
contains the model.

Saving Parameters in a File

You can see in the previous figure that the GUIs include the usual buttons
found at the bottom of Simulink masks, plus two new ones, Load and Save.
The Save button enables you to save in a file the complete set of parameters
if the GUI. The format of the file is the standard MATLAB binary (.MAT)
format. The Load button enables you to recover a previously saved set of
parameters for a given drive type (e.g., AC1, DC2, etc.). When you load a set
of parameters, the drive type of the saved parameters is compared to the
drive type of the model you are loading the parameters into, to ensure that
you are loading parameters compatible with the model.

When you use the Load button, the dialog that appears will point to the
directory in your MATLAB installation that contains the standard sets of
parameters supplied for all the drives in the library.

However, when you use the Save button, the dialog that appears will point to
the current working directory in the MATLAB workspace.
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Displaying the Controller’s Schematic

There is a Schematic button in the top right corner of the controller tab in all
drive models. When you click this button, the control schematic of the drive
model will appear in a new window.

Selecting the Detailed or the Average-Value Model Detail Level

You can select the detailed or the average-value simulation level by using the
Model detail level menu located in the lower part of the GUI. Remember to
modify the simulation time step with respect to the model detail level used.

Advanced Usage

It is important to note that if you decide to disable the link between a drive
model and its library, the new GUI will no longer be available for that
particular instance of the model. Double-clicking on the model in such
conditions will simply open the subsystem, as in the case of an unmasked
Simulink subsystem. You can then enter parameters in the individual masks
of subsystems that the drive model is composed from.

Note that in the “standard” (e.g., linked) situation, these masks are disabled
to ensure that the top-level GUI is the only place where parameters can be
changed. This is required to ensure proper synchronization of the two levels

of user interfaces (e.g., the new GUI and the underlying subsystems’ masks).
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Simulating a DC Motor Drive

In this section, you will learn how to use the DC drive models of the
SimPowerSystems Electric Drives library. First, we will specify the types of
motor, converters, and controllers used in the seven DC drive models of the
library, designated DC1 to DC7. These seven models are based on the DC
brush motor in the Electric Drives library. As in any electric motor, the DC
brush motor has two main parts, the stator (fixed) part and the rotor
(movable) part. The DC brush motor also has two types of windings, the
excitation or field winding and the armature winding. As its name implies,
the field winding is used to produce a magnetic excitation field in the motor
whereas the armature coils carry the induced motor current. Since the time
constant (L /R) of the armature circuit is much smaller than that of the field
winding, controlling speed by changing armature voltage is quicker than
changing the field voltage. Therefore the excitation field is fed from a
constant DC voltage source while the armature windings are fed by a variable
DC source. The latter source is produced by a phase-controlled thyristor
converter for the DC1 to DC4 models and by a transistor chopper for the DC5,
DC6, and DC7 models. The thyristor converter is fed by a single-phase AC
source in the cases of DC1 and DC2 and by a three-phase AC source in the
cases of DC3 and DC4. Finally, the seven DC models can work in various sets
of quadrants. All these possibilities are summarized in the following table.
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DC Models

Model Type of Converter Operation Quadrants

DC1 Single-phase thyristor I-1I1
converter

DC2 Single-phase thyristor I-II-1TI-IV
converter

DC3 Three-phase thyristor I-IT
converter

DC4 Three-phase thyristor I-IT-ITI-IV
converter

DC5 Chopper I

DC6 Chopper I-1I

DC7 Chopper I-II-ITI-IV

Regenerative Braking

Operation in quadrants II and IV corresponds to forward and reverse
braking, respectively. For the DC models of the Electric Drives library, this
braking is regenerative, meaning that the kinetic energy of the motor-load
system is converted to electric energy and returned to the power source. This
bidirectional power flow is obtained by inverting the motor's connections
when the current becomes null (DC1 and DC3) or by the use of a second
converter (DC2 and DC4). Both methods allow inverting the motor current in
order to create an electric torque opposite to the direction of motion. The
chopper-fed DC drive models (DC5, DC6, DC7) produce regenerative braking
in similar fashions.

Example: Thyristor Converter-Based DC Motor
Drive

In this example, you will build and simulate the simple thyristor
converter-based DC motor drive shown in Figure 4-1.
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750 sP
. Mator {——pe{Motor #IPa >
Speed reference Mec_T
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- 460V 60 Hz Two-Quadrant Three-Phase | Gignal Selector
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Linear load torque SR Scopel

Figure 4-1: Thyristor Converter-Based DC Motor Drive Example Circuit

This step-by-step example illustrates the use of the DC3 model with a 200 hp
DC motor parameter set during speed regulation. The DC3 block models a

two-quadrant three-phase thyristor converter drive. During this example, the
motor will be connected to a load and driven to its 1750 rpm nominal speed.

In this tutorial, you learn about

® “Getting the DC3 Model from the Drives Library” on page 4-14
® “Connecting the DC3 Model to a Voltage Source” on page 4-15

¢ “Connecting the DC3 Model to a Mechanical Load” on page 4-18
® “Defining the Set Point” on page 4-21

¢ “Visualizing Internal Signals” on page 4-21

® “Setting the Fixed-Step Simulation Environment” on page 4-24
® “Setting the High Power Drive Parameter Set” on page 4-25

® “Setting the Motor Inertia Value” on page 4-26

® “Setting the DC3 Controller Parameters and Simulation Results” on
page 4-27

Getting the DC3 Model from the Drives Library

1 Open a new window and save it as DC_example.
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2 Open the SimPowerSystems Electric Drives library. You can open the
library by typing electricdrivelib in the MATLAB Command Window
or by using the Simulink menu. The DC3 model is located inside the DC

Drives library. Copy the DC3 block and drop it in the DC_example window.
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DC3 Model Inside the SimPowerSystems Electric Drives Library

Connecting the DC3 Model to a Voltage Source

All models of the library have three types of inputs: the electrical power
inputs, the speed or torque set point input (SP), and the mechanical torque
input (Mec_T). Because the DC3 model is a three-phase drive, it presents
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three electrical inputs: A, B, and C. In order for the DC3 model to work, you
must now connect those inputs to a proper voltage source:

1 Open the Electrical Sources library and copy the 3-Phase Source block into
your circuit. Connect the voltage source outputs A, B, and C to the DC3 A,
B, and C inputs, respectively.

2 Open the Connectors library and copy the Ground (output) block into
DC_example. Connect the ground output to the 3-Phase Source neutral
point N.

In this example, you are driving a 200 hp DC motor of 500 V nominal
armature voltage. The mean output voltage V,,; of a three-phase
thyristor rectifier bridge is given by

Vour = 82 Virms o
T

where Vl, +ms 18 the phase-to-phase rms voltage value of the three-phase

voltage source and o is the firing angle value of the thyristors. For better

voltage control, a lower firing angle limit is usually imposed, and the

maximum mean output voltage available from the rectifier bridge is thus

given by

" 3J§ ) Vl, rms
Vout,max = o - cosQ,, i,

where o, . is the lower firing angle limit. In our case, the lower firing
angle limit used in the DC3 model is 20 degrees. With such an angle value
and in order to have a maximum mean output voltage value of 500 V to
drive the 200 hp motor to its nominal speed, the needed phase-to-phase
rms voltage value given by the preceding equation is 370 V. Assuming the
drive is connected to an American electrical network, the closest standard
voltage value is 460 V.

3 Set the AC source phase-to-phase rms voltage value to 460 V and the
frequency to 60 Hz. Name the AC source 460 V 60 Hz.

Note that the voltage source amplitude and frequency values needed for
each drive model of the Electric Drives library can be found in the
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reference notes. The nominal values of the corresponding motors are also
included. Table 4-1 contains the values corresponding to the DC3 200 hp
model.

Table 4-1: DC3, 200 HP Drive Specifications

Drive Input Voltage

Amplitude 460 V

Frequency 60 Hz
Motor Nominal Values

Power 200 hp

Speed 1750 rpm

Voltage 500 V

In order to represent a real-life three-phase source, you must specify
correct source resistance R and inductance L values. To determine these,
one usually uses the short-circuit power value Psc and a given X/R ratio
(where X = L - ®, obeing the angular frequency of the voltage source). As
a rule of thumb, the short-circuit power absorbed by the source impedance
is supposed to be at least 20 times bigger than the nominal power of the
drive, and the X/R ratio is usually close to 10 for industrial plants.

The value of the source impedance Z is obtained by

where V is the phase-to-phase rms voltage value of the voltage source. For
a high X/R ratio r, the source resistance R is approximately equal to
Z

R==
r

(a-1)

and the source inductance L to
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L= (4-2)

e IN

In this example, the phase-to-phase rms voltage is worth 460 V and the
source frequency is 60 Hz. If we assume a short-circuit power of 25 times
the nominal drive power, we find a source impedance of 0.056 Q. For an
X/R ratio of 10, using Equation 4-1 and Equation 4-2, we find a resistance
value of 0.0056 Q and an inductance value of 0.15 mH.

4 Set the AC source resistance value to 0.0056 Q and the inductance to
0.15 mH.

Connecting the DC3 Model to a Mechanical Load
The Mec_T input represents the load torque applied to the shaft of the DC
motor. If the values of the load torque and the speed have opposite signs, the
acceleration torque will be the sum of the electromagnetic and load torques.
Many load torques are proportional to the speed of the driven load such as
represented by the equation

T,..=K-o, =K N, (4-3)

where o, is the speed in rad/s and N the speed in rpm. You will now build
such a load.

To compute this type of mechanical load torque, the speed of the DC motor is
needed. This one can be obtained by using the outputs of the DC3 model. All
drive models of the Electric Drives library have three output vectors: Motor,
Conv., and Ctrl. The Motor vector contains all motor-related variables, the
Conv. vector contains all converter voltage and current values, and the Ctrl
vector contains all the regulation important values, such as the speed or
torque reference signals, the speed or torque regulation error, the firing angle
value, etc. All input-output descriptions are available in the reference notes
of every model.

For the mechanical load torque, you can obtain the speed by using the Motor
output. When you are using a DC motor, this vector is composed of the
armature voltage and of the DC motor m vector, as shown in Figure 4-2.
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Figure 4-2:

The Motor vector contains the following:

speed contraller

aaaaa

The Motor Vector

® The armature voltage

® The motor speed in rpm (the speed is converted from rad/s to rpm)

® The armature current
® The field current
® The electromagnetic torque

The speed is thus obtained by extracting the second element of the Motor
vector. The speed is then multiplied by the constant K' of Equation 4-3 to
obtain the load torque signal to be connected to the Mec_T input of the DC3

model:

------

1 Build the subsystem following and name it Linear load torque.

)

| ooy
DC motor ...,

m vector Gom
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4-20

Linear Load Torque Subsystem

The constant K' can be computed knowing that at nominal speed, the
motor should develop nominal torque. As shown in Table 4-1, the DC motor
used in this simulation has a nominal speed N,, , of 1750 rpm. Since the
nominal mechanical output power P, ofthe motor is 200 hp, the nominal
mechanical load torque 7', , c.n Can be computed following Equation 4-4
(where viscous friction is neglected)

n-N
P =T @, =T —n (4-4)

m,n mec, n m,n n 30

where ®,, , is the nominal speed in rad/s. Using this equation, we find a

nominal mechamcal torque of 814 N.m. Finally Equation 4-3 gives us a
K value of 0.47.

Set the constant value of the Linear load torque block to 0.47.

Connect the input and output of the Linear load torque block to the Motor
output vector and Mec_T input of the DC3 block, respectively. Your
schematic should now look like the following.

SP
Motor —

el hie_T
F A @ Conn.

Ctd
_l_

r

C C

460 GO Hz Tweo-Quadrant Three-Phaze
Rectifier DT Drive

T Motar e—

Linear load torgque

Building the Example Circuit
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Defining the Set Point

The set point input of the DC3 model can either be a speed value (in rpm) or
a torque value (in N.m) depending on the regulation mode (speed or torque
regulation). In this example, we will set the DC3 block in speed regulation
mode and drive the 200 hp DC motor to its nominal speed of 1750 rpm.

1 Open the Simulink Sources library and copy a Constant block into
DC_example.

2 Connect the Constant block to the set point input of the DC3 model and
name it Speed reference.

3 Set the set point to 1750 rpm.

Visualizing Internal Signals

You must now use the DC3 model outputs to visualize interesting signals
with a scope. Suppose you need to visualize the following signals:

® The thyristor bridge firing angle

¢ The motor armature voltage

® The motor armature current and reference

® The speed reference and the motor speed

Note that all model input-output descriptions can be found in the

corresponding reference notes. To see which signals are connected to the DC3
outputs, select the DC3 model and use the Edit/Look Under Mask menu.

As you can see below, the firing angle is contained inside the Ctrl output
vector. The firing angle Alpha (see the DC3 block reference notes) is the
second element of this vector.
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Location of the Firing Angle Signal Inside the Cirl Output Vector

The Motor vector contains three of the needed signals: the armature voltage
and current signals are the first and third elements, respectively (Figure 4-2).
The speed is the second element of the Motor vector.

Finally, the current and speed reference signals are the first and fourth
elements of the Ctrl vector, respectively (see the following figure). Note that
the Ref. signal of the Regulation switch block would be a torque reference in

torque regulation mode.
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Location of the Speed Reference Signal Inside the Ctrl Output Vector

Internal bridge current and voltage signals can be extracted via the Conv.
output, which is connected to a multimeter output. By clicking the
Multimeter block, you can select the converter signals you want to output.
Refer to the Multimeter block reference page for more information on how to
use the Multimeter block.

By using Selector blocks of the Signal Routing library, you can now extract
the needed signals from the three output vectors in order to visualize them:

1 Build the subsystem following in order to extract all the needed
visualization signals. Name it Signal selector.
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Signal Selector Subsystem

2 Connect the Motor, Conv., and Ctrl outputs of the DC3 block to the Motor,
Conv., and Ctrl inputs of your Signal selector block.

3 Copy a scope to your model. It will be used to display the output signals of
the Signal Selector block. Open the Scope Parameters dialog box. On the
General tab, set the number of axes to 4, the simulation time range to
auto, and use a decimation of 20. Clear the Limit Data Points to last
check box on the Data history tab. Connect the four outputs of the Signal
Selector block to the inputs of the scope.

Setting the Fixed-Step Simulation Environment

All drive models of the library are discrete models. In order to simulate your
system, you must now specify the correct simulation time step and set the
fixed-step solver option. Recommended sample time values for DC drives, AC
drives, and mechanical models can be found in the Remarks sections of the
corresponding block reference pages. The recommended sample time for the
DC3 model is 5 ps. Follow these steps:

1 Open the SimPowerSystems library and copy a Powergui block into
DC_example. Set the Sample Time to 5 us.

Your circuit should now look like Figure 4-1.

2 Open the Simulation/Configuration Parameters dialog box. Select the
fixed-step, discrete (no continuous states) solver option. Set the
stop time to 12 seconds.
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Before simulating your circuit, you must first set the correct DC3 internal
parameters.

Setting the High Power Drive Parameter Set

Many models of the Electric Drives library have two sets of parameters: a
low-power set and a high-power set. By default, all models are initially loaded
with the low-power set. The DC3 model parameters currently loaded in
DC_example are those of a 5 hp drive.

You will now set the high-power drive parameters, which are those of a 200
hp drive. To do this, you will use the graphical user interface:

1 Open the user interface by double-clicking the DC3 block. The interface is
shown.

<} 2-Quadrant Three-Phase Recifier DC Motor Drive ] 5]
2-Quadrant Three-Phase Rectifier DC Motor Drive
The DC motor parameters are specified in the DC Machine tab. The converter parameters,

smoothing inductance and field voltage values are specified in the Converter tab. The bridge firing
unit, speed and current regulstor parameters are specified in the Controller tak.

DC Machine Converter I Cortraller I
r Electrical parameters r Mechanical parameters
Inertia (ke*m®2):
Mutual inductance (H): 234 E-US

Armat
FIMELLIFE Wizcous friction

coefficient (M-m-z):

Resistance (ohm): 0.73 0

Inductance (H): 0.016

:

Coulomb friction

Field torgue (M-m):
Resistance (ohm): 150
Inductance (H): 125 Initial speed (radfs):
Parameters file options
Load | Save |
Ok | Cancel Help | Apply |

DC3 User Interface

The interface is divided following the three main parts of a drive system:
the motor parameters (DC Machine tab), the converter parameters
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(Converter tab), and the regulation parameters of the drive controller
(Controller tab).

2 To load the 200 hp parameters, click the Load button.

When you click the Load button, a window containing the low-power and
high-power parameter files of every AC and DC model appears. These files
contain all the parameters used by the graphical user interface. The name
of each file is composed of the model name followed by the power value. The
200 hp version of DC3 is thus named DC3_200hp.

x|
Laook in: I[:I DriveParameters LI I‘j‘

acl _3hp_params mat
acl _S00hp_params mat
ac2_200hp_params mat
ac2_3hp_params mat
ac3_200hp_params mat
ac3_3hp_params mat

ded_Shp_params mat
deS_Shp_params mat
def_200_hp_params mat
def_Shp_params mat
de? _200_hp_params mat
de? _Shp_params mat

acd_200hp_params mat
acd_3hp_params mat
acs_200hp_params mat
ach_3hp_params mat
ded _Shp_params mat
de2_Shp_params mat
de3_200_hp_params mat
de3_Shp_params mat
ded_200_hp_params mat

File name: || Load |
Files of type: IMat Files LI Cancel |

Parameters Selection Window

3 In the parameters selection window, select the DC3_200hp.mat file and
click Load.

The 200 hp parameters are now loaded. Note that you can also save custom
drive parameters by using the Save button. When you do so, your custom
parameters are saved in a MAT-file format and can be reloaded at any time.

Setting the Motor Inertia Value

All default inertias of the library drives are “no-load” inertias that only
represent rotor inertias. When the motor is coupled to a load, the inertia field
of the DC Machine tab represents the combined inertias of the rotor and of
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the driven load. In this example, the no-load inertia of the DC3 200 hp motor
is 2.5 kg.m2. Since the drive is directly coupled to a load, you must increase
this value by the inertia of the load. Suppose that the new combined inertia
amounts to 15 kg.m2.

1 In the DC Machine section of the dialog box, change the inertia value to
15 kg.m2.

2 Click OK to apply the changes and close the dialog box.

Setting the DC3 Controller Parameters and Simulation Results

The speed and current controllers of the DC3 block are both composed of a
proportional-integral regulator. More details on the regulators of each drive
model of the library can be found in the corresponding reference notes. To
have a quick idea of the internal structure of a drive controller, a schematic
is available inside the user interface of each model. Let’s open the schematics
related to our DC3 model:

1 Open the user interface. Click the Controller section and then the
Schematic button. You should see the controller schematics of Figure 4-3.
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Figure 4-3: Controller Schematics of the User Interface

All default regulation parameters (speed and current controller
parameters) have been trimmed for “no-load” inertias. Because the inertia
has been modified, some changes are needed regarding the speed
controller. The current controller should not be modified, the change of
inertia having little influence on the current control.

In order to visualize the changes that need to be made, run a simulation of
the present circuit.

2 Start the simulation. The simulation results visualized on the scope are

shown below.
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Simulation Results

Notice that the armature current follows its reference very well, but
saturates at 450 A during the accelerating phase. This saturation is a
result of the current controller reference limit of 1.5 p.u. This results in
insufficient acceleration torque, and the motor is unable to follow the 650
rpm/s default speed ramp. Since the acceleration torque cannot be
increased (this would result in a burnout of the armature circuit), the
speed ramp must be lowered. A rule of thumb is to lower the speed ramp
by the same amount that the inertia was increased. Indeed, following the
equation below, the same torque vs. speed curve (or current vs. speed) as
the default one obtained with a 2.5 kg.m2 inertia can be obtained with the
new inertia I, if the speed ramp ® is reduced by an amount equal to the
inertia increase.
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4-30

T,, () =I0w+T,, . +B-w=10+K -0o+B -0

The B - o term represents the viscous friction in the drive where B is the
viscous friction coefficient.

In this case, we decrease the speed ramp slightly less than the inertia
increase in order to have a high enough acceleration, and set it to 200

rpm/s.

3 Open the user interface. In the Controller section, set the acceleration
speed ramp parameter of the speed controller menu to 200 rpm/s.

<} 2-Quadrant Three-Phase Recifier DC Motor Drive

2-Guadrant Three-Phase Rectifier DC Motor Drive

=101

The DC motor parameters are specified in the DC Machine tab. The converter parameters,

smoothing inductance and field voltage values are specified in the Converter tab. The bridge firing

unit, speed and current regulator parameters are specified in the Controller tak.

DCMachineI Converter

Regulstion type : ISpeedregulaﬁon vl Sampling time (=) I:IDDe-B

Contraller |

Speed Cartraller | Current Cortraller | Bridge Firing Unit |

Mominal speed Initial speed Lowe-paszs fiter
[Fprm: reference (rpm): cutoff frequency (Hz):
f17s0 ] jao
Pl regulstar Speed ramps (rpmis) —————————————————
Proportional gain: 1] @200 >
Intecral gain: =0 Decelerstion: HE50
Parameters file options
Load | Save
Ok Cancel | Help | Apply |

Change of the Acceleration Speed Ramp Parameter

4 Start the simulation and observe the new results on the scope.
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Alpha (deg)

Simulation Results with a New Acceleration Speed Ramp Value

The current regulation is very good, and no current regulator changes will
be undertaken. The speed regulation is satisfactory, but some
improvements could be made: the initial tracking of the speed reference
could be faster, and the speed overshoot and the small speed ramping error
encountered during the accelerating phase could be reduced. A
modification of the proportional and integral gains of the PI speed
regulator will allow you to achieve these goals:

= By increasing the proportional gain of the speed controller, you increase
the controller’s sensitivity by making it react a lot faster to small speed
regulation errors. This allows a better initial tracking of the speed
reference by a faster reaction of the current reference issued by the speed
controller. This increased sensitivity also reduces the speed
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overshooting, the armature current being reduced a lot faster once the
desired speed is reached.

= An increase of the integral gain will allow the motor speed to catch up
with the speed reference ramp a lot faster during ramping periods. This
will indeed allow a faster reaction to small speed error integral terms
that occur when a signal is regulated following a ramp. The controller
will react in order to diminish the speed error integral a lot faster by
producing a slightly higher acceleration torque when following an
acceleration ramp.

Be aware that too high an increase of the proportional and integral gains
can cause instability, the controller becoming oversensitive. Too high gains
can also cause current saturation. An easy way to adjust the speed
controller gains is to increase them step by step and to simulate the new
configuration after each change until the desired system performances are
obtained (trial/error method).

Note that when the current controller has to be trimmed, a good way to
achieve this is to keep the rotor still by setting a very high combined inertia
value. This allows a decoupling of the electrical and mechanical
parameters. You then adjust the current controller parameters until the
current follows given current references perfectly. The same remarks can
be made for the current regulator as those made above for speed
regulation. Once the current regulator is trimmed, you can then trim the
speed regulator by resetting the combined inertia to its initial value.

5 Try different speed regulator values and observe the resulting changes in

the system dynamics. A proportional gain of 80 and an integral gain of 200
give very good results, as shown.
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Simulation Results with Trimmed Speed Regulator Parameters

Observe that the firing angle value lowers with the speed increase in order to
generate a growing converter output voltage. The converter is here working
in rectifier mode, the power transiting from the AC source to the DC motor.
The voltage increase allows the converter to keep feeding current to the DC
motor during the acceleration phase, the armature voltage increasing
proportionally with the speed. The current increase observed during this
phase is due to the increasing torque opposed by the load. Around t = 8.5 s,
the speed reaches its set point, and the armature current lowers to about 335
A since no more acceleration torque is needed.

Before concluding this example, notice the two first-order filters used in the
speed and current controllers of Figure 4-3. These filters remove unwanted
current and speed harmonics in the current and speed measurement signals.
These harmonics are caused by the rectified output voltages of the
three-phase full converters. The main ripple frequency introduced by a
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three-phase full converter is equal to six times the voltage source frequency
(6th harmonic). In the case of this example, the first harmonic frequency is
thus equal to 360 Hz. The cutoff frequency of the first-order filters must at
least be lower than 360 Hz. Since the filters are first-order filters, the cutoff
frequency must be a lot lower to have a reasonably good harmonic rejection.
Keep in mind that too low a cutoff frequency can cause system instability. In
the case of chopper drives like DC5, DC6, and DC7, the fundamental
frequency is equal to the PWM frequency.

Simulating in Average-Value Mode

Every model can be simulated in average-value mode. In such mode, the
Universal Bridge blocks used to simulate the power converters driving the
motors are replaced by average-value converters. The average-value
converter models used are described in the reference pages of each drive
model. This lets you increase the simulation time step and thus increase
simulation speed.

Use the following procedure to simulate a model in average-value mode.

1 Open the user interface. Select the Average option in the Model detail
level drop-down list located in the lower part of the user interface, as
shown in the following illustration.
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2-Quadrant Three-Phase Recifier DC Motor Drive
2-Guadrant Three-Phase Rectifier DC Motar Drive

The DC motor parameters are specified in the DC Machine tab. The converter parameters,
soothing inductance and field voltage values are specified in the Converter tab. The bridge firing
unit, speed and current regulstor parameters are specified in the Controller tak.

DC Machine Converter Cortraller
r Electrical parameters r Mechanical parameters
Inertia (ke*m®2):
Mutual inductance (H): 262 15
Armature

Wizcous friction

ficient (M-r-s):
Resistance (ohen): | 0.0597 coefficient (M-m-z)

0272

Inductance (H): 0.0009
Coulormb friction
- Field torgue (h-rm):

1]
Resistance (ohm): | 150
Inductance (H): 1M25 Initial speed (radfs):

1]

Model detail level: @/

r Parameters file options

[ o J[ s |

[ oK ] [ Cancel ] [ Help ] [ Apply ]

Selecting the Average-Value Simulation Mode
2 Select the Converter section.

Notice that it contains some extra parameters specific to average-value
mode. These parameters affect the external voltage source and are used by
the average-value rectifier. All parameters are described in the reference

pages.

4-35



4 Systems with Electric Drives

4-36

2-Quadrant Three-Phase Recifier DC Motor Drive
2-Guadrant Three-Phase Rectifier DC Motar Drive

The DC motor parameters are specified in the DC Machine tab. The converter parameters,
soothing inductance and field voltage values are specified in the Converter tab. The bridge firing
unit, speed and current regulstor parameters are specified in the Controller tak.

r Parameters file options

DC Machine Corverter Cortraller
r Rectifier DC buz and Excitation circuit
Snubbers Thyristors
On-state Smoothing inductance (H):
Resist: him]:
ESHtancel(oin) resistance (ohm]: 10e-3
4e3
1e-3
I it: F Field DC source (V)
CHERIEIER (7] Forvward voltage ()
00e-9 150
1]
W
hase-to-phaze RMS voltage (W) 460 Source inductance (H): 0.1e-3
ch (Hz): B0 Phasze angle of phase A (deg): u]
Model detail level: Average |V

[ ot J[ s ]

[ oK ] [ Cancel ] [ Help ] [ Apply ]

Extra Parameters Used in Average-Value Mode

When simulating in average-value mode, the time step can be increased in
order to run faster simulations. A guideline is to increase the time step up
to the smallest controller sampling time used in the model. In this case the
sampling time is the same for the speed and current controllers and is
equal to 100us .

Close the user interface and open the Powergui block. Set the Sample
Time to 100 us. Run the simulation.

Notice that the simulation time is reduced. Observe the simulation results:
the rectifier output voltage and current ripples are not represented, you
can see only the average value of these signals. If you later try to visualize
the input current, you will only see the 60 Hz fundamental component of
the detailed current.
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Simulating an AC Motor Drive

In this section, you will learn how to use the AC drive models of the
SimPowerSystems Electric Drives library. First, we will specify the types of
motors, converters, and controllers used in the six AC drive models of the
library designated AC1 to AC6. The AC1, AC2, AC3, and AC4 models are
based on the three-phase induction motor. This motor has a three-phase
winding at the stator and a wound rotor or a squirrel-cage rotor. The
squirrel-cage rotor consists of slots of conducting bars embedded in the rotor
iron. The conducting bars are short-circuited together at each end of the rotor
by conducting rings. The AC5 model is based on a wound rotor synchronous
motor, and the AC6 model uses a permanent magnet synchronous motor. The
models of these three types of motors are available in the SimPowerSystems
Machines library. These AC motors are fed by a variable AC voltage and
frequency produced by an inverter. The type of inverter used in the six AC
drive models is a voltage source inverter (VSI) in the sense that this inverter
is fed by a constant DC voltage. This constant voltage is provided by an
uncontrolled diode rectifier and a capacitor (capacitive DC bus voltage).

Dynamic Braking

When the DC bus is provided by a diode rectifier, the drive doesn't have a
bidirectional power flow capability and therefore cannot perform
regenerative braking. In the AC1, AC2, AC3, AC4, and AC6 models, a braking
resistor in series with a chopper ensures the braking of the motor-load
system. This braking scheme is called dynamic braking. It is placed in
parallel with the DC bus in order to prevent its voltage from increasing when
the motor decelerates. With dynamic braking, the kinetic energy of the
motor-load system is converted into heat dissipated in the braking resistor.

Modulation Techniques

The VSI inverters used in the AC drive models of the library are based on two
types of modulation, hysteresis modulation and space vector pulse width
modulation (PWM).

The hysteresis modulation is a feedback current control method where the
motor current tracks the reference current within a hysteresis band. The
following figure shows the operation principle of the hysteresis modulation.
The controller generates the sinusoidal reference current of desired
magnitude and frequency that is compared with the actual motor line
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current. If the current exceeds the upper limit of the hysteresis band, the
upper switch of the inverter arm is turned off and the lower switch is turned
on. As a result, the current starts to decay. If the current crosses the lower
limit of the hysteresis band, the lower switch of the inverter arm is turned off
and the upper switch is turned on. As a result, the current gets back into the
hysteresis band. Hence, the actual current is forced to track the reference
current within the hysteresis band.

Hysteresis UppeHerand
band / Lower band
2HB HB
fSi”e \ Actual
reference
current
wave \ . cu
0 ¥4 ol
+05V G M —
0 ot

= 0-5 Vd — — - = = — e e el

A\

Voltage wave
Operation Principle of Hysteresis Modulation
The following figure shows the hysteresis current control modulation scheme,

consisting of three hysteresis comparators, one for each phase. This type of
closed-loop PWM is used in AC3 and AC5 models.
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I >

Qutput signals
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drive circuit
Current
references |

Actual currents

Typical Hysteresis Current Controller

The space vector modulation technique differs from the hysteresis
modulation in that there are not separate comparators used for each of the
three phases. Instead, a reference voltage space vector Vis produced as a
whole, sampled at a fixed frequency, and then constructed through adequate
timing of adjacent nonzero inverter voltage space vectors V; to Vi and the
zero voltage space vectors V), V. A simplified diagram of a VSI inverter is
shown below. In this diagram, the conduction state of the three legs of the
inverter is represented by three logic variables, SA, SB, and SC. A logical 1
means that the upper switch is conducting and logical 0 means that the lower
switch is conducting.
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__________ AC
: | Motor
|
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’ |

Simplified Diagram of a VS| PWM Inverter

The switching of SA, SB, SC results in eight states for the inverter. The
switching states and the corresponding phase to neutral voltages are
summarized in Table 4-2. The six active vectors are an angle of 60 degrees
apart and describe a hexagon boundary. The two zero vectors are at the
origin.

For the location of the V, vector shown in Figure 4-4, as an example, the way
to generate the inverter output is to use the adjacent vectors V; and V,on a
part-time basis to satisfy the average output demand. The voltage V_ can be
resolved as

9 .

Vb = :/—§V351n8

V. = V.cosd_ 1V
o = Vseosd-SV,

where V, and V, are the components of V along V, and V,, respectively.
Considering the period T, during which the average output should match the
command, we can write the time durations of the two states 1 and 2 and the
zero voltage state as

_3 Y
ta_2 Vd Tc
2 Vy
w=3 7, T
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t,=T,~(t,+1t)

z

Table 4-2: Inverter Space Voltage Vectors

State SA SB SC Inverter Space Voltage
Operation Vector
0 1 1 1 Freewheeling Vo
1 1 0 0 Active Vv,
2 1 1 0 Active V,
3 0 1 0 Active Vs
4 0 1 1 Active Vy
5 0 0 1 Active Vs
6 1 0 1 Active Ve
7 0 0 0 Freewheeling \Z

Figure 4-4: Inverter Space Vector Voltages
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4-42

Open-Loop Volts/Hertz Control

The AC machine stator flux is equal to the stator voltage to frequency ratio
since

o) = Iv(t)dt where v(¢) = J/2Vsin(ot)

therefore

J2V

o) = —(D-—cos(u)t)

Since the motor is fed with a variable AC source voltage and frequency, it is
important to maintain the volts/Hz constant in the constant torque region if
magnetic saturation is to be avoided. A typical volts/Hz characteristic is
shown below. Notice that the straight line has a small voltage boost in order
to compensate for resistance drop at low frequency. Open-loop volts/Hz
control is used with low-dynamics applications such as pumps or fans where
a small variation of motor speed with load is tolerable. The AC1 model is
based on an open-loop volts/Hz controller.

|
| |
| |
| |
| |
| |
| |
| |
| |
F F

b max

() (®na)

Volts/Hz Characteristics with Compensation at Low Frequency
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Closed-Loop Speed Control with Slip Compensation

In this type of control, a slip speed command is added to the measured rotor
speed to produce the desired inverter frequency. A PI-based speed regulator
produces the slip command. The desired inverter frequency generates the
voltage command through a volts/Hz characteristic such as the one shown
above. The AC2 model is based on a closed-loop speed control that uses
volts/Hz and slip regulation.

Flux-Oriented Control

The construction of a DC machine is such that the field flux is perpendicular
to the armature flux. Being orthogonal, these two fluxes produce no net
interaction on one another. Adjusting the field current can therefore control
the DC machine flux, and the torque can be controlled independently of flux
by adjusting the armature current. An AC machine is not so simple because
of the interactions between the stator and the rotor fields, whose orientations
are not held at 90 degrees but vary with the operating conditions. You can
obtain DC machine-like performance in holding a fixed and orthogonal
orientation between the field and armature fields in an AC machine by
orienting the stator current with respect to the rotor flux so as to attain
independently controlled flux and torque. Such a control scheme is called
flux-oriented control or vector control. Vector control is applicable to both
induction and synchronous motors. We will see now how it applies to
induction motors.

Considering the d-q model of the induction machine in the reference frame
rotating at synchronous speed o,,

. d
Vqs = Rslqs +E(qu+ WPy
V, =Ri, +<
ds ~ slds+dt(Pds_we(pqs
0=R; d
= slqr+d—t(pqr+(me_mr)(pdr

. d
0= erdr + C—ﬁ(pdr - ((De - (Dr)(qu
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Lm . .
Te = 1";:)pL_r((pdrlqs - (pquds)

(pqs = Lsiqs+Lmiqr’ Cgs = Lsids+Lmidr
(qu = Lriqr+Lmiqs’ Cgr = Lridr+Lmids

The field-oriented control implies that the i ;, component of the stator current
would be aligned with the rotor field and the i, component would be
perpendicular to i ;, . This can be accomplishedqby choosing , to be the speed
of the rotor flux and locking the phase of the reference frame system such that
that the rotor flux is aligned precisely with the d axis, resulting in

Pyr = Ojc—iz—f(pqr =0
and

Cqr = @
which implies that

L R
gy = ((De_mr) = ((me r)qu
rr

and that
L
T, = 1.5pzm((przqs)
r

It also follows that

Lo, = -(Zo.+ (27

dt '’ Lr r Lr ds
The analogy with DC machine performance is now clear. The electric torque
is proportional to the i gs component, whereas the relation between the flux

¢, and the i, component is given by a first-order linear transfer function
with a time constant L /R, .
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You cannot directly measure the rotor flux orientation in a squirrel-cage rotor
induction machine. It can only be estimated from terminal measurements. An
alternative way is to use the slip relation derived above to estimate the flux
position relative to the rotor, as shown. The latter control scheme is called
indirect field-oriented control and is used in the AC3 model.

9.
(Synchronous)

s
(Stationary)

Rotor Flux Position Obtained from the Slip and Rotor Positions

Direct Torque Control

The field-oriented control is an attractive control method but it has a serious
drawback: it relies heavily on precise knowledge of the motor parameters.
The rotor time constant is particularly difficult to measure precisely, and to
make matters worse it varies with temperature.
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A more robust control method consists first in estimating the machine stator
flux and electric torque in the stationary reference frame from terminal
measurements. The following relations are used

Pgs = I(Vds_Rsids)dt

0gs = [(Vys-Ryiy )t

(;;s = /(p23+(p234atan(%)

ds

Te 1'5p((pdsiqs - (pqsids)

The estimated stator flux and electric torque are then controlled directly by
comparing them with their respective demanded values using hysteresis
comparators. The outputs of the two comparators are then used as input
signals of an optimal switching table. The following table outputs the
appropriate switching state for the inverter.

Switching Table of Inverter Space Vectors

H, Hp, S(1) S(2) S8  S@4) S(5)  S(6)
1 v, V, v, Vi Vg v,

1 0 Vo v, v, v, v, v,
1 Vg v, v, V, v, Vs
1 V, v, Vs Vg v, v,

-1 0 v, v, v, v, v, v,
1 Vi Vs v, v, vV, v,
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Example: AC Motor Drive

In this example, you will build and simulate the simple induction motor drive
system in Figure 4-5.

Discrete,

Tz = 1e-006 =.

kit

Torque reference

A—
C |n—
L 1

¥

L t -
speed
onv.

Tem

¥

Lllvy
:

Ctr P Ciri

¥

v_dc

460V 60Hz DTC Induction Motor Drive Signal selector Scope
Mec_T  Motor-f= El —p‘ I:l ‘
Multimeter Scopel

Fan

Figure 4-5: Induction Motor Drive Example Circuit

This step-by-step example illustrates the use of the AC4 model with a 200 hp
induction motor parameter set during torque regulation. The AC4 block
models a DTC drive. During this example, the motor is connected to a fan and
its reaction to torque steps is simulated.

In this tutorial, you learn about

® “Getting the AC4 Model from the Electric Drives Library” on page 4-48
® “Connecting the AC4 Model to a Voltage Source” on page 4-49

® “Connecting the AC4 Model to a Mechanical Load” on page 4-50
® “Defining the Set Point” on page 4-52

® “Setting the Fixed-Step Simulation Environment” on page 4-56
® “Setting the Fixed-Step Simulation Environment” on page 4-56
® “Setting the High Power Drive Parameter Set” on page 4-57

® “Setting the Motor Inertia Value” on page 4-58

® “Setting the Braking Chopper Resistance Value” on page 4-59

® “Setting the DC Bus Initial Voltage Value” on page 4-60

® “Setting the AC4 Controller Parameters” on page 4-61
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Getting the AC4 Model from the Electric Drives Library
1 Open a new window and save it as ac_example.

2 Open the Electric Drives library. You can open the library by typing
electricdrivelib in the MATLAB Command Window or by using the
Simulink menu. The AC4 model is located inside the AC drives library.
Copy the AC4 block and drop it in the ac_example window.

[=ILibrary: electricdriveli - 1ol x|

File Edit WView Formab Help

D& =R |2 hEE T

Shafts and
DC drives AC drives speed
reducers

SimPowerSystems Drives
Copyright 2003 Ecole de technologie superieurs

Ready 100°% Locked A

[FLibrary: electricdrivelib/AC drives -0l x|
File Edit View Format Help
DeE& &Rl hEmE T
5P 5P 5P r
Motor Mator Motor Mator
hec_T e T hec_T e T
A @ Cany A @ Conv. ala @ Cany A @ Conv.
B AC1 :] ACZ B AC3 :] ACa
o o o o
c c c
Sie-Step VSI Space Wector PUUM VSI Field-Oriented Control DT duction Motor e
Industion Matar Drive Induction Motor Drive Industion Metar Drive
sP 3P
Mator Mbtor
e T htez_T
Conw
A A Cany
Ctrd1
] Acs B A8
o
c Ctr2 c
SeltControlled P Synchronous Motor Drive
Synchroncus Motor Diive
Ready 100% Locked 4

Figure 4-6: AC4 Model Inside the Drives Library
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Connecting the AC4 Model to a Voltage Source

As with the DC example, you must now connect the AC4 block to a proper
voltage source:

1 Open the Electrical Sources library and copy the Three-Phase Source block
into your circuit. Connect the voltage source outputs A, B, and C to the AC4
A, B, and C inputs, respectively.

2 Open the Connectors library and copy the Ground (output) block into
ac_example. C