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Steady-State Operating Point (Trimming)

1-2

In this section...

“What Is a Steady-State Operating Point?” on page 1-2
“What Is an Operating Point in Simulink Control Design?” on page 1-3
“Simulink Model States Included in Operating Point Object” on page 1-4

“Advantages of Using Simulink Control Design vs. Simulink Operating Point Search” on
page 1-5

What Is a Steady-State Operating Point?

An operating point of a dynamic system defines the overall state of this system at a
specific time. For example, in a car engine model, variables such as engine speed, throttle
angle, engine temperature, and surrounding atmospheric conditions typically describe
the operating point.

A steady-state operating point of the model, also called equilibrium or ¢rim condition,
includes state variables that do not change with time.

A model might have several steady-state operating points. For example, a hanging
pendulum has two steady-state operating points. A stable steady-state operating point
occurs when a pendulum hangs straight down. That is, the pendulum position does not
change with time. When the pendulum position deviates slightly, the pendulum always
returns to equilibrium; small changes in the operating point do not cause the system to
leave the region of good approximation around the equilibrium value.

An unstable steady-state operating point occurs when a pendulum points upward. As long
as the pendulum points exactly upward, it remains in equilibrium. However, when the
pendulum deviates slightly from this position, it swings downward and the operating
point leaves the region around the equilibrium value.

When using optimization search to compute operating points for a nonlinear system, your
initial guesses for the states and input levels must be in the neighborhood of the desired
operating point to ensure convergence.

When linearizing a model with multiple steady-state operating points, it is important to
have the right operating point. For example, linearizing a pendulum model around the
stable steady-state operating point produces a stable linear model, whereas linearizing
around the unstable steady-state operating point produces an unstable linear model.




Steady-State Operating Point (Trimming)

What Is an Operating Point in Simulink Control Design?

The operating point of a model consists of the model initial states and root-level input
signals.

For example, this Simulink® model has an operating point that consists of two variables:

* Root input level set to 1
* Integrator block state set to 5

S -
5
In1
Integrator Square Gain Scope
1
Constant

The next table summarizes the operating point values of this Simulink model.

Block Block Input Block Operation Block Output
Integrator 1
Square 5, set by the initial |squares 25

conditionxO = 5 of
the Integrator block

Sum 25 from Square sums 26
block, 1 from
Constant block

Gain 26 multiplies by 3 78

The next block diagram shows how the model input and the initial state of the Integrator
block propagate through the model during simulation.

! N ey - 26 78 [
Int Integrator Square Eain Scope
1
1
Constant
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If your model initial states and inputs already represent the desired steady-state
operating conditions, you can use this operating point for linearization or control design.

Examples and How To

+ “Steady-State Operating Points from State Specifications” on page 1-15
+  “Steady-State Operating Point to Meet Output Specification” on page 1-20

More About

“Simulink Model States Included in Operating Point Object” on page 1-4

Simulink Model States Included in Operating Point Object

The operating point object in Simulink Control Design™ includes the tunable states in
your Simulink model.

The operating point object excludes states of blocks that have internal representation,
such as Backlash, Memory, and Stateflow blocks.

States that are excluded from the operating point object cannot be used in trimming
computations. These states cannot be captured with operspec or operpoint or written
with initopspec. Such states are also excluded from operating point displays or
computations using Linear Analysis Tool. The following table summarizes which states
are included and which are excluded from the operating point object.

State Type Included in Operating Point?
Double-precision real-valued states . Yes
States whose value is not of type No

double. For example, complex-valued
states, single-type states, int8-type
states.

States from root-level inport blocks with |Yes
double-precision real-valued inputs.

Internal state representations that No (see “Handling Blocks with Internal State

impact block output, such as states Representation” on page 1-44)




More About

State Type

Included in Operating Point?

blocks.

in Backlash, Memory, or Stateflow®

States that belong to a Unit Delay block |No
whose input is a bus signal.

More About

+ “Handling Blocks with Internal State Representation” on page 1-44

+ “Steady-State Operating Point (Trimming)” on page 1-2

Advantages of Using Simulink Control Design vs. Simulink Operating

Point Search

Simulink provides trim for steady-state operating point search. How is trim different
from Findop in Simulink Control Design for performing an optimization-based operating

point search?

Simulink Control Design operating point search provides these advantages to using

trim:

Simulink Control Design
Operating Point Search

Simulink Operating Point Search

value of blocks that
are not connected to
root model outports

Graphical-user Yes No

interface Only trim is available.
Multiple optimization |Yes No

methods Only one optimization method
Constrain state, input, |Yes No

and output variables

using upper and lower

bounds

Specify the output Yes No

1-5
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Steady-operating Yes No
points for models with
discrete states

Model reference Yes No
support

SimMechanics™ Yes No
integration

1-6
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View and Modify Operating Points

In this section...

“View Model Initial Condition in Linear Analysis Tool” on page 1-7
“Modify Operating Point in Linear Analysis Tool” on page 1-8
“View and Modify Operating Point Object (MATLAB Code)” on page 1-9

View Model Initial Condition in Linear Analysis Tool
This example shows how to view the model initial condition in the Linear Analysis Tool.

1 Open the Simulink model.

sys = "magball”;
open_system(sys)

2 In the Simulink Editor, select Analysis > Control Design > Linear Analysis.

The Linear Analysis Tool for the model opens.

Click in the Exact Linearization tab.

This action opens the Model Initial Condition Viewer, which shows the model initial
condition (default operating point).

States§| Input;l

State Value

magball/Controller/PID Controller/Filter

State - 1 | 0
magball/Controller/PID Controller/Integrator

State - 1 | 140071
magball/Magnetic Ball Plant/Current

State - 1 | 7.0036
magball/Magnetic Ball Plant/dhdt

State -1 | 0
magball/Magnetic Ball Plant/height

State - 1 | 0.05

1-7
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You cannot edit the Model Initial Condition operating point using the Linear
Analysis Tool. To edit the initial conditions of the model, change the appropriate
parameter of the relevant block in your Simulink model. For example, double-

click the magbal 1/Magnetic Ball Plant/Current block to open the Block
Parameters dialog box and edit the value in the Initial condition box. Click OK.

Modify Operating Point in Linear Analysis Tool

This example shows how to modify an existing operating point in the Linear Analysis
Tool.

1

Open Simulink model.

sys = "magball”;
open_system(sys)

Opening magbal I loads the operating points magball_opl and magball_op2 into
the MATLAB® Workspace.

In the Simulink Editor, select Analysis > Control Design > Linear Analysis.

The Linear Analysis Tool for the model opens.
Choose magball_opl from the Operating Point list.

4\ Linear Analysis Tool - maghall

LIMEAR AMALYSIS EXACT LINEARIZATION

. [
AnalysisI¥Os: Model VOs ~ o Plot Result: "] New
@ Qptions

W] T LY

Operating Point:  Model Initial Condition = @

Model Initial Condition

Dara Browser Linearize AkL...

BEIEENSLEN: Existing operating points (MATLAE Workspace)

w MATLAB Workl ) magball_op1

Mame e magball_op2
L Create new operating poink
R

beta Trim model...

m Wation snapshot...




View and Modify Operating Points

Click 4 adjacent to the Operating Point list.

4\ Linear Analysis Tool - magball \
LINEAR AMNALYSIS EXACT LINEARIZATION

Analysis/Os: Model /05 ~ Z  oF Plot Resu

{0 opti
Operating Point: maghall_opl +
perating (W] /h o

SETUP

"

The magball_op1l editor opens. Use this dialog box to view and edit this operating
point.

State Value
magball/Controller/Controller

State - 1 | 0
magball/Magnetic Ball Plant/Current

State - 1 | 70036
magball/Magnetic Ball Plant/dhdt

State -1 | 0
magball/Magnetic Ball Plant/height

State -1 | 0.05

Select the state or input Value to edit its value.

You cannot edit an operating point that you created by trimming a model in the
Linear Analysis Tool.

View and Modify Operating Point Object (MATLAB Code)

This example shows how to view and modify the states in the Simulink model using an
operating point object.

1-9



1 Steady-State Operating Points

1 Create operating point object from Simulink model.

sys = "watertank”;

load_system(sys)

op = operpoint(sys)

The operating point op contains the states and input levels of the Simulink model.
2 Set the value of the first state.

op.States(1).x = 1.26;
3 View the operating point object state values.
op.States

(1.) watertank/PID Controller/Integrator
x: 1.26

(2.) watertank/Water-Tank System/H
x: 1

Note: When you modify your Simulink model after creating an operating point object, use
update to update your operating point object.
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Choosing Between Simulation Snapshot and Operating Point from
Specifications

You can find steady-state operating points (or trim conditions) from specifications or at
specific simulation times (or simulation snapshots).

Choosing which approach to use for computing your operating point depends on what you
know about the operating point.

Use optimization-based steady-state operating point search when you know some of the
operating point states and model input or output signal levels. Successful operating point
search finds an operating point very close to a true steady-state solution.

Optimization-based search produces poor results when you specify:

+ Initial guesses for steady-state operating point values that are far away from the
desired steady-state operating point.

* Incompatible input, output, or state constraints at equilibrium.
This is equivalent to overconstraining the optimization search.

Use the simulation-based approach when the simulation time is sufficiently short for the
model to reach steady state. The algorithms extracts operating point values when the
simulation reaches steady state. You must also specify the initial conditions that drive
the model to steady state.

Simulation-based computations produce poor operating point results when you specify:

* Simulation time that is insufficiently long to drive the model to steady state.

+ Initial conditions do not cause the model to reach true equilibrium.

Note: If your Simulink model has internal states, do not linearize this model at the
operating point you compute from a simulation snapshot. Instead, try linearizing the
model using a simulation snapshot or at an operating point from optimization-based
search.

Examples and How To

+  “Steady-State Operating Point to Meet Output Specification” on page 1-20
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* “Compute Operating Points at Simulation Snapshots” on page 1-39

More About

“Steady-State Operating Point (Trimming)” on page 1-2
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Steady-State Operating Points (Trimming) from Specifications

In this section...

“Steady-State Operating Point Search (Trimming)” on page 1-13

“Which States in the Model Must Be at Steady State?” on page 1-14
“Steady-State Operating Points from State Specifications” on page 1-15
“Steady-State Operating Point to Meet Output Specification” on page 1-20

“Initialize Steady-State Operating Point Search Using Simulation Snapshot” on page
1-23

“Compute Steady-State Operating Points for SimMechanics Models” on page 1-27

“Batch Compute Steady-State Operating Points Reusing Generated MATLAB Code” on
page 1-30

“Change Operating Point Search Optimization Settings” on page 1-32

Steady-State Operating Point Search (Trimming)

You can compute a steady-state operating point (or equilibrium operating point) using
numerical optimization methods to meet your specifications. The resulting operating
point consists of the equilibrium state values and model input levels.

Optimization-based operating point computation requires you to specify initial guesses
and constraints on the key operating point states, input levels, and model output signals.

You can usually improve your optimization results using simulation to initialize the
optimization. For example, you can extract the initial values of the operating point at a
simulation time when the model reaches the neighborhood of steady state.

Optimization-based operating point search lets you specify and constrain the following
variables at equilibrium:

* Initial state values
+ States at equilibrium
*  Maximum or minimum bounds on state values, input levels, and output levels

+ Known (fixed) state values, input levels, or output levels
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Your operating point search might not converge to a steady-state operating point when
you overconstrain the optimization. You can overconstrain the optimization by specifying
incompatible constraints or initial guesses that are far away from the desired solution.

You can also control the accuracy of your operating point search by configuring the
optimization algorithm settings.

Examples and How To

“Change Operating Point Search Optimization Settings” on page 1-32

More About

“Which States in the Model Must Be at Steady State?” on page 1-14

Which States in the Model Must Be at Steady State?

When configuring a steady-state operating point search, you do not always need to
specify all states to be at equilibrium. A pendulum is an example of a system where it

is possible to find an operating point with all states at steady state. However, for other
types of systems, there may not be an operating point where all states are at equilibrium,
and the application does not require that all operating point states be at equilibrium.

For example, suppose you build an automobile model for a cruise control application with
these states:

+  Vehicle position and velocity

* Fuel and air flow rates into the engine

If your goal is to study the automobile behavior at constant cruising velocity, you need
an operating point with the velocity, air flow rate, and fuel flow rate at steady state.
However, the position of the vehicle is not at steady state because the vehicle is moving
at constant velocity. The lack of steady state of the position variable is fine for the cruise
control application because the position does not have significant impact on the cruise
control behavior. In this case, you do not need to overconstrain the optimization search
for an operating point by require that all states should be at equilibrium.



Code Alternative

Similar situations also appear in aerospace systems when analyzing the dynamics of an
aircraft under different maneuvers.

Steady-State Operating Points from State Specifications

This example shows how to compute a steady-state operating point, or equilibrium
operating point, by specifying known (fixed) equilibrium states and minimum state
values.

Code Alternative

Use Findop to find operating point from specifications. For examples and additional
information, see the Findop reference page.

1 Open Simulink model.

sys = "magball”;
open_system(sys)

Reference Emor
Signal Signal v h
0.05 Ini Cut1 » In Out » :l
Desired Scope
Height Contoller Magnetic

Ball Plant

2 In the Simulink Editor, select Analysis > Control Design > Linear Analysis.

The Linear Analysis Tool for the model opens.

3 In the Linear Analysis tab, click Trim Model. Then click Specifications.
The Specifications for trim dialog box opens.
By default, the software specifies all model states to be at equilibrium (as shown by

the check marks in the Steady State column). The Inputs and Outputs tabs are
empty because this model does not have root-level input and output ports.
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States§| Inputs | Outputsl
State Specifications
State Value 7] Enown I Steady State | rinimurm I Maximumm

maqgballfController/PID ControllerfFilter
State - 1 | i | =] | | anf | Inf
maqgballfController/PID ControllerfIntegrator
State - 1 [ 1ao0m1 | =] | | anf | Inf
maqgballfMagnetic Ball Plant/Current
State - 1 [ 7anas | ] | | anf | Inf
maqgballfiMagnetic Ball Plant/dhdt
State - 1 | i | ] | | anf | Inf
maqgballfMagnetic Ball Plant/height
State - 1 [ nos | =] | | anf | Inf

[ Sync uith Model ] l Import. ] l Export.. ]

4 In the States tab, select Known for the height state.
The height of the ball matches the reference signal height (specified in the

Desired Height block as 0.05). This height value should remain fixed during the
optimization.

States | Inputs | Outputs
State Specifications
State Value [ Known I Steady State | Bdinirmurm I haxirmurm
magballfController/PID Controller/Filter
State - 1 | i | ] | | Inf | Inf
magballfController/PID Controller/Integrator
State - 1 T =] | | anf | Inf
magballfiMagnetic Ball Plant/Current
State - 1 T =] | | anf | Inf
magballfiMagnetic Ball Plant/dhdt
State - 1 | i | =] | | anf | Inf
magball/Magnetic Ball Plant/height—"—+~_
State - 1 [ s [ 3 | anf | Inf
e I
[ Syne with hModel ] [ Import. ] [ Export. ]
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5 Enter O for the minimum bound of the Current state.

States | Inputs | Outputs

State

Walue

State Specifications

7] Enown I Steady State | rinimurm I Maximumm
magballfController/PID ControllerfFilter
State - 1 | i | =] | | anf | Inf
maqgballfController/PID ControllerfIntegrator
State - 1 [ 101 | =] | | anf | Inf
maqgballfMagnetic Ball Plant/Current e
State - 1 I =] | C [ D
magball/Magnetic Ball Plant/dhdt —
State - 1 | i | ] | | anf | Inf
maqgballfMagnetic Ball Plant/height
State - 1 [ nos | | | aInf | Inf
[ Sync uith Model ] l Import. ] l Export.. ]
6

Click E to compute the operating point.

This action uses numerical optimization to find the operating point that meets your

specifications.

The Trim progress viewer shows that the optimization algorithm terminated
successfully. The (Maximum Error) Block area shows the progress of reducing the
error of a specific state or output during the optimization.
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Optimizing to solwve for all desired dx/dt=0, x(k+l)-x({k)=0, and y=ydes.

{Maximum Error) Block
{5.00000e-003) magball/Magnetic Ball Plant/Current

{1.74525e-010) magbkall /Magnetic Ball Plant/dhdt
{1.74525e-010) maghball /Magnetic Bzall Plant/dhdt

Operating point specifications were successfully met.

An operating point op triml has been added to Linear RAnalysis Workspace.

A new variable, op_triml, appears in the Linear Analysis Workspace.

w Linear Analysis Workspace

Mame « Value
© op_triml =1xl opco..

w Variable Preview

Trimmed operating point for magball

Search finished as: Operating point specifications
were successfully met.

5 states and 0 inputs

7 Double-click op_triml in Linear Analysis Workspace to evaluate whether the
resulting operating point values meet the specifications.

The Actual dx values are about 0, which indicates that the operating point meets
the steady state specification.

The Actual Value of the states falls within the Desired Value bounds.
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Optimizer Qutput | Details.
State | Input | Output

State Desired Value Actual Value Desired dx Actual dx
Controller/PID Controller/Filter

State - 1 [ 1-Inf,inf)
Controller/PID Controller

0 0

State - 1 [ [-inf,inf)
ic Ball Plant/Current

\ \ |

I 14,0071 I [
State - 1 [ 10, Inf] I 70036 I 0 [ a2068e011

[ [ |

[ [ |

0

ic Ball

State - 1 [ [-nf,Inf]
ic Ball Plant/height

State - 1 [ 005

0 -1.7453e-010

0.05 0

8 (Optional) To automatically generate a MATLAB script, click Trim/* and select
Generate MATLAB Script.

‘ Linear Analysis Tool - watertank

FREQUENCY RESPONSE ESTIMATION TRIM MODEL

The generated script contains commands for computing the operating point for this
example.

Related Examples

+  “Steady-State Operating Point to Meet Output Specification” on page 1-20
*  “Change Operating Point Search Optimization Settings” on page 1-32

+  “Initialize Steady-State Operating Point Search Using Simulation Snapshot” on page
1-23

+ “Compute Steady-State Operating Points for SimMechanics Models” on page 1-27
+  “Simulate Simulink Model at Specific Operating Point” on page 1-42
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+ “Batch Compute Steady-State Operating Points Reusing Generated MATLAB Code”
on page 1-30

More About

+  “Steady-State Operating Point (Trimming)” on page 1-2

* “Choosing Between Simulation Snapshot and Operating Point from Specifications” on
page 1-11

Steady-State Operating Point to Meet Output Specification

This example shows how to specify an output constraint of an engine speed for computing
the engine steady-state operating point.

1 Open Simulink model.

sys = "scdspeed”;
open_system(sys);

Throttle Ang.

Combustion

throttie Air charge p{ Air charge Engine
[degrees) Engine Speed, N Air Charge o Air Charge rads Spesd
N S Tona terpm {rpm}

ol nifc| o
oo N M »{20/pi
P St Delzy
Throttle ower Stroke Delay o

perturbation

rag Torque

Spark Advance

Spark Advance Golp1 (Degrees)

2 In the Simulink Editor, select Analysis > Control Design > Linear Analysis.

The Linear Analysis Tool for the model opens.

3 In the Linear Analysis tab, click Trim Model. Then click Specifications.

The Specifications for trim dialog box appears.

4 Examine the linearization outputs for scdspeed in the Outputs tab.
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Output Specifications

Output alue
® [ Known hinimurm I haximum

The model scdspeed does not have any outputs.

[ Sync with Model H Import... H Export... ]

Currently there are no outputs specified for scdspeed.

In the Simulink Editor, right-click the output signal from the rad/s to rpm block.
Select Linear Analysis Points > Trim Output Constraint.

This action adds the output signal constraint marker T to the model.

The output signal from the rad/s to rpm block now appears under the Outputs
tab.

8 o Output Specifications
Htput e [ Known I hinimurm I haximum
E:t':l—s_peed."rad."."s to r—p‘nb
ChanreT—T 0 [ R Inf
[ Sync with Model I [ Import... ] [ Export... ]

Select Known and enter 2000 RPM for the engine speed as the output signal value.
Press Enter.
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1-22

Outputs

St - Output Specifications
L BE [¥] Known I Minimum I Maxitnum
scdspeedirad}/s torpm ——
Channel -1 [( 2000 | ) w ] Inf
~—_
[ Sync with hModel H Irmpaort.., H Export... ]

Click E to find a new steady-state operating point that meets the specified output
signal constraint.

Double-click op_triml in Linear Analysis Workspace to evaluate whether the
resulting operating point values meet the specifications.

In the States tab, the Actual dx values are either zero or about zero. This result
indicates that the operating point meets the steady state specification.

Output || Details TN
State | Input | Output / \
State | Desired Value HActual Value Desired dx (Actua\ dx
scdspeed/Throttle 8 Manifold/Intake Manifold/p0 = 0.543 bar
State - 1 [ [anf,f] ] 054363 [ 0 [ 2.6649e-013
scdspeed/Vehicle Dynamics/w = T//) w0 = 209 rad//s
State -1 A 2094305 [ 0 N samsze012 /

In the Outputs tab, the Actual Value and the Desired Value are both 2000.
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Optimizer Output DEtE”S

Statel Input| Output
Qutput Desired Value Actual Value
scdspeed/rad//s to rpm L o
Output-1 ( 200 ) ( 200 )
‘\"'———/ ‘\"'———/
Initialize model...

Related Examples

+ “Steady-State Operating Points from State Specifications” on page 1-15
+ “Change Operating Point Search Optimization Settings” on page 1-32

+ “Initialize Steady-State Operating Point Search Using Simulation Snapshot” on page
1-23

+ “Compute Steady-State Operating Points for SimMechanics Models” on page 1-27
*  “Simulate Simulink Model at Specific Operating Point” on page 1-42

+ “Batch Compute Steady-State Operating Points Reusing Generated MATLAB Code”
on page 1-30

More About

+ “Steady-State Operating Point (Trimming)” on page 1-2

* “Choosing Between Simulation Snapshot and Operating Point from Specifications” on
page 1-11
Initialize Steady-State Operating Point Search Using Simulation Snapshot

+  “Initialize Operating Point Search Using Linear Analysis Tool” on page 1-23
*  “Initialize Operating Point Search (MATLAB Code)” on page 1-26

Initialize Operating Point Search Using Linear Analysis Tool

This example shows how to use the Linear Analysis Tool to initialize the values of an
operating point search using a simulation snapshot.
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1-24

If you know the approximate time when the model reaches the neighborhood of a steady-
state operating point, you can use simulation to get the state values to be used as the
initial condition for numerical optimization.

Open Simulink model.

sys = ("watertank™);
open_system(sys)

e » Flis) p|input  Output w1

Desired FID Contraller Seope
Wiater Level i ater Tark Systemn

In the Simulink Editor, select Analysis > Control Design > Linear Analysis.

The Linear Analysis Tool for the model opens.

In the Linear Analysis tab, click Operating Point Snapshot

The Operating Point Snapshots tab opens.

Enter 10 in the Simulation Snapshot Times field to extract the operating point at
this simulation time. Press Enter.

Click |_'.J to take a snapshot of the system at the specified time.

op_snapshotl appears in the Linear Analysis Workspace. The snapshot,
op_snapshotl, contains all state values of the system at the specified time.

In the Linear Analysis tab, click Trim Model. Then click Specifications.

The Specifications for trim dialog box appears.

Click Import.

The Import initial values and specifications dialog opens.

Select op_snapshotl and click Import to initialize the operating point states with
the values you obtained from the simulation snapshot.



More About

(7) MATLAB Workspace

@ Linear Analysis Workspace

Step 1: Select a source for the operating point or specification

Step 2: Select an operating point or specification and click Import.,

Available Data
op_snapshotl

Type
Operating Point

Size

| Import || Help |

The state values displayed in the Specifications for trim dialog box update to reflect

the new values.

Specifications for trim

States | Inputs | Outputs

State Specifications

State ﬂalue

[ Known

I [¥] Steady State I Minimurn I Maxirnurmn

watertank/PID Controlleg/Integrator

State-1 || 16949 ] | T
watertank/Whater-Tank System/H
State-1 | \10.0796 / | ] | T
N S
[ Sync with Model ] [ Import... ] [ Export... ]

Click m to find the optimized operating point using the states at t = 10 as the

initial values.

Double-click op_triml in Linear Analysis Workspace to evaluate whether the
resulting operating point values meet the specifications.
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The Actual dx values are near zero. This result indicates that the operating point
meets the steady state specifications.

Edit: op_triml
| Optimizer OutputlDEtﬂ”Sl

State | Input | Output

State Desired Value Actual Value Desired dx Actual dx
watertank/PID Controller/Integrator

State - 1 | [Inf,Inf] | 1.2649 [ 0 [ 0
watertank/Water-Tank System/H

State -1 | [nfInf] | 10 [ 0 | 10091e-014

Initialize Operating Point Search (MATLAB Code)

This example show how to use Initopspec to initialize operating point object values for
optimization-based operating point search.

1 Open Simulink model.

sys = “watertank”;
load_system(sys);

2 Extract an operating point from simulation after 10 time units.
opsim = findop(sys,10);

3 Create operating point specification object.
By default, all model states are specified to be at steady state.

opspec = operspec(sys);

4  Configure initial values for operating point search.

opspec = initopspec(opspec,opsim);

5 Find the steady state operating point that meets these specifications.

[op,opreport] = Findop(sys,opspec)
bdclose(sys);

opreport describes the optimization algorithm status at the end of the operating
point search.

Operating Report for the Model watertank.
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(Time-Varying Components Evaluated at time t=0)

Operating point specifications were successfully met.
States:

(1.) watertank/PID Controller/Integrator

X: 1.26 dx: 0 (0
(2.) watertank/Water-Tank System/H
X: 10 dx: -1.1e-014 (0O)

Inputs: None

dx, which is the time derivative of each state, is effectively zero. This value of the
state derivative indicates that the operating point is at steady state.

Related Examples

+ “Steady-State Operating Points from State Specifications” on page 1-15

More About

+ “Change Operating Point Search Optimization Settings” on page 1-32
+ “Steady-State Operating Point (Trimming)” on page 1-2
Compute Steady-State Operating Points for SimMechanics Models

This example shows how to compute the steady-state operating point of a SimMechanics
model from specifications.

Note: You must have installed SimMechanics software to execute this example on your
computer.

1 Open the SimMechanics model.
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sys = "scdmechconveyor”®;
open_system(sys);

Revoluted

E—5FF

Scope
Position
Torgue
Jaint Sensor Torque
-C- i >
Constant
eretan Positicn Col T

: ¢ T

Revolute1 Revolute

Joint Actustor \‘§
Conveyor Mechanism
Simple conveyor loader guided by feedback controller with saturation limit
and anti-windup logic. Contreller actuates Revolute crank to move Pusher
to user-set Reference P osition.

Link1

Revoluted

‘3_—@—\'1:—@

2 Double-click the Env block to open the Block Parameters dialog box.
3 Inthe Parameters tab, select Trimming as the Analysis mode. Click OK.
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Block Parameters: Mechanical Environment @

Description

Defines the mechanical simulation environment for the machine to which
the block is connected: gravity, dimensionality, analysis mode, constraint
solver type, tolerances, linearization, and visualization.

Parameters | Constraints | Linearization | Visualization

Analysis mode: Type of solution for machine's motion.
Tolerances: Maximum permissible misalignment of machine's joints.

Gravity vector: [0-9.81 0]

0 Input gravity as signal

Machine dimensionality: [BD‘Q_[]J.".L.-—-—-—'_'—-—-—..._.___L A
il o
Analysis mode: (ITrimming 'J:I
Linear assembly tolerance: Nﬁ
Angular assembly tolerance: 1e-3 rad -

Configuration Parameters...l

[ OK H Cancel H Help ” Apply ]

This action adds an output port to the model with constraints that must be satisfied
to a ensure a consistent SimMechanics machine.

In the Simulink Editor, select Analysis > Control Design > Linear Analysis.

The Linear Analysis Tool for the model opens.

In the Linear Analysis tab, click Trim Model. Then click Specifications.
The Specifications for trim dialog box appears.
By default, the software specifies all model states to be at equilibrium (as shown

in the Steady State column). The Outputs tab shows the error constraints in the
system that must be set to zero for steady-state operating point search.

1-29



1 Steady-State Operating Points

1-30

6 In the Outputs tab, select Known to set all constraints to O.

i
| States | Inputs | OUtPUtS‘

Qutput Specifications

Quiput Walue
P Known ‘b

Minimum Maximurm

scdmechconveyor/MSB Trimming Out
Channel - 1 1]
Channel - 2
Channel - 3
Channel - 4
Channel - 5
f
7
[

-Inf Inf
-Inf Inf
-Inf Inf
-Inf Inf
-Inf Inf
-Inf Inf
-Inf Inf
-Inif Inf

Channel -
Channel -
Channel -

EEEEEEE

1]
1]
1]
1]
1]
1]
1]

[ Synic with Model H Irmport.. H Export... ]

You can now specify additional constraints on the operating point states and input levels,
and find the steady-state operating point for this model.

After you finish steady-state operating point search for the SimMechanics model, reset
the Analysis mode to Forward dynamics in the Env block parameters dialog box.

More About

*  “Change Operating Point Search Optimization Settings” on page 1-32

Batch Compute Steady-State Operating Points Reusing Generated
MATLAB Code

This example shows how to batch compute steady-state operating points for a model
using generated MATLAB code. You can batch linearize a model using the operating
points and study the change in model behavior.

If you are new to writing scripts, use the Linear Analysis Tool to interactively configure
your operating points search. You can use Simulink Control Design to automatically
generate a script based on your Linear Analysis Tool settings.

1 Open the Simulink model.

sys = "magball®;
open_system(sys);



More About

Open the Linear Analysis Tool for the model.

In the Simulink Editor, select Analysis > Control Design > Linear Analysis.

Open the Specifications for trim dialog box.
In the Linear Analysis tab, click Trim Model. The Trim Model tab should open.
Click Specifications.

By default, the software specifies all model states to be at equilibrium (as shown in
the Steady State column).

In the States tab, select the Known check box for the magball/Magnetic Ball
Plant/height state.

T
States | Inputs | Outputs

State Walue I

State Specifications
[T Known | [7] Steady State | Minimum | Maximum
magball/Controller/PID ControllerfFilter
State - 1 [ [l [ [&] [ [ e [
magballfCentroller/PID Cantroller/Integratar
State - 1 [ 1e0m ] =]

-Inf Inf

magballfMagnetic Ball Plant/Current
State - 1 [ oo | =] [
bally ic Ball Plant/dhdt

-Inf Inf

-Inf Inf

Stote - 1 [ [ [ ]
gball{Magnetic Ball Plant/height
State - 1 [ s | CHY

[ syncwithModel | [ Import. | [ Emport. |

-Inf Inf

Click IE to compute the operating point using numerical optimization.

The Trim progress viewer shows that the optimization algorithm terminated
successfully. The (Maximum Error) Block area shows the progress of reducing the
error of a specific state or output during the optimization.

Click Generate MATLAB Script in the Trim list to automatically generate a
MATLAB script.

The MATLAB Editor window opens with the generated script.
Edit the script:

a Remove unneeded comments from the generated script.

b Define the height variable, height, with values at which to compute operating
points.
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¢ Add a for loop around the operating point search code to compute a steady-state
operating point for each height value. Within the loop, before calling Findop,
you must update the reference ball height, specified by the Desired Height block.

Your script should now look similar to this (excluding most comments):
function [op,opreport] = myoperatingpointsearch

%% Specify the model name

sys = "magball”;

load_system(sys)

%% Create operating point specification object
opspec = operspec(sys)

% State (5) - magball/Magnetic Ball Plant/height
% - Default model initial conditions are used to initialize optimization.
opspec.States(5) .Known = true;

%% Create the options
opt = findopOptions("DisplayReport”,"iter");

%% Specify the ball heights at which to compute operating points
height = [0.05;0.1;0.15];
%% Loop over height values to find the corresponding steady-state
%% operating points
for ct = 1l:numel(height)

% Set the ball height in the specification

opspec.States(5) .x = height(ct);

% Update model parameter
set_param("magball/Desired Height", "Value®,num2str(height(ct)));

% Trim the model
[op(ct) ,opreport(ct)] = Findop(sys,opspec,opt);
end

See Also

+ Findop
+ “Batch Linearize Model at Multiple Operating Points Using linearize”

+ “Vary Operating Points and Obtain Multiple Transfer Functions Using slLinearizer”

Change Operating Point Search Optimization Settings
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This example shows how to control the accuracy of your operating point search by
configuring the optimization algorithm.

Typically, you adjust the optimization settings based on the operating point search
report, which is automatically created after each search.

Code Alternative

Use FindopOptions to configure optimization algorithm settings for findop.

1 In the Linear Analysis Tool, open the Linear Analysis tab. Click Trim Model and
click Optimization Options.

This action opens the Options for trim dialog box.

2 Change the appropriate optimization settings.

This table lists the most common optimization settings.

Optimization Status Option to Change Comment

Optimization ends before Maximum iterations Increase the number of
completing (too few iterations) iterations

State derivative or error in Function tolerance or Decrease the tolerance value

output constraint is too large Constraint tolerance
(depending on selected
algorithm)

Note: You can get help on each option by right-clicking the option label and selecting
What's This?.

Optimization Method

Optimization Method | Gradient descent with .. =
What's This?
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Related Examples

+  “Steady-State Operating Points from State Specifications” on page 1-15
+ “Steady-State Operating Point to Meet Output Specification” on page 1-20

+ “Batch Compute Steady-State Operating Points Reusing Generated MATLAB Code”
on page 1-30

More About

+  “Steady-State Operating Point (Trimming)” on page 1-2
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Import and Export Specifications For Operating Point Search

Import and Export Specifications For Operating Point Search

When you modify an operating point specification in the Linear Analysis Tool, you

can export the specification to the MATLAB workspace or the Linear Analysis Tool
workspace. Exported specifications are saved as operating point specifications objects
(see operspec). Exporting specifications can be useful when you expect to perform
multiple trimming operations using the same or a very similar set of specifications.
Additionally, you can export interactively-edited operating point specifications when you
want to use the Findop command to perform multiple trimming operations with a single
compilation of the model. (See “Batch Compute Steady-State Operating Points” on page
1-37.)

You can also import saved operating point specifications to the Linear Analysis Tool and
use them to interactively compute trimmed operating points. Importing a specification
can be useful when you want to trim a model to a specification that is similar to one you
previously saved. In that case, you can import the specification to the Linear Analysis
Tool and interactively change it. You can then export the modified specification, or
compute a trimmed operating from it.

To import or save an operating point specification:

1 In the Linear Analysis Tool, on the Linear Analysis Tab, click Trim Model to open
the Trim Model Tab.

2 Click Specifications to open the Specifications for trim dialog box.

Click Import to import a saved operating point specification from the Linear
Analysis Workspace or the MATLAB Workspace. Click Export to save an operating
point specification to the Linear Analysis Workspace or the MATLAB Workspace.
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LINEAR AR

Specifications  Optimization

States,| Inputs | Outputs|
- - State Specifications
s e [ Known | Steadyﬁtate I Minimum I Maximum

watertank/PID Controller/Integrator

State-1 | 0| | e

watertank/Water-Tank System/H

State-1 | 1 | | | | mf
— ——

’ Sync with Model ﬂ Import... H Export... D

S EEE——

For more information about operating point specifications, see the operspec and
Findop reference pages.
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Batch Compute Steady-State Operating Points

This example shows how to find operating points for multiple operating point
specifications using the Findop command. You can batch linearize the model using the
operating points and study the change in model behavior.

Each time you call Findop, the software compiles the Simulink model. To find operating
points for multiple specifications, you can give findop a vector of operating point
specifications, instead of repeatedly calling Findop within a for loop. The software uses
a single model compilation to compute the multiple operating points, which is efficient,
especially for models that are expensive to recompile repeatedly.

1

Open Simulink model.
sSys = "scdspeed”;
open_system(sys);

Create operating point specification object.
opspecl = operspec(sys);

By default, all model states are specified to be at steady state.

Configure the output specification.

blk = [sys "/rad//s to rpm"];

opspecl = addoutputspec(opspecl,blk,1);
opspecl.Outputs(l) -Known = true;
opspecl.Outputs(l).y = 1500;

opspecl specifies a stead-state operating point in which the output of the block
rad/s to rpmis fixed at 500.

Note: Alternatively, you can configure an operating point specification using the
Linear Analysis Tool and export the specification to the MATLAB workspace. See
“Import and Export Specifications For Operating Point Search” for more information.

Create and configure additional operating point specifications.

opspec2 = copy(opspecl);
opspec2.0utputs(l).y = 2000;

opspec3 = copy(opspecl);
opspec3.0utputs(l).y = 2500;
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1-38

Using the copy command creates an independent operating point specification
that you can edit without changing opspecl. Here, the specifications opspec2 and
opspec3 are identical to opspecl, except for the target output level.

5 Find the operating points that meet each of the three output specifications.
opspecs = [opspecl,opspec2,opspec3];
ops = findop(sys,opspecs);
bdclose(sys);
Pass the three operating point specifications to Findop in the vector opspecs. When
you give Findop a vector of operating point specifications, it finds all the operating
points with only one model compilation. ops is a vector of operating point objects for
the model scdspeed that correspond to the three specifications in the vector.

See Also

findop

Related Examples

“Batch Compute Steady-State Operating Points Reusing Generated MATLAB Code”
“Batch Linearize Model at Multiple Operating Points Using linearize”

“Vary Operating Points and Obtain Multiple Transfer Functions Using
slLinearizer”
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Steady-State Operating Points from Simulation

In this section...

“Simulation Snapshot Operating Points” on page 1-39

“Compute Operating Points at Simulation Snapshots” on page 1-39

Simulation Snapshot Operating Points

You can compute a steady-state operating point (or equilibrium operating point) from
model simulation. The resulting operating point consists of the state values and model
input levels at the specified simulation time.

Simulation-based operating point computation requires that you configure your model by
specifying:

+ Initial conditions that cause your model to converge to equilibrium

* Simulation time at which the model reaches equilibrium

You can use the simulation snapshot operating point to initialize the trim point search.

Note: If your Simulink model has internal states, do not linearize this model at the
operating point you compute from a simulation snapshot. Instead, try linearizing the
model using a simulation snapshot or at an operating point from optimization-based
search.

Compute Operating Points at Simulation Snapshots

This example shows how to use the Linear Analysis Tool to compute an operating point
at specified simulation times (or simulation snapshots).

Code Alternative

Use findop to compute operating point at simulation snapshot. For examples and
additional information, see the Findop reference page.
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1 Open Simulink model.

sys = "magball”;
open_system(sys);

Reference Emor
ignal Signal W h
0.06 S 4 I Ourt1 i In Ourt » |:|
Desired Scope
Height Controller Magnetic

Ball Flant

2 In the Simulink Editor, select Analysis > Control Design > Linear Analysis.

The Linear Analysis Tool for the model opens, with the default operating point being
set to the model initial condition.
3 In the Linear Analysis tool, click the Operating Point Snapshots tab.

4  Specify [1,10] in the Simulation Snapshot Times field. Press Enter.

This vector specifies operating points at €t = 1and t = 10.

Click |_'J to take a snapshot of the system at the specified times.

A new variable, op_snapshotl, appears in the Linear Analysis Workspace.
op_snapshotl contains the two operating points.

6 Double-click op_snapshotl to see the resulting operating points. Select an
operating point of interest from the Select Operating Point list to see it.
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More About

Select Operating Point:

States Inputs

State Value
gball/Controller/PID Controller/Filter

State - 1 [ -5.5728e-007
gl /PID G / g

State - 1 [ 140071

gnetic Ball Plant/Current

State - 1 [ 7.0035
ball/Magnetic Ball Plant/dhdt

State - 1 [ -8.6293¢-008
g gnetic Ball Plant/height

State - 1 | 005

For example, to evaluate your operating point from a simulation snapshot:

1 Initialize the model at the operating point (see “Simulate Simulink Model at Specific
Operating Point” on page 1-42)

2 Add Scope blocks to show the output signals that should reach steady state during
the simulation.

3 Run the simulation to check whether these key signals are at steady state.

More About

* “Choosing Between Simulation Snapshot and Operating Point from Specifications” on
page 1-11
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Simulate Simulink Model at Specific Operating Point

This example shows how to initialize a model at a specific operating point for simulation.

1 Compute a steady-state operating point, as described in “Compute Operating Points
at Simulation Snapshots” on page 1-39.

2 In the Linear Analysis Tool, double-click the operating point variable in the Linear
Analysis Workspace.

The Edit dialog box opens.

Optimizer Qutput| Details

State | Input | Output

State Desired Value Actual Value Desired dx Actual dx
scdspeedctrl/External Disturbance/Transfer Fcn

State - 1 [ [-Inf, Inf ] [ 0 [ 0 [ 0
State - 2 | [-Inf, Inf] \ 0 | 0 | 0
scdspeedctrl/PID Controller/Filter

State - 1 [ [-Inf, Inf ] [ 0 [ 0 [ 0
scdspeedctrl/PID Controller/Integrator

State - 1 | [-Inf, Inf ] [ 89768 | 0 | -45077e-014
scdspeedctrl/Reference Filter/State Space

State - 1 [ [ -Inf, Inf ] [ 200 [ 0 [ 0
scdspeedctrl/Throttle & Manifold/Intake Manifold/p0 = 0.543 bar

State -1 [ [-Inf, Inf ] [ 0.54363 [ 0 | 29365e015
scdspeedctrl/Vehicle Dynamics/w = T//) w0 = 209 rad//s
State - 1 [ [-Inf, Inf ] [ 209.4395 [ 0 [ as296e-013

3 Click Initialize model.

The Initialize Model dialog box opens.

B Initialize Model =] @ ==

Destination workspace:
@ MATLAB Workspace
() Model Workspace

Variable Name:

op_triml

i
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4 Use the default Variable Name for the operating point object. Alternatively, you
can edit this variable name.

Click OK to export the operating point to the MATLAB Workspace.

This action also sets the operating point values in the Data Import/Export pane
of the Configuration Parameters dialog box. Simulink uses this operating point as
initial conditions when simulating the model.

Tip If you want to store this operating point with the model, export the operating
point to the Model Workspace instead.

In the Simulink Editor, select Simulation > Run to simulate the model starting at the
specified operating point.

Related Examples

+  “Steady-State Operating Points from State Specifications” on page 1-15

+ “Compute Operating Points at Simulation Snapshots” on page 1-39
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Handling Blocks with Internal State Representation

In this section...

“Operating Point Object Excludes Blocks with Internal States” on page 1-44
“Identifying Blocks with Internal States in Your Model” on page 1-45

“Configuring Blocks with Internal States for Steady-State Operating Point Search” on
page 1-45

Operating Point Object Excludes Blocks with Internal States

The operating point object used for linearization and control design does not include
these Simulink blocks with internal state representation:

*  Memory blocks

* Transport Delay and Variable Transport Delay blocks

+ Disabled Action Subsystem blocks

+ Backlash blocks

*+ MATLAB Function blocks with persistent data

* Rate Transition blocks

+ Stateflow blocks

* S-Function blocks with states not registered as Continuous or Double Value Discrete

For example, if you compute a steady-state operating point for this Simulink model, the
resulting operating point object does not include the Backlash block states because these
states have an internal representation. If you use this operating point object to initialize
a Simulink model, the initial conditions of the Backlash blocks might be incompatible
with the operating point.

A 7 D

In1

Backlash1 Square Gain Scope1
1
Constant f-="-’=."" > :l
Back|ashZ Scope2
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Identifying Blocks with Internal States in Your Model

Generate a list of blocks that have internal state representations.

sldiagnostics(sys, "CountBlocks™)

where sys is your model, specified as a string. This command also returns the number of
occurrences of each block.

Configuring Blocks with Internal States for Steady-State Operating Point
Search

Blocks with internal states can cause problems for steady-state operating point search
(trimming). Where there is no direct feedthrough, the input to the block at the current
time does not determine the output of the block at the current time.

To fix this issues for Memory blocks, Transport Delay, or Variable Transport Delay
blocks, select the Direct feedthrough of input during linearization option in the
Block Parameters dialog box before searching for an operating point or linearizing a
model at a steady state. This setting makes such blocks behave as if they have a gain of 1
during operating point search.

For example, the next model includes a Transport Delay block. In this case, you

cannot find a steady state operating point using optimization because the output of the
Transport Delay is always zero. Because the reference signal is 1, the input to the Plant
block must be nonzero to get the plant block to have an output of 1 and be at steady
state.

1 Pifs) > D@Z p| =10 » [
5+1
Constant FID Contoller  Tramsport Flant Scope
Delay

To fix this issue, select the Direct feedthrough of input during linearization option
in the Block Parameters dialog box before searching for an operating point. This setting
lets the PID Controller block push a nonzero value to the Plant block.
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For other blocks with internal states, determine whether the output of the block impacts
the state derivatives or desired output levels before computing operating points. If

the block impacts these derivatives or output levels, consider replacing it using a
configurable subsystem.

You can also set direct feedthrough options at the command-line instead of using the
block parameter dialog box.

Block Command to specify direct feedthrough

Memory set_param(blockname, "LinearizeMemory”®, "on")
Transport Delay or Variable set_param(blockname, "TransDelayFeedthrough®,"on*®)
Transport Delay
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Synchronize Simulink Model Changes with Operating Point
Specifications

In this section...
“Synchronize Simulink Model Changes with Linear Analysis Tool” on page 1-47

“Synchronize Simulink Model Changes with Existing Operating Point Specification
Object” on page 1-50

Synchronize Simulink Model Changes with Linear Analysis Tool

This example shows how to update the operating point specifications in the Linear
Analysis Tool to reflect changes to the Simulink model.

Modifying your Simulink model can change, add, or remove states, inputs, or outputs,
which changes the operating point. If you change your model while the Linear Analysis
Tool is open, you must sync the operating point specifications in the Linear Analysis Tool
to reflect the changes in the model.

1 Open Simulink model.

sys = ("scdspeedctrl®);
open_system(sys)

2 In the Simulink Editor, select Analysis > Control Design > Linear Analysis.

The Linear Analysis Tool for the model opens, with the default operating point being
set to the model initial condition.

3 In the Linear Analysis tab, click Trim Model. Then click Specifications.

The Specifications for trim dialog box appears.
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State Specifications
SER L [ Knowen | Steady State | Minirurm | Maximum

scdspeedctrl/External Disturbance/Transfer Fcn
State - 1 [ i [ ] [ T
State - 2 | 1 | =] | T
scdspeedctrl{PID ControllerfFilter
State - 1 [ I ] [ T
scdspeedctrl/PID ControllerfIntegrator
State - 1 [ aamee | ] [ T
scdspeectil/Reference Filter/State Space—__
(tate - 1 [ o] o )] T Inf
scdspeedtirthrottle & Mani ke Wanifold/pl = 0.543 bar
State - 1 | nsezs | ] [ e
scdspeedctrl/Vehicle Dynamicsfw = Tf{) w0 = 209 radffs
State - 1 T [ [ T

[ Syne with Model ] [ Import.. ] l Export.. ]

The Reference Filter block contains just one state.

4 In the Simulink Editor, double-click the Reference Filter block. Change the
Numerator of the transfer function to 100, and change the Denominator to [1 20
100]. Click OK.
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Synchronize Simulink Model Changes with Operating Point Specifications

Function Block Parameters: Reference Filter @
Transfer Function with Initial Outputs (mask) (link)

Vector expressions for numerator, and denominator. Coefficients are
in descending powers of s.

Parameters

Numerator:

[100]

Denominator:

[1 20 100]
Initial output:
2000

Initial input:

2000

[ 0K H Cancel H Help H Apply I

This change adds a state to the Simulink model.

In the Specifications for trim dialog, click Sync with Model to synchronize the
operating point specifications in the Linear Analysis Tool with the model.
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1-50

States Inputsl Outputs
State Specifications
SER Lo ] Known | Steady State ‘ Minirurm | Maximum
scdspeedctrlfExternal Disturbance/Transfer Fcn
State - 1 [ 0 [ [ [ T Inf
State - 2 | 0 | & | T Inf
scdspeedctrl{PID ControllerfFilter
State - 1 [ 0 [ [} [ T Inf
scdspeedctrl/PID ControllerfIntegrator
State - 1 | sams | =] [ e Inf
scdspeedctrl{Throttle & Manifold{Intake Manifold/pD = 0.543 bar
State - 1 [ o543 | =] [ [ Inf | Inf
scdspeedctrlf/Vehicle Dynamicsfw = Tiil w0 = 209 radffs
State - 1 | zogaes | ] | T Inf
Mference Filter/State Space ——_
fate - 1 [ 0 [ [ N T Inf
Ngate - 2 | 20 | =] P \ Inf | Inf
| Sync with Model | [ Import.., ] [ Export... ]

The dialog now shows two states for the Reference Filter block.

Click IE to compute the operating point.

Synchronize Simulink Model Changes with Existing Operating Point
Specification Object

This example shows how to use update to update the operating point specification object
after you update the Simulink model.

1

Open Simulink model.

sys = "scdspeedctrl®;
open_system(sys);

Create operating point specification object.

By default, all model states are specified to be at steady state.

opspec = operspec(sys);
In the Simulink Editor, double-click the Reference Filter block. Change the

Numerator of the transfer function to [100] and the Denominator to [1 20 100].
Click OK.



Synchronize Simulink Model Changes with Operating Point Specifications

Function Block Parameters: Reference Filter @
Transfer Function with Initial Outputs (mask) (link)

Vector expressions for numerator, and denominator. Coefficients are
in descending powers of s.

Parameters

Numerator:

[100]
Denominator:
[1 20 100]
Initial output:
2000

Initial input:

2000

[ 0K ]| Cancel || Help || Apply |

Find the steady state operating point that meets these specifications.
op = Findop(sys,opspec)

This command results in an error because the changes to your model are not
reflected in your operating point specification object:

??? The model scdspeedctrl has been modified and the operating point
object is out of date. Update the object by calling the function
update on your operating point object.

Update the operating point specification object with changes to the model. Repeat
the operating point search.

opspec = update(opspec);
op = Findop(sys,opspec)
bdclose(sys);

After updating the operating point specifications object, the optimization algorithm
successfully finds the operating point.

1-51



1-52



Linearization

* “Linearizing Nonlinear Models” on page 2-3

+  “Specify Model Portion to Linearize” on page 2-12

+  “Plant Linearization” on page 2-31

+ “Managing Signals in Control System Analysis and Design” on page 2-35

+ “Open-Loop Response of Control System for Stability Margin Analysis” on page
2-42

+  “Linearize Simulink Model at Model Operating Point” on page 2-48

+ “Visualize Bode Response of Simulink Model During Simulation” on page 2-53
* “Linearize at Trimmed Operating Point” on page 2-62

+  “Linearize at Simulation Snapshots and Triggered Events” on page 2-67

+ “Ordering States in Linearized Model” on page 2-86

* “Time-Domain Validation of Linearization” on page 2-91

*  “Frequency-Domain Validation of Linearization” on page 2-95

* “Visualize Models” on page 2-100

* “Generate MATLAB Code for Linear Analysis Tool Session” on page 2-103
* “Troubleshooting Linearization” on page 2-105

* “Controlling Block Linearization” on page 2-120

* “Models with Pulse Width Modulation (PWM) Signals” on page 2-141

+ “Specifying Linearization for Model Components Using System Identification” on page
2-143

* “Speeding Up Linearization of Complex Models” on page 2-151
+ “Exact Linearization Algorithm” on page 2-153

* “How the Software Treats Loop Openings” on page 2-158

* “What Is Batch Linearization?” on page 2-160

* “Choosing Batch Linearization Tools” on page 2-162
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2-2

“Batch Linearization Efficiency When You Vary Parameter Values” on page 2-164

“Batch Linearize Model for Parameter Value Variations Using linearize” on page
2-166

“Batch Linearize Model at Multiple Operating Points Using linearize” on page
2-168

“Vary Parameter Values and Obtain Multiple Transfer Functions Using slLinearizer”
on page 2-170

“Vary Operating Points and Obtain Multiple Transfer Functions Using slLinearizer”
on page 2-178

“Use Response Plots to Analyze Batch Linearization Results” on page 2-184
“Specify Parameter Samples” on page 2-191

“Validate Batch Linearization Results” on page 2-196

“Approximating Nonlinear Behavior using an Array of LTI Systems” on page 2-197
“LPV Approximation of a Boost Converter Model” on page 2-224
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Linearizing Nonlinear Models

In this section...

“What Is Linearization?” on page 2-3

“Applications of Linearization” on page 2-5
“Linearization in Simulink Control Design” on page 2-6
“Choosing Linearization Tools” on page 2-7

“Model Requirements for Exact Linearization” on page 2-10

“Operating Point Impact on Linearization” on page 2-10

What Is Linearization?

Linearization is a linear approximation of a nonlinear system that is valid in a small
region around the operating point.

For example, suppose that the nonlinear function is y = X2 Linearizing this nonlinear

function about the operating point x=1, y=1 results in a linear function y=2x-1.
Near the operating point, y = 2x —1 is a good approximation to y = X2, Away from the
operating point, the approximation is poor.

The next figure shows a possible region of good approximation for the linearization of

y= x2. The actual region of validity depends on the nonlinear model.



2 Linearization
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Extending the concept of linearization to dynamic systems, you can write continuous-
time nonlinear differential equations in this form:

() = f (x(0),u(),t)
¥(t) = g (2(),u(t),t).

In these equations, x(t) represents the system states, u(f) represents the inputs to the
system, and y(f) represents the outputs of the system.

A linearized model of this system is valid in a small region around the operating point
t=to, x(to)=x0, u(to)=to, and y(to)=g(xo,%o,t0)=Yo.

To represent the linearized model, define new variables centered about the operating
point:



Examples and How To

Sx(t) = x(t) — xg
du(t) = u(t) —uy
dy(8) = y(t) = yo

The linearized model in terms of 6x, 6u, and 8y is valid when the values of these variables
are small:

0x(t) = Adux(t) + Béu(t)
Sy(t) = Codu(t) + Dou(t)

Examples and How To

+  “Linearize Simulink Model at Model Operating Point” on page 2-48
+  “Plant Linearization” on page 2-31

+ “Open-Loop Response of Control System for Stability Margin Analysis” on page
2-42

+ “Visualize Bode Response of Simulink Model During Simulation” on page 2-53

More About

+  “Applications of Linearization” on page 2-5

*  “Choosing Linearization Tools” on page 2-7

Applications of Linearization
Linearization is useful in model analysis and control design applications.

Exact linearization of the specified nonlinear Simulink model produces linear state-
space, transfer-function, or zero-pole-gain equations that you can use to:

+ Plot the Bode response of the Simulink model.
*  Evaluate loop stability margins by computing open-loop response.

* Analyze and compare plant response near different operating points.
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Design linear controller

Classical control system analysis and design methodologies require linear, time-
invariant models. Simulink Control Design automatically linearizes the plant when
you tune your compensator. See “Choosing a Control Design Approach”.

Analyze closed-loop stability.

Measure the size of resonances in frequency response by computing closed-loop linear
model for control system.

Generate controllers with reduced sensitivity to parameter variations and modeling
errors (requires Robust Control Toolbox™).

Linearization in Simulink Control Design

You can use Simulink Control Design to linearize continuous-time, discrete-time, or
multirate Simulink models. The resulting linear time-invariant model is in state-space
form.

Simulink Control Design uses a block-by-block approach to linearize models, instead of
using full-model perturbation. This block-by-block approach individually linearizes each
block in your Simulink model and combines the results to produce the linearization of the
specified system.

The block-by-block linearization approach has several advantages to full-model
numerical perturbation:

Most Simulink blocks have preprogrammed linearization that provides Simulink
Control Design an exact linearization of each block at the operating point.

You can configure blocks to use custom linearizations without affecting your model
simulation.

See “Controlling Block Linearization” on page 2-120.
Simulink Control Design automatically removes nonminimal states.

Ability to specify linearization to be uncertain (requires Robust Control Toolbox)

More About

“Exact Linearization Algorithm” on page 2-153



More About

Choosing Linearization Tools

* “Choosing Simulink Control Design Linearization Tools” on page 2-7

*  “Choosing Exact Linearization Versus Frequency Response Estimation” on page

2-8

+ “Linearization Using Simulink Control Design Versus Simulink” on page 2-8

Choosing Simulink Control Design Linearization Tools

Simulink Control Design lets you perform linear analysis of nonlinear models using a
graphical user interface, functions, or blocks.

Linearization Tool

When to Use

“Linear Analysis Tool”

Interactively explore Simulink model
linearization under different operating
conditions.

Diagnose linearization issues.

Automatically generate MATLAB code for
batch linearization.

linearize

Linearize a Simulink model for command-
line analysis of poles and zeros, plot
responses, and control design.

Batch linearize for varying model parameter
values and operating points.

slLinearizer

Batch linearize for varying model parameter
values, operating points, and I/O sets.

Linear Analysis Plots blocks

Visualize linear characteristics of your
Simulink model during simulation.

View bounds on linear characteristics of
your Simulink model on plots.

Optionally, check that the linear
characteristics of your Simulink model
satisfy specified bounds.
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Linearization Tool When to Use

Note: Linear Analysis Plots blocks do not
support code generation. You can only use these
blocks in Normal simulation mode.

Choosing Exact Linearization Versus Frequency Response Estimation

In most cases, you should use exact linearization instead of frequency response
estimation to obtaining a linear approximation of a Simulink model.

Exact linearization:

+ Is faster because it does not require simulation of the Simulink model.
* Returns a parametric (state-space).
Frequency response estimation returns frequency response data. To create a transfer

function or a state-space model from the resulting frequency response data requires
an extra step using System Identification Toolbox™ to fit a model.

Use frequency response estimation:

+ To validate exact linearization accuracy.

* When your Simulink model contains discontinuities or non-periodic event-based
dynamics.

* To study the impact of amplitude size on frequency response.
See Describing Function Analysis of Nonlinear Simulink Models.
Linearization Using Simulink Control Design Versus Simulink

How is Simulink I'inmod different from Simulink Control Design functionality for
linearizing nonlinear models?

Although both Simulink Control Design and Simulink I'inmod perform block-by-block
linearization, Simulink Control Design functionality is enhanced by a more flexible user
interface and Control System Toolbox™ numerical algorithms.

Simulink Control Design Linearization | Simulink Linearization

Graphical-user interface |Yes No

2-8




More About

Simulink Control Design Linearization

Simulink Linearization

See “Linearize Simulink Model at
Model Operating Point” on page
2-48.

Flexibility in defining
which portion of the
model to linearize

Yes. Lets you specify linearization
I/0 points at any level of a
Simulink model, either graphically
or programmatically without
having to modify your model.

See “Linearize at Trimmed
Operating Point” on page 2-62.

No. Only root-level linearization
I/0 points, which is equivalent to
linearizing the entire model.
Requires that you add and
configure additional Linearization
Point blocks.

Open-loop analysis

Yes. Lets you open feedback loops
without deleting feedback signals
in the model.

See “Open-Loop Response of
Control System for Stability
Margin Analysis” on page 2-42.

Yes, but requires that you delete
feedback signals in your model to
open the loop

Control linear model
state ordering

Yes
See “Ordering States in Linearized
Model” on page 2-86.

Control linearization of |Yes. Lets you specify custom No
individual blocks linearization behavior for both

blocks and subsystems.

See “Controlling Block

Linearization” on page 2-120.
Linearization diagnostics |Yes. Identifies problematic No

blocks and lets you examine the
linearization value of each block.
See “Linearization
Troubleshooting Overview” on
page 2-105.

Block detection and
reduction

Yes. Block reduction detects blocks
that do not contribute to the
overall linearization yielding a
minimal realization.

No
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Simulink Control Design Linearization | Simulink Linearization

models

Control of rate conversion | Yes No
algorithm for multirate

2-10

Model Requirements for Exact Linearization
Exact linearization supports most Simulink blocks.

However, Simulink blocks with strong discontinuities or event-based dynamics linearize
(correctly) to zero or large (infinite) gain. Sources of event-based or discontinuous
behavior exist in models that have Simulink Control Design requires special handling of
models that include:

* Blocks from Discontinuities library

+ Stateflow charts

+ Triggered subsystems

*  Pulse width modulation (PWM) signals

For most applications, the states in your Simulink model should be at steady state.
Otherwise, your linear model is only valid over a small time interval.

More About

“Exact Linearization Algorithm” on page 2-153

Operating Point Impact on Linearization

Choosing the right operating point for linearization is critical for obtaining an accurate
linear model. The linear model is an approximation of the nonlinear model that is valid
only near the operating point at which you linearize the model.

Although you specify which Simulink blocks to linearize, all blocks in the model affect the
operating point.

A nonlinear model can have two very different linear approximations when you linearize
about different operating points.
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% 1 2

e ]
5
Int .
Integrator Square Gain Scope
1
Constant

The linearization result for this model is shown next, with the initial condition for the
integration xp = 0.

O Lo
In Integrator Gaini Sum Gain

Scope

This table summarizes the different linearization results for two different operating
points.

Operating Point Linearization Result

30/s
0

Initial Condition = 5, State X1 =5

Initial Condition = 0, State x1 =0
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Specify Model Portion to Linearize

2-12

In this section...

“Specifying Subsystem, Loop, or Block to Linearize” on page 2-12

“Opening Feedback Loops” on page 2-13

“Ways to Specify Portion of Model to Linearize” on page 2-15

“Specify Portion of Model to Linearize in Simulink Model” on page 2-15
“Specify Portion of Model to Linearize in Linear Analysis Tool” on page 2-18
“Edit Portion of Model to Linearize in Linear Analysis Tool” on page 2-23

“Select Bus Elements as Linear Analysis Points” on page 2-25

Specifying Subsystem, Loop, or Block to Linearize

Simulink Control Design lets you specify the subsystem, loop, or block to linearize using
linearization input and output points (linearization I/O points).

A linearization input point defines the additive input signal to the linear model. A
linearization output point defines the output signal of the linear model.

You can linearize:

+ Closed- or open-loop responses using a linearization input point on the input signal to
the portion of the model you want to linearize, and a linearization output point at the
output signal of that portion of the model.

* Specific subsystem or block.

In this case, linearization I/O points are the input and output signals corresponding to
the subsystem or block.

You can define other linear models using additional types of linear analysis points:

* Loop Transfer — Specifies an output point before a loop opening followed by an
input. Use this input/output type to compute the open-loop transfer function around
the loop.

+ Loop Break — Specifies a loop opening. Use to compute open-loop transfer function
around a loop. Typically, you use this input/output type when you have nested loops
or to ignore the effect of some loops.
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+ Sensitivity — Specifies an additive input followed by an output measurement. Use to
compute sensitivity transfer function for an additive disturbance at the signal.

+ Complementary Sensitivity — Specifies an output followed by an additive input.
Use to compute closed-loop transfer function around the loop.

Linearization I/O points are pure annotations and do not impact model simulation.

More About

“Ways to Specify Portion of Model to Linearize” on page 2-15

Opening Feedback Loops

If your model contains one or more feedback loops, you can choose to linearize an open-
loop or a closed-loop system.

Simulink Control Design lets you remove the effects of the feedback loop by inserting
an open loop point without having to manually break signal lines. In fact, for nonlinear
models, do not open the loop by manually removing the feedback signal from the model,;
this action changes the model operating point and produces a different linear model.

Note: If a model is already linear, it has the same form regardless of the operating point.

Correct placement of the loop opening is critical to obtaining the right linear model. For
example, you might want to linearize only the plant model in a feedback control loop.

To understand the difference between open-loop and closed-loop analysis, consider this
single-loop control system.
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k=10 E=0 U=5 ¥=10
S EEEEE— @—h C - P -
Reference Output

Signal

Feedback Loop

Suppose you want to linearize the plant, P, about an equilibrium operating point of the
model.

To linearize only the plant P, you must open the loop at the output of the P block. If you
do not open the loop, and if C and P are linear, the linearized model between U and Y is

P(s)
1+P(s)C(s) *

The loop opening does not need to be in the same location as the linearization input or
output point. For example, the next figure shows a loop opening after the gain on the
outer feedback loop, which removes the effect of this loop from the linearization. To check
whether you correctly excluded the feedback signal, linearize the model and highlight the
blocks included in the linearization.

—»{+ Input  Output >

Blodk 1

‘,

Gain

x 15%

Gain1

In this example, if you place a loop opening at the same location as the linearization
output point, the effect of the inner loop from the linearization is also removed.
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More About

+ “Ways to Specify Portion of Model to Linearize” on page 2-15
+  “Highlighting Linearized Blocks” on page 2-111
+ “How the Software Treats Loop Openings” on page 2-158

Ways to Specify Portion of Model to Linearize

There are several ways to specify linearization inputs, outputs, and loop-opening
locations (linear analysis points, linearization 1/0 sets, or, simply, I/0 sets) that define
the portion of the model you want to linearize. Each method has its own advantages. You
can:

*  Specify linearization I/O points and loop openings directly in the model. An advantage
of this method is that the locations of linearization I/O points and loop openings are
shown graphically in the model. When you specify linearization I/O sets this way and
save the model, the I/0O set persists in the model.

* Interactively define linearization I/O sets using the Linear Analysis Tool. The Create
linearization I/O set dialog box in the Linear Analysis Tool allows you to define
multiple open-loop or closed-loop transfer functions for your model interactively. This
approach does not make changes to the model.

* Define linearization I/O sets at the command line using 1inio. This method allows
you to define multiple open-loop or closed-loop transfer functions without changing
the model.

* Define analysis points and openings for an slLinearizer interface at the command
line. This method allows you to obtain multiple open-loop or closed-loop transfer
functions without changing the model.

Specify Portion of Model to Linearize in Simulink Model

To specify linearization I/O points and loop openings directly in your Simulink model:

1 Right-click on the signal you want to define as a linearization input point or output
point.

This action opens a context menu on the signal.
2 Hover the cursor over Linear Analysis Points in the context menu.

A submenu appears listing types of linear analysis points.
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B

Cut
Copy
Paste
Delete

Highlight Signal te Scurce
Highlight Signal te Destination
Remove Highlighting

Format

Add Conditional Breakpoint
Show Value Label of Selected Port

Signal & Scope Manager...
Open Viewer

Create & Connect Viewer
Connect To Viewer
Disconnect Viewer

Delete Viewer

Linear Analysis Points

Signal Hierarchy

Properties

Ctrl+X
Ctrl+C
Ctrl+V
Del

Ctrl+Shift+H

Open-loop Input
Open-loop Output
Loop Transfer
Loop Break

Input Perturbation
Output Measurement
Sensitivity

Complementary Sensitivity
Trim Qutput Constraint

Help Me Select...

3 Select the type of linear analysis point you want to define at the signal.
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1 Right-click the block output signal corresponding to the linearization input
point. For example, select Linear Analysis Points > Input Perturbation.
This type of input point specifies an additive input to a signal.

If you want to specify the signal as a open-loop input point, select Linear
Analysis Points > Open-loop Input. This option specifies an input point after
a loop opening. Opening the loop removes the effects of the feedback signal on
the linearization without changing the model operating point. The loop opening
marker appears in the model.

Caution Do not open the loop by manually removing the feedback signal from the
model. Removing the signal manually changes the operating point of the model.

2 Right-click the block output signal corresponding to the linearization output
point. For example, select Linear Analysis Points > Output Measurement.
This type of output point takes measurement at a signal.

If you want to specify the signal as a open-loop output point, select Linear
Analysis Points > Open-loop Output. This option specifies an output point
before a loop opening.

Depending on the response you want, you can select one of the following additional
linear analysis points:

Loop Transfer — Specifies an output point before a loop opening followed by
an input. Use this input/output type to compute the open-loop transfer function
around the loop.

Loop Break — Specifies a loop opening. Use to compute open-loop transfer
function around a loop. Typically, you use this input/output type when you have
nested loops or to ignore the effect of some loops.

+  Sensitivity — Specifies an additive input followed by an output measurement.
Use to compute sensitivity transfer function for an additive disturbance at the
signal.

+ Complementary Sensitivity — Specifies an output followed by an additive
input. Use to compute closed-loop transfer function around the loop.

When you specify linearization inputs and outputs or loop openings, markers appear
in your model indicating the linear analysis point type.
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4 Repeat step 3 for all signals you want to define as linearization I/O points or open-
loop points.

Specifying linear analysis points using the context menu changes the model (makes the
model “dirty”, that is, saving the model stores the points with the model).

More About

+ “Specifying Subsystem, Loop, or Block to Linearize” on page 2-12
* “Opening Feedback Loops” on page 2-13
+ “Ways to Specify Portion of Model to Linearize” on page 2-15

Specify Portion of Model to Linearize in Linear Analysis Tool

You use linearization inputs, outputs, and loop-opening locations (linearization I1/0
sets) to specify which portion of the model to linearize. You can specify one or more
linearization I/0 sets interactively in the Linear Analysis Tool, without introducing
changes to the model.

To access the Create linearization I/O set dialog box:

1  Click the Exact Linearization or Frequency Response Estimation tab.

2 From the Analysis I/Os drop-down list, select Create new linearization 1/0s.
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LINEAR AMNALYSIS EXACT LINEARIZATION

Analysis/Os: Model/Os ~ @ % Plot

Operating Point: Model 1/0s

Root level inports and outports

Data Browser Linearize currently selected block

searchwaorkspacd Create new linearization I/0s... [ |7

w MATLAE Workspace

The Create linearization I/O set dialog box opens.

Create Linearization 1/0 Set
To create a new linearization I/0 set:

1 In your Simulink model, select one or more signals that you want to define as a
linearization input or output point.

The selected signals appear in the Create linearization I/O set dialog box under
Currently selected signals.
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Variable name: |

Filter by narme

@ Currently selected signals
“-"2 maghall/Controller: 1

2

selected signals.

3 Click Add. The signal appears in the list of Analysis I/Os.

Filter by name L2

@ Currently selected signals

------ = magbollConoler: 1

Analysis I/Os

In the Create linearization I/0 set dialog box, click a signal name under Currently

Active Signal Description

Configuration

Block: magball/Controller
Port: 1
Signal Mame:

+4 Input Perturbation S

4  Select the linearization point type for a signal from the Configuration drop-down
list for that signal. For example:

Measurement.

Output.

2-20

If you want the selected signal to be a linearization output point, select Output

If you want the signal to be an open-loop output point, select Open-loop
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5 Repeat steps 1-4 for any other signals you want to define as linearization I/O points.

Tip To highlight in the Simulink model the blocks that are included in the
linearization specified by the current list of Analysis I/Os, click Highlight.

6 After you define all the signals for the I/O set, enter a name for the I/O set in the
Variable name field located at the top-left of the window.

7 Click OK.

The Create linearization I/O set dialog box closes. A new linearization I/O set appears in
the Linear Analysis Workspace of the Linear Analysis Tool. The new linearization I/O set
displays the name you specified.

2-21



2 Linearization

LIMEAR AMALYSIS EXACT LIMEARIZATION

Analysis I/Qs: ﬁ 1051 z 1} Plot Result:

) ) {G} Options
Operating Point:  Model Initial Condition + &
M Launch Diagn

Dt Browser e e et e e e e e e e e T e e e w0

Search workspace variahles Foihg

w MATLAB Workspace

Mame = Value
HHL 0.0200 -
Hr 2
EE‘ ans 15 g
HH beta 1.0000e-03

Hg 9.8100

BHII ] -

¥ Linear Analysis Workspace

rre Yalue
(&€ 1021 <132 linear...

w Variable Preview

The newly created linearization I/O set is automatically selected in the Analysis I/
Os menu for either the Exact Linearization or Frequency Response Estimation tab,
depending on which you selected originally.
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Creating linearization I/O sets in the Linear Analysis Tool does not change the Simulink
model. You can create multiple I/O sets for a single model.

More About

+ “Specifying Subsystem, Loop, or Block to Linearize” on page 2-12
* “Opening Feedback Loops” on page 2-13
+ “Ways to Specify Portion of Model to Linearize” on page 2-15

Edit Portion of Model to Linearize in Linear Analysis Tool

You can interactively edit a linearization I/O set stored in the Linear Analysis Workspace
using the Linear Analysis Tool Edit dialog box.

Open Edit Dialog Box
To open the Edit dialog box for editing a linearization set, either:

* In the Linear Analysis Workspace, double-click the I/0O set.

* Click either the Exact Linearization or Frequency Response Estimation tab. If the I/O
set is selected in the Analysis I/Os menu, click the edit icon Z next to the Analysis
I/Os menu.

Either of these actions opens the I/O set edit dialog box for the linearization I/O set. You

can now edit the I/O set as needed. When you have finished editing, click * to close the
dialog box and save your changes.

Tip To highlight in the Simulink model the blocks that are included in the linearization
specified by the current list of Analysis I/Os, click Highlight.

Add Signal to 1/0O Set

To add a linearization input point, output point, or loop opening to the linearization I/O
set:

1 In your Simulink model, select one or more signals that you want to add to the
linearization I/O set.
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The selected signals appear in the Create linearization I/0 set dialog box under

Currently selected signals.

2 In the Create linearization I/O set dialog box, click one or more signal names under

Currently selected signals.

3 Click Add. The signal appears in the list of Analysis I/Os.

4  Select the linear analysis point type for a signal from the Configuration drop-down

list for that signal. For example:

+ If you want the selected signal to be a linearization output point, select Output

Measurement.

+ If you want the signal to be an open-loop linearization output point, select Open-

loop Output.

Remove Signal from 1/O Set

To remove a linearization input point, output point, or loop opening from the

linearization I/0 set:

1  Select the signal in the list of Analysis I/Os.

Filter by narme 2 Analysis [/Os
Currently selected signals Active
-

Signal Description

Configuration

Block: magball/Controller

Port: 1
Signal Name:

Block: magball/MagneticBall Plant

Port: 1
Signal Name:

+# Input Perturbation

Open-loop Qutput

Highlight | | Refresh Signal Names | | Deteﬁj

2 Click Delete to remove the signal from the linearization I/0 set.
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Change Linear Analysis Point Type

To change the type of linear analysis point type for a signal, locate the signal in the list
of Analysis [/Os. Then, use the Configuration drop-down list for the signal to define the
type of linear analysis point.

For example, if you want the signal to be a linearization output point, select Output
Measurement from the Configuration drop-down list. If you want the signal to be an
open loop output point, select Open-loop Output.

Select Bus Elements as Linear Analysis Points

This example shows how to select individual elements in a bus signal as linearization
input/output (I/0) points. Linearization I/O points define the portion of the model to
linearize.

Code Alternative

Use linio to specify model signals as linearization I/O points and loop openings. For
examples and additional information, see the 1inio reference page.

1  Open Simulink model.

sys = "scdbusselection”;
open_system(sys)

2 In the Simulink model window, define portion of the model to linearize:

a Right-click the COUNTERBUS signal, and select Linear Analysis Points >
Select Bus Element.

This option appears only if Mux blocks used to create bus signals in the
Configuration Parameters > Diagnostics > Connectivity pane is error.
Otherwise, right-clicking the bus signal lets you specify all elements in the bus
as linearization input or output points.

The Select Linearization Points in the Bus dialog box opens, which shows
signals contained in the COUNTERBUS bus signal.
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E Select Linearization Points in the Bus EI@

Bus Hierarchy Linearization Inputs/Qutputs

Name Configuration

?J Signals in the bus
— data
(2= limits

Up

Add >>

Down

Remove

[ ok |[ cancel |[ Help |

b Inthe Bus Hierarchy area, expand the bus named Iimits. Then, select
upper_saturation_limit.

Bus Hierarchy

Filter by narne P
ﬂ Signals in the bus
----- — data
== limits
el uope saturation imit|

L= lower_saturation_limit

Tip For large buses, you can enter search text for filtering element names in the

Filter by name edit box. The name match is case-sensitive. Additionally, you
can enter a MATLAB “regular expression”.
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Filtering Options

To modify the filtering options, click =~ adjacent to the Filter by
name edit box.

Filtering Options
Enable regular expression

MATLAB “regular expression” for filtering signal names. For
example, entering t$ displays all signals whose names end with a
lowercase t (and their immediate parents).

+ Show filtered results as a flat list
Flat list format to display the list of filtered signals.
By default, filtered signals are displayed using a tree format. The
flat list format uses dot notation to reflect the hierarchy of bus
signals.

Bus Hierarchy

C *

ﬂ Signals in the bus (FILTERED VIEW as a flat list)
= busl.Chirp

— busl.Constant

— bus2.Clock

¢ Click Add.

The selected signal now appears in the Linearization Inputs/Outputs area,
and is configured as a linearization input point.
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2-28

Linearization Inputs/Outputs

Mame /’—Conﬁguration

limits.upper_saturati... I{f_é_ Input Perturbation

Click OK.

In the Simulink model window, right-click the OUTPUTBUS signal, and select
Linear Analysis Points > Select Bus Element.

In the Bus Hierarchy area, expand the bus named Iimits, and select
upper_saturation_limit.

Click Add to add the selected signal to the Linearization Inputs/Outputs
area.

Select Output Measurement in the Configuration column.

Linearization Inputs/Outputs

Marne Configuration

limits.upper_saturati... +4_ Input Perturbation -
et COpen-loop Input

1 Open-loop Qutput

Bt Loop Transfer

td Input Perturbation

| T Cutput Measuremen%

™= Loop Break

=41 Sen sitivity

Click OK.



Related Examples

Tip In the Simulink model window, select Display > Signals & Ports >
Linearization Indicators to view the linearization I/0O markers.

You can select multiple elements in the same bus with different I/O types. The =3
marker appears on the bus signal to indicate multiple bus element selections with
different I/0 types.

3 In the Simulink model window, select Analysis > Control Design > Linear
Analysis.

The Linear Analysis Tool for the model opens.

Click the Exact Linearization tab. Click adjacent to the Analysis I/Os list
to see the bus elements selected as linearization I/O points.

Edit model [/Os
Select linearization I/Os by right clicking on the desired line in your Simulink model.
Active Signal Description Configuration
Block: scdbusselection/COUNTERBUSCreator
Port: 1 r - 1
Signal Name: COUNTERBUS 5 Input Perturbation =]

Bus Element: limits.upper_saturation_limit

Block: scdbusselection/Counterd

Port: 1 i 1
Signal Name: OUTPUTBUS L Output Measurement =

Bus Element: limits.upper_saturation_limit

[ Highlight H Refresh Signal Names ” Delete ]

In the Exact Linearization tab, click E to linearize the model using the model
initial condition as the operating point.

Related Examples

* “Linearize Simulink Model at Model Operating Point” on page 2-48
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*  “Plant Linearization” on page 2-31

* “Open-Loop Response of Control System for Stability Margin Analysis” on page
2-42
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Plant Linearization

This example shows how to use the Linear Analysis Tool to linearize a plant subsystem
at the model operating point. The model operating point consists of the model initial
state values and input signals.

Use this simpler approach instead of defining linearization I/O points when the plant is a
subsystem or a block.

Code Alternative

Use linearize. For examples and additional information, see the I inearize reference
page.

1

Open a Simulink model.

sys = “watertank”;
open_system(sys)

Open the Linear Analysis Tool.

In the Simulink model window, right-click the Water-Tank System block and select
Linear Analysis > Linearize Block.

View the block selected for linearization.

Click - adjacent to the Analysis I/Os drop-down menu.

The Water Tank System block is highlighted.
In the Plot Result drop-down menu, select New Bode.
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Linearize the plant.

Click E

The Bode plot of the linearized plant appears.
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Bode Diagram

From: Water-Tank System® To: Water-Tank System!
15 T T

51 4

fagnitude (dB8)
o
1

Bt J

Phase (deqg)
Ja
h
1

107 107 107" 10"

Frequency (rad/z)

The linearization result, 1 insys1, appears in the Linear Analysis Workspace.

View the resulting linear plant model.

In the Linear Analysis tab, choose 1insysl from the Select Result list. In the
Select Report list, choose Show result details.

41 Linear &nakysis Tool - watertank - Bode Plot 1
LIMEAR ANALYSIS

30 7 =
i Open Select Result: Select Systern:

EXACT LINEARIEATION FREQUEMCY RESPOMSE ESTIMATION

&l save Select Report
Trim Operating Point e linsysl = - g No system selected
[ Preferences  Model Snapshat

TiE TOOLS RES l Show result details... Bl
Dioka Browser w 0 Bode Plotl = b

o~

Searchworkspace variables

The Linearization results dialog box for linsys1 opens.
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Display linearization result as: | 3tate 3pace hd

General Information:
Operating point: Model initial condition
Size: 1 inputs, 1 outputs, 1 states

Linearization Result:

xl
=l -0.05

ul
xl 0.25

m

Tip Drag and drop Iinsysl from the Linear Analysis Workspace to the
MATLAB Workspace to export it to the base workspace for further analysis.

Close the Simulink model.

bdclose(sys);

Related Examples

“Linearize Simulink Model at Model Operating Point” on page 2-48
“Open-Loop Response of Control System for Stability Margin Analysis” on page

2-42

“Visualize Bode Response of Simulink Model During Simulation” on page 2-53
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Managing Signals in Control System Analysis and Design

In this section...

“Specifying Analysis Points for Models Created at the Command Line” on page 2-36
“Specifying Analysis Points for Models Created in Simulink” on page 2-37

“Referring to Analysis Points for Control System Analysis and Tuning” on page 2-40

Whether you model your control system in MATLAB or Simulink, you can use analysis
points to gain access to internal signals, perform open-loop analysis, or specify
requirements for controller tuning. Analysis points mark points of interest in the model.
In the block diagram representation, a point of interest is a signal flowing from one block
to another. In Simulink, analysis points are attached to the outports of Simulink blocks.
For example, the reference signal, r, and the control signal, u, are analysis points of the
following simple feedback loop model, ex_scd_analysis_ptsl:

] 10
————» Fli=) - > I:l
- T u 43510
setpoint C o y

Figure 1: Simple Feedback Loop

Analysis points serve three purposes:
* Input: The software interprets an additive input signal at a point, for example, to
model a disturbance at the plant input, u

*  Output: The software measures the signal value at a point, for example, to study the
impact of this disturbance on the plant output, y

* Loop Opening: The software interprets a break in the signal flow (opening) at a
point, for example, to study the open-loop response at the plant input, u

You can apply these purposes concurrently, for example, to compute the open-loop
response from u to y. When used concurrently, the software always applies the purposes
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2-36

in a specific sequence: output (measurement), then loop opening, then input (see Figure
2).

out

Figure 2: Analysis Point as Input, Output, and Loop Opening

Analysis points provide convenient access to open-loop and closed-loop responses.

For example, suppose T is a model of the closed-loop system in the model
ex_scd_analysis_ptsl, and u and y are marked as analysis points. You can plot the
closed-loop response to a step disturbance, du, at the plant input using

getlOTransfer(T, u","y");

Analysis points are also useful to specify design requirements when tuning control
systems with the systune function (requires a Robust Control Toolbox license). For
example, you can create a requirement that attenuates disturbances at the plant input
by a factor of 10 (20 dB) or more.

Req = TuningGoal .Rejection("u",10);

Specifying Analysis Points for Models Created at the Command Line

Construct an LTI model of the block diagram in Figure 1.

G = tf(10,[1 3 10]);
C = pid(0.2,1.5);
T = feedback(G*C,1);

With this model, you can simulate the closed-loop response from r to y. However, you
cannot analyze the open-loop response at the plant input or simulate the rejection of a
step disturbance at the plant input. To enable such analysis, mark the signal u as an
analysis point by inserting an AnalysisPoint block between the plant and controller.

AP = AnalysisPoint("u®);
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T = feedback(G*AP*C,1);

The location, u, is now available for analysis, and you can plot the open-loop response at
u.

bodeplot(getLoopTransfer (T, "u",-1))

Recall that the AnalysisPoint block includes an implied open/closed switch that
behaves as shown in Figure 2 for analysis purposes. By default, this switch is closed
when computing closed-loop responses. For example, plot the closed-loop response to a
step disturbance at the plant input.

T.OutputName = "y~";
stepplot(getlOTransfer (T, "u","y"))

Specifying Analysis Points for Models Created in Simulink

In Simulink, you can mark analysis points either explicitly in the block diagram, or
programmatically using the addPoint command for slLinearizer or slTuner
interfaces.

To mark an analysis point explicitly in the block diagram, right-click on the signal

and use the Linear Analysis Points menu. Select one of the closed-loop analysis
types, unless you also need to add a permanent opening at this location. Closed-loop
analysis types include Input Perturbation, Output Measurement, Sensitivity, and
Complementary Sensitivity. The selected type does not affect analysis functions, like
getlOTransTer, and tuning goals, like TuningGoal .StepTracking.
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Figure 3: Marking Analysis Points in a Simulink Model
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To mark analysis points programmatically, use addPoint for the slLinearizer or
slTuner interfaces. Specify the point of interest using the block path, port number, and
bus element, if applicable. For example, consider the ex_scd_analysis_pts2 model.

| Rt
r
Setpoint Cortral - " 4 |:|
u P cpr []
E—> Emar Flant ¥
Ground

2D0F Controller

Noise

Figure 4: Simple Feedback Loop in Simulink
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Figure 5: 2DOF Controller Subsystem
Mark the u and Feedfordward term signals as analysis points.

open_system("ex_scd_analysis_pts27);
ST = slLinearizer(“ex_scd_analysis _pts27);
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addPoint(ST, "ex_scd_analysis_pts2/2DOF Controller®,1)
addPoint(ST, "ex_scd_analysis_pts2/2DOF Controller/Kff",1)

For convenience, you can also designate points of interest as analysis points using one of
the following abbreviations:

+ Signal name, for example:
addPoint(ST,{"u","r"})
+ Block name and port number, for example:

addPoint(ST, "ex_scd_analysis_pts2/Plant/1%)

*  Block name and outport name, for example:

addPoint(ST, "ex_scd_analysis_pts2/2DOF Controller/Control®)

*  End of the full block name when unambiguous, for convenience, for example:

addPoint(ST, "Controller/1%)
addPoint(ST,{"Setpoint®,"Noise"})

Finally, you can specify analysis points using linearization I/O objects (see 1inio). For
example:

L---
linio("ex_scd_analysis_pts2/Setpoint®,1, " input®), ...
linio("ex_scd_analysis_pts2/Plant”®,1, output®)];

addPoint(ST,i0s)

ios

As when you use the Linear Analysis Points to mark analysis points, the actual I/

O type is ignored by analysis functions, like getl0Transfer, and tuning goals, like
TuningGoal .StepTracking. However, an I/0 type that implies a loop opening, for
instance loopbreak or openinput, imposes a permanent loop opening at the point. This
permanent opening remains in force throughout analysis and tuning.

Referring to Analysis Points for Control System Analysis and Tuning

Once you have marked analysis points, you can analyze the response at any of these
points using functions like getlOTransfer and getLoopTransfer. You can also create
tuning goals that constraint the system response at these points. The tools to perform
these operations operate in a similar manner for models created at the command line and
models cr