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Product Overview

*  “Simulink Design Optimization Product Description” on page 1-2

+ “Optimization Support for Simulink Models Using Third-Party Applications”
on page 1-3

+ “Ways to Speed Up Design Optimization Tasks” on page 1-4
* “Required and Related Products” on page 1-7



1 Product Overview

Simulink Design Optimization Product Description

Analyze model sensitivity and tune model parameters

Simulink Design Optimization provides functions, interactive tools, and blocks for
analyzing and tuning model parameters. You can determine the model’s sensitivity, fit
the model to test data, and tune it to meet requirements. Using techniques like Monte
Carlo simulation and Design of Experiments, you can explore your design space and
calculate parameter influence on model behavior.

Simulink Design Optimization helps you increase model accuracy. You can preprocess
test data, automatically estimate model parameters such as friction and aerodynamic
coefficients, and validate the estimation results.

To improve system design characteristics such as response time, bandwidth, and energy
consumption, you can jointly optimize physical plant parameters and algorithmic or
controller gains. These parameters can be tuned to meet time-domain and frequency-
domain requirements, such as overshoot and phase margin, and custom requirements.

Key Features

* Parameter estimation from test data

Parameter tuning to meet time-domain, frequency-domain, and custom requirements
* Design exploration and sensitivity analysis

Graphical requirement specification and optimization progress monitoring

Robust design optimization, accounting for parameter variation or uncertainty



Optimization Support for Simulink Models Using Third-Party Applications

Optimization Support for Simulink Models Using Third-Party
Applications

You can use Simulink Design Optimization software to optimize Simulink models that
invoke third-party simulation tools or contain legacy simulation code. To do so, use the S-
function block in Simulink. When using the command-line functions, use MATLAB®
MEX functions.

References
Cherian, V., Shenoy, R., Stothert, A., Shriver, J. et al., "Model-Based Design of a SUV

Anti-rollover Control System" SAE Technical Paper 2008-01-0579, 2008, doi:
10.4271/2008-01-0579.

See Also

More About
“Introducing MEX Files” (MATLAB)
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1 Product Overview

Ways to Speed Up Design Optimization Tasks

You can use the following ways to speed up parameter estimation, response optimization,
and sensitivity analysis tasks:

In this section...

“Speed Up Using Parallel Computing” on page 1-4
“Speed Up Using Fast Restart Mode” on page 1-5
“Speed Up Using Accelerator Mode” on page 1-5

You can use a combination of these, but depending on the limitations associated with
each, you may or may not see an increase in speed. For example, you can use parallel
computing and fast restart together to speed up optimization. However, you do not see an
increase in speed compared to using only parallel computing if the compilation phase of
your model is short.

Speed Up Using Parallel Computing

You can use Parallel Computing Toolbox™ software to speed up parameter estimation,
response optimization, and sensitivity analysis. When you use parallel computing, the
software distributes the independent simulations on multiple MATLAB sessions. Thus,
the simulations run in parallel, which reduces the optimization time.

Using parallel computing may reduce the optimization time in the following cases:

* The model contains many parameters to optimize, and you use the Gradient
descent or Nonlinear least squares method.

*+ The Pattern search method is selected as the optimization method.

*  The model contains many uncertain parameters and uncertain parameter values.

* The model is complex and takes a long time to simulate.

You can use parallel computing in the Parameter Estimation, Response optimization,

and Sensitivity Analysis tools, or at the command line. For more information, see “Use

Parallel Computing for Parameter Estimation”, “Use Parallel Computing for Response
Optimization”, and “Use Parallel Computing for Sensitivity Analysis”.




Ways to Speed Up Design Optimization Tasks

Speed Up Using Fast Restart Mode

You can use the fast restart feature of Simulink to speed up design optimization of
tunable parameters (Simulink) of a model.

Fast restart enables you to perform iterative simulations without compiling a model or
terminating the simulation each time. Using fast restart, you compile a model only once.
You can then tune parameters and simulate the model again without spending time on
compiling. Fast restart associates multiple simulation phases with a single compile
phase to make iterative simulations more efficient. You see a speedup of design
optimization tasks using fast restart in models that have a long compilation phase. See
“How Fast Restart Improves Iterative Simulations” (Simulink).

When you enable fast restart, you can only change tunable properties of the model
during simulation. For more information about the limitations, see “Factors Affecting
Fast Restart” (Simulink).

You can configure fast restart in the Parameter Estimation, Response optimization, and
Sensitivity Analysis tools, or at the command line. For more information see, “Improving
Optimization Performance Using Fast Restart (GUI)”, “Improving Optimization
Performance Using Fast Restart (Code)”, “Use Fast Restart Mode During Response
Optimization”, or “Use Fast Restart Mode During Sensitivity Analysis”.

Speed Up Using Accelerator Mode

Simulink Design Optimization software supports Normal and Accelerator simulation
modes. You can accelerate the design optimization computations by changing the
simulation mode of your Simulink model to Accelerator. For information about these
modes, see “How Acceleration Modes Work” (Simulink).

The default simulation mode is Normal. In this mode, Simulink uses interpreted code,
rather than compiled C code during simulations.

In the Accelerator mode, Simulink Design Optimization software runs simulations
during optimization with compiled C code. Using compiled C code speeds up the
simulations and reduces the time to optimize the model response signals.

For information about the limitations, and how to use the Accelerator mode, see “Use
Accelerator Mode During Simulations”.
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See Also

Related Examples

“Optimizing Time-Domain Response of Simulink® Models Using Parallel
Computing”

“Improving Optimization Performance Using Fast Restart (GUI)”

“Improving Optimization Performance Using Fast Restart (Code)”
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Required and Related Products

Required and Related Products

Simulink Design Optimization software requires MATLAB, Simulink, and Optimization
Toolbox™ software.

The following table summarizes MathWorks® products that extend and complement the
Simulink Design Optimization software. For current information about these and other
MathWorks products, visit http://www.mathworks.com/products/.

Product Description

Control System Toolbox Enables you to design controllers for linear
time-invariant (LLTI) models using
optimization methods.

Global Optimization Toolbox Provides genetic algorithms, and direct
search methods to estimate and optimize
model parameters.

Neural Network Toolbox Provides Simulink models of neural
networks for optimization-based control
design.

Parallel Computing Toolbox Enables parallel computing on multicore

processors and multiprocessor networks to
speed up estimation and optimization.

Simulink Control Design Lets you linearize Simulink models. Use
Simulink Design Optimization software to
design controllers for linearized models
using optimization methods.

Statistics and Machine Learning Toolbox |Provides additional probability
distributions and statistical analysis
techniques for sensitivity analysis.

System Identification Toolbox Lets you estimate linear and nonlinear
models from measured data. Import the
estimated model into Simulink software,
and use Simulink Design Optimization
software for optimization-based control
design.
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Parameter Estimation

* “Supported Data” on page 2-2
+ “Prepare Data for Parameter Estimation” on page 2-3

+ “Estimate Parameters from Measured Data” on page 2-15



2 Parameter Estimation

Supported Data

From signal data, you can estimate model parameters and initial conditions of single or
multiple input and output Simulink models.

Simulink Design Optimization software lets you estimate model parameters from the
following types of data:

* Time-domain data — Data with one or more input variables u(Z) and one or more
output variables y(t), sampled as a function of time. See “Import Data for Parameter
Estimation”.

*  Time-series data — Data stored in time-series objects. See “Time-Series Data”.
Simulink Design Optimization software estimates model parameters by comparing the
measured signal data with simulation data generated from the Simulink model. Using
optimization techniques, the software estimates the parameters and initial conditions of
states to minimize a user-selected cost function. The cost function typically calculates a

least-square error between the measured and simulated data. To learn more, see
“Estimate Parameters from Measured Data” on page 2-15.

See Also

More About
. “Time Series Objects” (MATLAB)
. “Complex Data”
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Prepare Data for Parameter Estimation

In this section...
“About This Tutorial” on page 2-3

“Start a Parameter Estimation Tool Session” on page 2-4

“Create an Experiment for Parameter Estimation” on page 2-6
“Import Data” on page 2-6

“Analyze Data” on page 2-7

“Extract Data for Estimation” on page 2-8

“Replacing Outliers” on page 2-9

“Filtering Data” on page 2-11

“Saving the Session” on page 2-13

About This Tutorial

* “Objectives” on page 2-3
* “About the Sample Data” on page 2-4

Objectives

This tutorial explains how to import, analyze, and prepare measured input and output
(I/0) data for estimating parameters of a Simulink model.

Note Simulink Design Optimization software estimates parameters from real, time-
domain data only.

Perform the following tasks using the Parameter Estimation tool:

+ Import data from the MATLAB workspace.
* Analyze data quality using a time plot.

* Select a subset of data for estimation.

* Replace outliers.

+ Filter high-frequency noise.

2-3
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2-4

About the Sample Data

Load spe_engine throttlel.mat, which contains I/O data measured from an engine
throttle system. The MAT-file includes the following variables:

* inputl — Input data samples

* positionl — Output data samples

* timel — Time vector

Note The number of input and output data samples must be equal to the length of the
corresponding time vector.

The engine throttle system controls the flow of air and fuel mixture to the engine
cylinders. The throttle body contains a butterfly valve which opens when a driver presses
the accelerator pedal. Opening this valve increases the amount of fuel mixture entering
the cylinders, which increases the engine speed. A DC motor controls the opening angle
of the butterfly valve in the throttle system. The input to the throttle system is the motor
current (in amperes), and the output is the angular position of the butterfly valve (in
degrees).

spe _engine throttlel contains the Simulink model of the engine throttle system.

Start a Parameter Estimation Tool Session

To perform parameter estimation, you must first start a Parameter Estimation tool
session.

1  Open the engine throttle system model by typing the following at the MATLAB
prompt:

spe_engine throttlel

This command opens the Simulink model, and loads the data into the MATLAB
workspace.



Prepare Data for Parameter Estimation

Engine Throttle Model

uooT
Input
Throttle
ot
u Pesition
—(1)
Fositon

In the Simulink model window, select Analysis > Parameter Estimation.

This action opens a new session, Parameter Estimation - spe_engine_throttlel,
in the Parameter Estimation tool.

4\ Parameter Estimation - spe_engine_throttlel EI
[ PARAMETER ESTIMATION VALIDATION ) B
E E @ @ % E E L_I.m Cost Function: Sum Sguared Error « D
Open Save New Select Select  Senstivty  AddPiot Piothiodel () pore Options.. Estimate
Session = Session v [ i E i E Analysis = - Response -
FILE | EXPERIMENTS ‘ PARAMETERS | PLOTS | OPTIONS | ESTIMATE L
Data Browser ®

w Parameters

w Experiments

* Results

* Preview
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2 Parameter Estimation

Note The Simulink model must remain open to perform parameter estimation tasks.

Create an Experiment for Parameter Estimation

In the Parameter Estimation tool on the Parameter Estimation tab, click the New
Experiment button. This will create an experiment with the name Exp in the
Experiments list on the left pane. You can rename it by right-clicking and selecting
Rename from the list. For example, call it NewDatal.

Import Data

This portion of the tutorial explains how to import measured 1I/O data into the
experiment in the Parameter Estimation tool. Importing data assigns the data to the
corresponding model input and output signals.

The model input and output signals are designated with the Inport Input and Outport
Position blocks, respectively. To learn more about the blocks, see the Inport and
Outport block reference pages in the Simulink documentation.

To import data into the experiment, right-click and select Edit... to launch the
experiment editor. Import the output data by typing [timel, positionl] in the dialog
box in the Outputs panel. Import the input data by typing [timel, inputl] in the
dialog box in the Inputs panel.

Edit Experiment: NewDatal

Outputs i
Define measured output signals for this experiment.

spe enging throttlel Throttle:1l [Position]
<1x1 Signal, 701 points> ~| B & X

@ Select Measured Output Signals

Inputs
COptionally define input signals for this experiment.
spe engine throttlel Anput:l {Inpuf]

| time1, inputt]] ~| B & X
@ Select Inputs

m
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Analyze Data

This portion of the tutorial explains how to analyze the output data quality by viewing

the data characteristics on a time plot. Based on the analysis, you can decide whether to

preprocess the data before estimating parameters. For example, if the data contains
noise, you might want to filter the noise from the system dynamics before estimating

parameters.

To create an experiment plot, click Add Plot on the Parameter Estimation tab and
select the experiment name, for example, NewDatal under Experiment Plots.

| Experiment plot: NewDatal |

(-

NewData1

Position
150 T T T T

- /\J,V_L__L_MJ.L] N B

Measured

Input

Amplitude

0.8+

0.6 -

0.2

0 1 | 1 |

0 0.1 0.2 0.3 0.4
Time (seconds)

0.5

0.6

0.7

The time plot shows the output data in response to a step input, as described in “About
the Sample Data” on page 2-4. The plot shows a rapid decrease in the response after t =
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2 Parameter Estimation

0.5 s because the system is shut down. To focus parameter estimation on the time period
when the system is active, select the data samples betweent=0sandt=0.5s, as in
“Extract Data for Estimation” on page 2-8 .

The spikes in the data indicate outliers, defined as data values that deviate from the
mean by more than three standard deviations. They might be caused by measurement
errors or sensor problems. The response also contains noise. Before estimating model
parameters from this data, remove the outliers and filter the noise, as described in
“Replacing Outliers” on page 2-9and “Filtering Data” on page 2-11.

You can also plot the experiment data by right-clicking the experiment, for example
NewDatal, and selecting Plot measured experiment data from the list.

Extract Data for Estimation

This portion of the tutorial explains how to select a subset of I/O data for estimation. As
described in “Analyze Data” on page 2-7, the system is shut down at t = 0.5 s. To focus
the estimation on the time period before t = 0.5 s, exclude the data samples beyond t =
0.5 s. This operation selects the data between t =0 s and t = 0.5 s for estimation.

First, import the data into the experiment, as described in “Import Data” on page 2-6.

To select the portion of data betweent=0s andt=0.5s:

1 Plot the measured data as described in “Analyze Data” on page 2-7, to have access to
the Experiment Plot tab.

2 On the Experiment Plot tab, click Extract Data to launch the Extract Data tab.

3 Enter 0 in the Start Time: field and 0.5 in the End Time: field.

4 Click Save As to save data in a new experiment, for example, NewDatal 1.

The Parameter Estimation tool extracts the corresponding input data. To plot the new
data, click on Add Plot on the Parameter Estimation tab. Select the experiment
name, for example, NewDatal 1 in the Experiment Plots list to display the experiment
plot of the data fromt=0stot=0.5s.
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| Experiment plot: NewDatal | Experiment plot: NewDatal 1 |
NewData1_1
Paosition
158 T T T T T T T
Measured
100 | ﬁ_}l | i ‘ | ' 4
50 | //r .
LA~
L o I I I I I I I I I
=
_E_ . Input
{ T T T T T T T T T
0.8+ -
0.6 - -
0.4 - 1
0.2 - 1
0 I I I I I I I I I
0 0.05 0.1 0.156 0.2 025 0.3 0.35 0.4 0.45 0.5

Time (seconds)

Replacing Outliers

* “Why Replace Outliers” on page 2-9
+ “How to Replace Outliers” on page 2-10

Why Replace Outliers

Outliers are data values that deviate from the mean by more than three standard
deviations. When estimating parameters from data containing outliers, the results might
not be accurate. Hence, you might choose to replace the outliers in the data before you
estimate the parameters.
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How to Replace Outliers

In the experiment plot of the data extracted as in “Extract Data for Estimation” on page
2-8, you can visually detect the data points that seem to be outliers. To replace these
points:

1

In the Experiment Plot tab, click Replace data to launch the Replace data tab.
The experiment plot shows the preview data, which is in light brown. On the
preview, select the data point that you want to replace.

On the Replace Data tab, click Replace data and select the constant value. For
example, replace the output signal data that correspond to time points 0.00899 and
0.0189 with 15, that corresponds to the time point 0.149 with 86, and the rest of the
outlier data points with 90.

Click the arrow in the Apply section and select Save As: Create a new
experiment from the modified data. Parameter Estimation tool saves the
modified data in the new experiment, for example, NewDatal 1 1.

Click Add Plot on the Parameter Estimation tab and select the new experiment,
for example, NewDatal 1 1. This creates an experiment plot of the modified data.
The spikes, that indicated outliers, no longer appear on the time plot.
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| Experiment plot: NewDatal .| Experiment plot: NewDatal 1 | Experiment plot: NewDatal 1 1 |
NewData1_1_1
Position

et st

% 0 1 1 1 1 1 1 1 1 1

=

= 1

E I T T T T anJUI T T T T

=y
0.8} .
0.6} .
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Time (seconds)

Filtering Data

This portion of the tutorial explains how to filter the noise and remove any periodic
trends from the output data. First remove the outliers from the output data, as described
in “Replacing Outliers” on page 2-9.

Click the experiment plot for the new experiment, for example, NewbDatal 1 1. On the
Experiment Plot tab, click Low-Pass Filter.

1 On the Low-Pass Filter tab select Filter all signals.
2 Enter 0.4 in the Normalized cutoff frequency field.
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Click Options. Enter 1 in the Filter order field and click OK.
Filter Options
Filter order: |1
71 Zero-phase shift fiter

0K Cancel Help

Click the arrow in the Apply section and select Save As: Create a new
experiment from the modified data. Parameter Estimation tool saves the
modified data in the new experiment, for example, NewDatal 1 1 1.

Click Add Plot on the Parameter Estimation tab and select the new experiment,
NewDatal 1 1 1. This creates an experiment plot of the modified data. The noise is

filtered and the output data appears smooth.
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#1 | Experiment plot: NewDatal 1 | Experiment plot: MewDatal 1 1 | Experiment plot: NewDatal 1 1 1 |

NewData1 1 _1_1
Position

Amplitude

0.6 |- -

0.4r -

0.2 -

0 | | | | | | | | |
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Time (seconds)

Saving the Session

After you prepare the data, delete the data in the older experiments, for example, New
Datal, New Datal 1,New Datal 1 1.You can rename the last experiment, for
example, NewDatal 1 1 1 asNewDatal, and save the session.

To delete the experiments, right-click the experiment name in the Experiments pane,
and select Delete from the list.

To save the session, click Save Session on the Parameter Estimation tab to select
where to save the session. Specify a name for the session, for example,

2-13
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spe engine throttlel sdosession.mat inthe File name or Session field, and
then click Save or OK. This saves your parameter estimation session as a MAT-file.

To learn how to estimate parameters from this data, see “Estimate Parameters from
Measured Data” on page 2-15.
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Estimate Parameters from Measured Data

In this section...
“About This Tutorial” on page 2-15
“Estimate Model Parameters Using Default Estimation Settings” on page 2-19

“Improve Estimation Results Using Parameter Bounds” on page 2-28

“Validate Estimated Model Parameters” on page 2-31

About This Tutorial

* “Objectives” on page 2-15
+ “About the Model” on page 2-15

Objectives

This tutorial shows how to estimate parameters of a single-input single-output (SISO)
Simulink model from measured input and output (I/0O) data.

Note Simulink Design Optimization software estimates parameters from real, time-
domain data only.

You can perform the following tasks using the Parameter Estimation tool:

+ Load a saved session containing data
+  Estimate model parameters using default settings

+ Validate the model, and refine the estimation results
About the Model

This tutorial uses the spe _engine throttlel Simulink model, which represents an
engine throttle system.
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Engine Throttle Model

Input

Motor

The throttle system controls the flow of air and fuel mixture to the engine cylinders. The
throttle body contains a butterfly valve that opens when a driver presses the accelerator
pedal. Opening this valve increases the amount of fuel mixture entering the cylinders,
which increases the engine speed. A DC motor controls the opening angle of the butterfly
valve in the throttle system. The models for these components are described in “Motor
Subsystem” on page 2-16 and “Throttle Subsystem” on page 2-17.

The input to the throttle system is the motor current (in amperes), and the output is the
angular position of the butterfly valve (in degrees).

Motor Subsystem

The Motor subsystem contains the DC motor model. To open the model, double-click the

corresponding block.

OO— R —

U I
Input Toroue
Delay - ::[u
Taln
Components of the Motor Description

subsystem

Variables

U is the input current to the motor.

T 1s the torque applied by the motor.
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Components of the Motor
subsystem

Description

Parameters K, is the torque gain of the motor, represented by
Kt in the model.
tq1s the input time delay of the motor, represented
by input delay in the model.

Equation The torque applied by the motor is described in the
following equation:
Tt =KU({t-ty)
where t is time.

Input U

Output T

Throttle Subsystem

The Throttle subsystem contains the butterfly valve model. To open the model, right-
click the corresponding block, and select Mask > Look Under Mask.

Velocity

v
T
Inertia

Position

——» 1
o | S aes
X

<k
)

Damping

rad-to-deg

Relaxed
Fosition

<

Spring

F

x

Hard Stops

The Hard Stops block models the valve angular position limit of 15° to 90°.

The following table describes the variables, parameters, states, differential equations,

inputs, and outputs of the .
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Components of the Throttle
subsystem

Description

Variables

T is the torque applied by the DC motor.

6 is the angular position of the valve,
represented by x in the model.

Thardstop 1 the torque applied by the hard stop.

Parameters

J 1s the valve inertia.
c 1s the valve viscous friction.

k is the valve spring constant.

States

0 is the angular position.

6 is the angular velocity.

Equations

The mathematical system for the butterfly
valve is described in the following equation:

JO+cO+EO=T + Thardstop

where 15° <0 <90°, with initial conditions
90 =15°,and 90 =0.

The torque applied by the Hard Stops block is
described in the following equation:

0, 15°<0<90°
Bsisra = K(90°-9),0 >90°

K(15°-0),0<15°

where K is the gain of the Hard Stops block.

Input

T

Output

0
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Estimate Model Parameters Using Default Estimation Settings

+ “Overview of the Estimation Process” on page 2-19

*  “Specify Estimation Data and Parameters” on page 2-19
Overview of the Estimation Process

Simulink Design Optimization software uses optimization techniques to estimate model
parameters. In each optimization iteration, it simulates the model with the current
parameter values. It computes and minimizes the error between the simulated and
measured output. The estimation is complete when the optimization method finds a local
minimum.

To start the estimation process, first open the engine throttle system Simulink model by
typing the following at the MATLAB prompt:

spe_engine throttlel
In the Simulink Editor, select Analysis > Parameter Estimation.

This action opens a new session with the name Parameter Estimation -
spe_engine_throttlel in the Parameter Estimation tool.

Note The Simulink model must remain open to perform parameter estimation tasks.

Specify Estimation Data and Parameters

1 Load or import the estimation data.
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-

4\ Parameter Estimation” - spe_engine_throttlel

[ PARAMETER ESTIMATION VALIDATION VEW 25 & 5 E
ﬁ % @ E % E‘ E E‘i Cost Function: Sum Squared Error « |>

g [I

Open Save New Select Select  Sensifivy  Add Flot Phtlodel (5 hore Options... Estimate
Session v Session v E | F lysis - Response -
FILE EXFERIMENTS FARAMETERS FLOTS OFTIONS ESTIMATE
Data Browser ]

w Parameters

w Experiments

MewDatal

w Results

w Preview

a If you prepared data and saved your session as described in “Prepare Data for
Parameter Estimation” on page 2-3, load the preconfigured session. On the
Parameter Estimation tab, click the Open Session drop down list.

E{Jpen Session * LLJ

COpen from file
Open from model workspace
Open from MATLAE workspace

Select the correct option to browse to the location of your saved session, for
example, Open from file. Then select the MAT-file.

b If you do not have a previously saved session, create a new experiment. on the
Parameter Estimation tab, click New Experiment . In the Experiments list
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on the left pane. You can rename it by right-clicking and selecting Rename

from the list. For example, call it NewDatal.

To import data into the experiment, right-click and select Edit... to launch the

experiment editor. Import the output data by typing in the dialog box in the
Outputs panel, for example [timel, positionl]. Import the input data by
typing in the dialog box in the Inputs panel, for example [timel, inputl].

Edit Experiment: MewDatal

Outputs
Define measured output signals for this experiment.
spe_enging throttlel Throttle:1l [Position]

| <1xl Signal, 701 points>
@ Select Measured Output Signals
Inputs

Optionally define input signals for this experiment.
spe engine throttlel/Input:l (Input)

v B & X

| time1, input1]

@ Select Inputs

Specify parameters for estimation. On the Parameter Estimation tab, click the

v B X

rs

m

Select Parameters button to open the Edit: Estimated Parameters dialog box.

In the Parameters Tuned for all Experiments panel, click the Select
parameters button to launch the Select Model Variables dialog box.

Select the parameters J, ¢, input delay, and k, and click OK.

Note In your application, if the model parameters you want to estimate are not
listed in the Select Model Variables dialog box, first specify these parameters as

variables. See, “Add Model Parameters as Variables for Estimation”.
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Filter by wariable narme p-
- Variable Current value Used By
J 0.05 spe engine throttlel Throttle
Kt 174.53 spe _engine throttlel /Motor/Torque Gain
angle_init 15 spe engine throttlel /Throttle
angle_open 90 spe engine throttlel /Throttle
c 40 spe engine throttlel Throttle
inputl [0:0:0:0:0:0:0:0:0:0:...
input_delay 0.02 spe engine throttlel /Motor/Input Delay
W
timel [0:0.016638935108...

} Specify expression indexing if necessary (e.g., a(3) or s.x)

o ok §Zcancel () Help

The Edit: Estimated Parameters window now looks as follows.

Parameters Tuned for all Experiments
1

b |0.05 v| B % W eEstmate
C

b |40 ~| B % @ Estmate
input delay

b 002 ~| B % @ Estmate
k

k. [1 ~| Hp ¢ [ Estimate

EE, Select parameters

Parameters and Initial States Tuned per Experiment

There are no experiments selected for estimation,
{7 select Experiments

| Update Model & 0K (2) Help
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The tool selects the parameters you add for estimation by default. When estimating
a large number of parameters, you can first select a subset of parameters to
estimate.

You can also first use sensitivity analysis to identify the parameters that most
influence the estimation, and then specify these parameters for estimation. To open

the Sensitivity Analysis tool, in the Parameter Estimation tab, click EI
Sensitivity Analysis. In the Sensitivity Analysis tool, you can identify the model
parameters that most influence the estimation problem and compute initial values
for the estimation parameters.

Specify an experiment for estimation. On the Parameter Estimation tab, click
Select Experiments, and select the box under the Estimation column. Click OK.
Select Experiments .

Select experiments to include for estimation or validation

Estimation  Validation  Experiment

oKk (3) Help

To add progress plots, click Add Plot on the Parameter Estimation tab. Here you
can choose the Parameter Trajectory and Estimation Cost iteration plots. You
can also choose an experiment plot of measured and simulated data for NewDatal.

Estimate the parameters using the default settings. On the Parameter Estimation
tab, click Estimate to open the Parameter Trajectory plot and Estimation
Progress Report window and estimate the parameters. The Parameter
Trajectory plot shows the change in the parameter values at each iteration.
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| Iteration plot 1 | Iteration plot 2 | Experiment plot: NewDatal |

EstimatedParams

404
——J

30 - ¢
—&— input_delay
—8—k

20

Value

20

lteration

The Estimation Progress Report shows the iteration number, number of times
the objective function is evaluated, and the value of the cost function at the end of
each iteration. After the estimation converges, the Estimation Progress Report

looks like this figure.
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E Estimation Progress Report EI@

Iteration | F-count MNewDatal
(Minimize)
0 9 324445
1 18 324448
2 27 6.7733
3 36 0.9226
4 45 0.2299
5 54 0.1505
6 63 0.1272
T Tz 0.0992
8 a1 0.0858
9 90 0.0778
10 59 0.0702
it 108 0.0642
12 17 0.05%1
13 126 0.0552
14 135 0.0534
15 144 0.0520
16 153 0.0508
A7 162 0.0497
18 171 0.0486
19 180 0.0479
‘Optimization started 18-Jun-2014 16:19.52 s
Estimation converged, 18-Jun-2014 16:20:44 = ‘
‘spe_engine_throttle1” updated with estimated parameter values
Estimated perameter values written to "EstimatedParams’
Estimated experiment values written to "NewData1"
Estimation selver output: S
[ Save heration...| [Display Options...| [ Estimate |

The estimated parameters are saved in the Parameter Estimation tool, in the
Results section of the Data Browser pane, as EstimatedParams. Right-click
EstimatedParams, and select Open... to view the results.
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View Result: EstimatedParams
Estimation result(s):
J=0.22708
c=11.346
input_delay = 0.0094873
k=-26.119

Parameters estimated using experiments:
MewDatal, cost = 0.047861

Solver output:
Cost: 0.0478561
ExitFlag: 3
FCount: 181
Date: 16-Jun-2014 16:20
Solver termination message:

Lecal minimum possible,

Isqnenlin stopped because the final change in the sum of squares relative to
its initial value is less than the selected value of the function tolerance.

Stopping criteria details:

Optimization stopped because the relative sum of squares (r) is changing
by less than options. TelFun = 1.000000e-03.

Optimization Metric Options
relative change r = 5.65e-04 TolFun = 1e-03 (selected)

[ Use as initial quess  Ba| Update Model & OK

6 Examine the estimated cost function graph. Cost function is the error between the
simulated and measured output. During estimation, the default optimization method
Nonlinear least squares, 1sgnonlin, minimizes the cost function by changing
the parameter values. The following figure displays the change in the expected cost
during iterations.

2-26



Estimate Parameters from Measured Data

| Tteration plot 1 | Tteration plot 2 | Experiment plot: NewDatal |
ExpCost
35

—+— MNewDatal

30
25

20

Value

15

10

6 8 10 12 14 16 18 20
lteration

Examine the simulated response plot to see how well the simulated output matches
the measured output. The experiment plot shows that the output simulated using
the estimated parameters is close to the measured outputs.
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Iteration plot 1 | Iteration plot 2 | Experiment plot: NewDatal |
NewData1
Position
Measured
Simulated
2 0 I I I I I I I I I
=
a Input
E 1 T T T T r|J T T T T
<
0.8 - -
0.6 - -
0.4 -
0.2 -
0 I I I I I I I I I
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Time (seconds)

Improve Estimation Results Using Parameter Bounds

You can improve the accuracy of estimation by specifying bounds on parameter values.
This technique restricts the region in which the optimization method searches for a local
minima.

The engine throttle system has these characteristics:

+ All parameter values are positive.

*  Maximum time delay of the system, represented by input delay,is 0.1 s.
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Therefore, specify 0 as the minimum value for all parameters, and 0.1 as the maximum
value of input delay. In the Parameter Estimation tool, click the Select Parameters
button to specify bounds on the parameter values. For each parameter, click the right
arrow toggle to display the minimum, maximum, and scale fields. Specify the minimum
value for each parameter by replacing -Inf with 0 in the Minimum field. Specify the
maximum value for input delay by replacing +Inf with 0.1 in the corresponding
Maximum field.

input delay

w (D02 % [0 Estimate

i

1

Minimum: |0

1

FEHEE

Paximum: | 0.1

1

Scale: [0.03125

After estimating the parameters, analyze the results using the experiment plot and the
plot for expected cost.
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= |

" Hteration plot 1 | Tteration plot 2 V| Experiment plot: MewDatal

NewData1

Position
1DD T T T T T T T T T

80

60

Measured
Simulated =

40

20

Amplitude

0.8+ -

0.6 - -

0 I I I I I I I I I
0 0.05 0.1 0.156 0.2 025 0.3 0.35 0.4 0.45 0.5

Time (seconds)

The data simulated using the estimated parameter values agree better with the
measured data than when the parameter limits were not specified.
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Iteration plot 1 Iteration plot 2 Experiment plot: MewDatal

ExpCost
0.25

—+— MNewDatal

0.2

0.15

Value

0.1

0.05

lteration

Validate Estimated Model Parameters

After estimating model parameters, validate the model using another data set
(validation data). A good match between the simulated response and the validation data
indicates that you have not overfitted the model.

To validate the estimated parameters using a validation data set:

1 Create a new experiment to use for validation. Name it ValidationData. Import
the validation I/O data, input2 and position2, and the time vector, time2 in the
ValidationData experiment. To do this, in the Parameter Estimation tool, in the
Experiments pane, right-click ValidationData and select Edit... to open the
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2-32

experiment editor. Then, type [time2, position2] in the output dialog box and
[time2, input2] in the input dialog box. For more information, see “Import Data
for Parameter Estimation”.

Outputs

Specify measured output signals for this experiment,

JThrottled [Position)

| ttime2, position2] -| b & X
@ Select Measured Output Signals

Select the experiment for validation. On the Parameter Estimation tab, click
Select Experiments. By default, the ValidationData experiment is selected for
estimation. Deselect the check box that corresponds to ValidationData for
estimation and select the check box for validation.

Select experiments to include for estimation or validation

Estimation  Validation  Experiment
] MewDatal @)
ValidationData oL
oKk (3) Help

3  Select results to use. On the Validation tab, click Select Results to Validate.

PARAMETER ESTIMATICRN SALIDATION EXPERIMEMT PLOT
& >
X Plot Measured & Simulated Dats
ey Select Select Results M Plot Residuals Yalidate
Experiment Experiments to “alidate -
EXPERIMENTS RESULTS PLOT OPTIONS WAL [DATE

Deselect Use current parameter values and select EstimatedParams, and

click OK.
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Select estimation results to validate

Rezults

P D

EstimatedParams

Selected results are wsed to simulate the model and compare with measwred expriment data

w ok (3)Help

Select the plots for measured and simulated data, and residuals on the Validation
tab. You can assess how much the data simulated using the estimated parameters
agrees with the measured data using these plots.

Plot Measured & Simulated Data

Plot Residuals
|

On the Validation tab, click Validate to start validation.

Examine the plots.

a Examine the experiment plot to see how well the simulated output matches the
output data.
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Experiment plot: ValidationData | Residual plot: ValidationData |

ValidationData

Position
100 T T T T T

Measured

8oL A g . Simulated with EstimatedParams | |

e

[=]

Amplitude

0.2 -

D | 1 L L L L L 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Time (seconds)

The simulated response as shown in light brown on the top experiment plot is
overlaid on the measured out put data, and closely matches the measured
validation data.

b Examine the residuals plot to compare the difference between the simulated
response and measured data.
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Experiment plot: ValidationData | Residual plot: ValidationData |

Residuals for ValidationData

Paosition
2.5 T T T T T |

Residuals with EstimatedParams

0.5 —

Amplitude

05 ‘1 |

1.6

25 1 1 1 1 1 1 I I I
1] 0.05 01 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Time (seconds)

The difference between the simulated and measured data varies between 2 and
-2.5. The residuals lie within 6% of the maximum output variation and do not
display any systematic patterns. This indicates a good fit between the simulated
output and measured data.

6 Save the session. On the Parameter Estimation tab, click Save Session.
% Save Session « - Sele

Save to file
Save to model workspace

Save to MATLAE workspace

From the drop-down list select where to save the session. Specify the file name, and
click Save or OK to save your parameter estimation session as a MAT-file.
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“Supported Design Requirements” on page 3-2

“Design Optimization to Meet Step Response Requirements (GUI)” on page 3-4
“Design Optimization to Meet Step Response Requirements (Code)” on page 3-17
“Design Optimization to Track Reference Signal (GUI)” on page 3-25

“Design Optimization Using Frequency-Domain Check Blocks (GUI)” on page 3-40

“Time-Domain Model Verification” on page 3-52



3 Response Optimization

Supported Design Requirements

You can optimize response of Simulink models to meet time- and frequency-domain
design requirements.

Simulink Design Optimization software optimizes model response by formulating the
requirements into a constrained optimization problem. It then solves the problem using
optimization methods.

For time-domain requirements, the software simulates the model during
optimization, compares the current response with the requirement and uses gradient
methods to modify design variables (model parameters) to meet the objectives.

You can specify time-domain requirements either in blocks from the Signal
Constraints library or without adding blocks to the model. You can also include
requirements specified in Check Static Range, Check Static Lower Bound and Check
Static Upper Bound blocks from the Simulink Model Verification library.

For frequency-domain requirements, the software linearizes the portion of the model
between specified linearization inputs and outputs, compares the linear system with
the requirement and uses gradient methods to modify the design variables to meet
the objectives.

If you have Simulink Control Design software, you can optimize the model to meet
frequency-domain requirements, such as Bode magnitude and gain and phase margin
bounds. You can specify the frequency-domain requirements without adding blocks to
the model or by using the “Model Verification” (Simulink Control Design) blocks of the
Simulink Control Design software library.

Related Examples

“Design Optimization to Meet Step Response Requirements (GUI)” on page 3-4

“Design Optimization to Meet Step Response Requirements (Code)” on page 3-17

“Design Optimization to Track Reference Signal (GUI)” on page 3-25

“Design Optimization to Meet Frequency-Domain Requirements (GUI)”

“Design Optimization Using Frequency-Domain Check Blocks (GUI)” on page 3-40

Design Optimization to Meet Time- and Frequency-Domain Requirements (GUTI)



Supported Design Requirements

More About
“How the Optimization Algorithm Formulates Minimization Problems”
“Specify Time-Domain Design Requirements in the Tool”

“Specify Frequency-Domain Design Requirements in the Tool”
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Design Optimization to Meet Step Response Requirements
(GUI)

This example shows how to optimize controller parameters to meet step response design
requirements using the Response Optimization tool. You specify the design requirements

in a Check Step Response Characteristics block.

In this section...

“Model Structure” on page 3-4

“Design Requirements” on page 3-6

“Specify Step Response Requirements” on page 3-6
“Specify Design Variables” on page 3-8

“Optimize Model Response” on page 3-12

“Save the Session” on page 3-15

Model Structure

The Simulink model watertank stepinput includes the nonlinear Water-Tank System
plant and a PI controller in a single-loop feedback system.

The Step block applies a step input. You can also use other types of input, such as a

ramp, to optimize the response generated by such inputs.

[ ]

Y

—r@—» Plfs)
k.

Step

3-4

PID Controller

B! Inipiurt Ourtprt

W ater-Tank System

This figure shows the Water-Tank System.

Scope
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Water enters the tank at the top at a rate proportional to the valve opening. The valve
opening is proportional to the voltage, V, applied to the pump. The water leaves through
an opening in the tank base at a rate that is proportional to the square root of the water
height, H. The presence of the square root in the water flow rate results in a nonlinear

plant.

& Watar in

bv

The following table describes the variables, parameters, differential equations, states,
inputs, and outputs of the Water-Tank System.
Variables H is the height of water in the tank.

Vol is the volume of water in the tank.

V is the voltage applied to the pump.
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Parameters A is the cross-sectional area of the tank.

b is a constant related to the flow rate into

the tank.
a 1s a constant related to the flow rate out
of the tank.
Differential equation
Lyvoi=AH _py _oJH
dt dt
States H
Inputs \%
Outputs H

Design Requirements
The height of water in the tank, H, must meet the following step response requirements:

* Rise time less than 2.5 seconds
+  Settling time less than 20 seconds
*  Overshoot less than 5%

Specify Step Response Requirements

1 Open the Simulink model.

sys = 'watertank stepinput';
open_ system(sys);

h
¥

—————{+_ Plis} Irypaurt Owrtpart |:|

Step FID Controller Soope
Water-Tank System
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2 Add a Check Step Response Characteristics block to the model.

In the Simulink model window, select View > Library Browser. Expand the
Simulink Design Optimization node and select Signal Constraints.

HE Simulink Library Browser EI@

- Entersearchterm  ~ A v Bl v 39 = (2

Simulink Design Optimization/Signal Constraints

* HOL Coder - [ ] [
» HOL Verifier y R
Image Acquisition Toolbox s
Instrument Contral Toolbox Check Against Reference  Check Custom Bounds

Model Predictive Control Toolbox
» Meural Network Toolbox
OPC Toolbox
> Phased Array System Toolbox
RealTime Windows Target Check Step Response
Report Generator Characteristics
Robust Control Toolbox L\s
SimEvents
+ Simscape
Simulink 3D Animation
» Simulink Coder
Simulink Control Design
4 Simulink Design Optimization
Adaptive Lookup Tables
Model Verification
RMS Elocks
Signal Constraints
> Simulink Design Verifier

> = xiras =
e \/\J

Drag and drop the Check Step Response Characteristics block into the model window
and connect the block to the output. The block is connected to the signal for which
you want to specify design requirements.

Step PID Controller Scope
Water-Tank System

l] =~T > Plis) »{input  Output w1

)

Check Step Response
C haracteristics

3  Specify step response requirements.

3-7



3 Response Optimization

Double-click the Check Step Response Characteristics block to open the Sink Block
Parameters: Check Step Response Characteristics dialog box.

+ In Rise time (seconds), enter 2. 5.

+ In Settling time (seconds), enter 20.
+ In % Overshoot, enter 5.

* In Initial value, enter 1.

* In Final value, enter 2.

Click OK.

" Sink Block Parameters: Check Step Response Characteristics @
Check Step Response Characteristics

Assert that the input signal satisfies bounds specified by step response characteristics.

Bounds | Assertion

Include step response bound in assertion

Step time (seconds): 0

Initial value: 1 Final value: 2
Rise time (seconds): 2.5 % Rise: 80
Settling time (seconds): 20 % Settling: 1
% Overshoot: 5 % Undershoot: 1

Enable zero-crossing detection

[T show plot on block open
@9 [ oK ] [ Cancel ] [ Help ] Apply

Instead of specifying time-domain requirements in the Check blocks, you can specify
them in the Response Optimization tool without adding blocks. For an example that uses
this approach, see “Design Optimization to Track Reference Signal (GUI)” on page 3-25.

Specify Design Variables

When you optimize the model response, the software modifies the design variable values

to meet the design requirements. You specify which model parameters the software can
modify.
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Open a Response Optimization tool for the model.
In the Simulink model window, select Analysis > Response Optimization.

Alternatively, in the Sink Block Parameters dialog box, click Response
Optimization.

4 Response Optimization™ - watertank_stepinput - Time plot 1 o || & &
[ RESPONSE OPTIMIZATION TIME PLOT VIEW YS9 ©
ﬁ E E New @ Design Variables Set: None « E Data to Plot - ka @ D
Evaluate Sensitivity No data selected
Open Save = AddPlot  PlotModel Options  Optimize
. . [Lselect pequirements Uncertain Variables Set [%] None v~ Anaysis o B -
FILE REQUIREMENTS VARIABLES PLOTS OFTIONS | OPTIMIZE
Data Browser O] | Timeplotl |
Search workspace variables Pl ; There is no dats for watertank_stepi heck Step Resp istics, use “Flot Cumrent Response” or run the optimization to update
w MATLAB Workspace watertank_stepinput/Check Step Response
Charactenstics
Name = Value 12
HHa 20 -
= 2 |=|
b 5 E T 1
;| 5ys ‘watertank... &7
w* Model Workspace (watertank_stepinput)
08 [
MName = Value
H ki 1
EH kp 1 o 06
2
E}
=
=4
£
w Data *osr
Marne = Value
BlockReq 1 BlockR...
02
. 0=
w Variable Preview
0.2
o 2 4 6 8 10 12
Time (seconds)
Update block

The region bounded by black line segments in Time plot 1 shows the step response
requirements that you specified in the Check Step Response Characteristics block.

Create a set of design variables.

In the Design Variables Set drop-down list, select New.
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RESPONSE OPTIMIZATION

'ﬁ ﬁ Eﬂewv

Open Save
3ession * Session v

TIME PLOT

VIEW

New...
FILE ‘ REQUIREMENTS V4 oA Use to specify variables used
by the Simulink model to optimize

The Create Design Variables Set dialog box shows model parameters that you can
use as design variables and indicates their locations within the model.

Note In your application, if the model parameters you are interested in optimizing
are not listed in the Create Design Variables Set dialog box, first specify these
parameters as variables. See, “Add Model Parameters as Variables for
Optimization”.

Create Design Variables set:

| Variable I Value IMinimumIMaximumI Scale Variable Current value Used By

()
<

" 20 atertank ﬂMuWater-Tank Systermn/a//A
atertank stepinput/Water-Tank System/b//A
atertank stepinput/PID Controller
atertank stepinput/PID Controller
atertank stepinput/Water-Tank System/a//A
atertank stepinput/Water-Tank System/b//A

Ki
Kp
a

b

Add model variables to optimize.

51

=

ko[

Update model variables

p Variable Detail P} Specify expression indexing if necessary (e.g., a(3) or sx)

[ ok |[ cancel |[ Help |

3 Add parameters to the design variables set.

Select Ki and Kp, and clickE to add the selected parameters.
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Create Design Variables set: | DesignVars

Variable Value | Minimum| Maximum Scale
Ki 1 -Inf Inf 1
Kp 1 -Inf Inf 1

The design variables list displays the following variable settings:

Variable — Variable name
* Value — Current variable value
* Minimum and Maximum — Variable bounds
+  Scale — Scaling factor for the variable

Limit the design variables to positive values. To do so, enter 0 for the minimum
value of each variable in the corresponding Minimum field and press Enter on your
keyboard.

Create Design Variables 5et

Create Design Variables set: | DesignVars

Wariable

Click OK. A new design variable DesignVars is created and appears in the Data
area of the Response Optimization tool. You can click the variable to view its
contents in the Variable Preview area.
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w Model Workspace (watertank_stepinput)

MName Value
] Ki 1

o Kp 1

w Data

Mame Value

DesignVars [} 21 Contin...

w Variable Preview

DesignVars (1,1} =

Name: "Ki'
Value: 1 e

If your model has many parameters, you can first use sensitivity analysis to determine
the most influential parameters to optimize, or to obtain initial guesses for the design
variables. To open the Sensitivity Analysis tool, in the Response Optimization tab,

click EISensitivity Analysis. In the Sensitivity Analysis tool, you can explore the
response optimization design space by altering the design variables, identify the
parameters that most influence the optimization problem, and compute initial values.

Optimize Model Response

1
To view the current response of the model, click Plot Model Response.
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watertank_stepinput/Check Step Response
Characteristics

24

22

m =}
T

Amplitude

.
T

08
0 ] 10 15 20 25 30 35 40 45 50

Time (seconds)

The plot shows the model output, depicted by the blue line, lies outside the region of
the specified step response.

Click |>Optimize.

The default optimization solver Gradient descent (fmincon) modifies the design
variables at each iteration so that the simulated response lies within the design
requirement line segments. For more information, see “How the Optimization
Algorithm Formulates Minimization Problems”.
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E Optimization Progress Report EI@
Iteration | F-count Check Step Response Characternistics (Upper)
(==0)
0 5 08017
1 10 0.0376
s 15 0.0053
3 20 9.1446e-05
4 25 2.5588e-07

Optimization started 03-0ct-2014 15:42:55

Optimization converged, 03-Oct-2014 15:43:.07

Cptimized variable values written to "DesignVars’ in the Design Optimization workspace

[Save Iteratil:rn...] [IZlis.|:|la',.r Uptiuns...] [ Optimize

The message Optimization converged in the Optimization Progress Report
indicates that the optimization solver found a solution that meets the design
requirements within the tolerances and parameter bounds. For more information
about the outputs displayed in the optimization, see “Iterative Display”
(Optimization Toolbox).

Verify that the model output meets the step response requirements.



Design Optimization to Meet Step Response Requirements (GUI)

watertank_stepinput/Check Step Response
Characteristics

24

22

Amplitude
-] =]
T T

.
T

08
0 5 10 15 20 25 30 35 40 45 50

Time (seconds)

The plot displays the last five iterations. The final response using the optimized
variable parameter appears as the thick blue line. The optimized response lies in the
white region bounded by the design requirement line segments and thus meets the
requirements.

4  View the optimized parameter values. Click DesignVars in Model Workspace and
view the updated values in the Variable Preview area.

The optimized values of the design variables are automatically updated in the
Simulink model.

Save the Session

After you optimize the model response to meet design requirements, you can save the
Response Optimization tool session which includes the optimized parameter values.

In the Response Optimization tool, in the Response Optimization tab, in the Save
Session drop-down list, select Save to model workspace.
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RESPONSE OPTIMIZATION

153 % L New = %

Open Save Eva
S [ select  pequir

FIL M)

Save to file

Data Brows
Save to model workspace l}:’

Search worl

Save to MATLAE workspace
w MATLA TWOTESIaCT

—

In the Save Session window, specify the session name in the Session field.

Tip To open the saved session, in the Response Optimization tool for the model, in the
Open Session drop-down list, click the Open from model workspace option.

See Also

Related Examples

. “Design Optimization to Meet Step Response Requirements (Code)” on page 3-17
. “Design Optimization to Meet Step Response Requirements (Code)” on page 3-17
. “Design Optimization to Track Reference Signal (GUI)” on page 3-25
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Design Optimization to Meet Step Response Requirements
(Code)

In this section...

“Model Structure” on page 3-17

“Design Requirements” on page 3-19

“Specify Step Response Requirements” on page 3-19
“Specify Design Variables” on page 3-20

“Optimize Model Response” on page 3-21

This example shows how to programmatically optimize controller parameters to meet
step response requirements using the sdo.optimize function.

Model Structure

The Simulink model watertank stepinput includes the nonlinear Water-Tank System
plant and a PI controller in a single-loop feedback system.

The Step block applies a step input. You can also use other types of input, such as a
ramp, to optimize the response generated by such inputs.

[

Step

AN » Fiis) plinput  Output

¥

Y

PID Controller Scope
W ater-Tank System

This figure shows the Water-Tank System.
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Water enters the tank at the top at a rate proportional to the valve opening. The valve
opening is proportional to the voltage, V, applied to the pump. The water leaves through
an opening in the tank base at a rate that is proportional to the square root of the water
height, H. The presence of the square root in the water flow rate results in a nonlinear
plant.

& Watar in

bv

The following table describes the variables, parameters, differential equations, states,
inputs, and outputs of the Water-Tank System.

Variables H is the height of water in the tank.
Vol is the volume of water in the tank.

V is the voltage applied to the pump.

Parameters A is the cross-sectional area of the tank.

b is a constant related to the flow rate into
the tank.

a 1s a constant related to the flow rate out
of the tank.
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Differential equation
Dy =AY v _oJH
dt dt

States H

Inputs \%

Outputs H

Design Requirements

The height of water in the tank, H, must meet the following step response requirements:

* Rise time less than 2.5 seconds
*  Settling time less than 20 seconds

*  Overshoot less than 5%

Specify Step Response Requirements

1  Open the Simulink model.

sys = 'watertank stepinput';

open_system(sys) ;

_..@—> Pifs)
5

Step

Y

¥

Inipiut Ortpaurt

FID Controller

Water-Tank System

2 Log the water level, H.

Scope

During optimization, the model is simulated using the current value of the model
parameters and the logged signal is used to evaluate the design requirements.

PlantOutput =

PlantOutput.BlockPath

Simulink.SimulationData.SignalloggingInfo;

= [sys '/Water-Tank System'];
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PlantOutput.OutputPortIndex =1;
PlantOutput.LoggingInfo.NameMode 1;
PlantOutput.LoggingInfo.LoggingName = 'PlantOutput';

Store the logging information.

simulator = sdo.SimulationTest (sys);
simulator.LoggingInfo.Signals = PlantOutput;

simulator is a sdo.SimulationTest object that you also use later to simulate the
model.

Specify step response requirements.

StepResp = sdo.requirements.StepResponseEnvelope;
StepResp.RiseTime = 2.5;

StepResp.SettlingTime = 20;
StepResp.PercentOvershoot = 5;
StepResp.FinalValue = 2;

StepResp.Initialvalue = 1;

StepResp is a sdo.requirements.StepResponseEnvelope object. The values
assigned to StepResp.FinalValue and StepResp.InitialValue correspond to a
step change in the water tank height from 1 to 2.

Specify Design Variables

When you optimize the model response, the software modifies parameter (design
variable) values to meet the design requirements.

1

Select model parameters to optimize. Here, optimize the parameters of the PID
controller.

p = sdo.getParameterFromModel (sys, {'Kp', 'Ki'});

p is an array of 2 param.Continuous objects.

To limit the parameters to positive values, set the minimum value of each parameter
to 0.

p(l) .Minimum = 0;
p(2) .Minimum = 0;
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Optimize Model Response

1 Create a design function to evaluate the system performance for a set of parameter
values.

evalDesign = @(p) sldo modell design(p,simulator, StepResp) ;

evalDesign is an anonymous function that calls the cost function
sldo modell design. The cost function simulates the model and evaluates the
design requirements.

Tip Type edit sldo modell design to view this function.

2 Evaluate the current response. (Optional)
a Compute the model response using the current values of the design variables.

initDesign = evalDesign(p);

During simulation, the Step Response block throws assertion warnings at the
MATLAB prompt, which indicate that the requirements specified in the block
are not satisfied.

b Examine the nonlinear inequality constraints.
initDesign.Cleq
ans =

L1739
.0169
.0002
.0101
.0229
.0073
.0031
.0423

O O O OO O o o

Some Cleq values are positive, beyond the specified tolerance, which indicates
the response using the current parameter values violates the design
requirements.

3  Specify optimization options.
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opt = sdo.OptimizeOptions;
opt.MethodOptions.Algorithm = 'sqgp';

The software configures opt to use the default optimization method, fmincon, and
the sequential quadratic programming algorithm for fmincon.

Optimize the response.

[pOpt,optInfo] = sdo.optimize (evalDesign,p,opt);

At each optimization iteration, the software simulates the model and the default
optimization solver fmincon modifies the design variables to meet the design
requirements. For more information, see “How the Optimization Algorithm
Formulates Minimization Problems”.

After the optimization completes, the command window displays the following
results:

max Step-size First-order
Iter F-count f(x) constraint optimality
) > ) 0.1739
1 10 0 0.03411 1 0.81
> 15 " " N 0.0429
15 0
Local minimum found that satisfies the cc
Optimization completed because the objective function is non-decreasing in
feasible directions, to within the selected value of the function tolerance,
and constraints are satisfied to within the selected value of the constraint tolerance.

The message Local minimum found that satisfies the constraints
indicates that the optimization solver found a solution that meets the design
requirements within specified tolerances. For more information about the outputs
displayed during the optimization, see “Iterative Display” (Optimization Toolbox).

Examine the optimization termination information contained in the optInfo output
argument. This information helps you verify that the response meets the step
response requirements.

For example, check the following fields:

* Clegq, which shows the optimized nonlinear inequality constraints.
optInfo.Cleg
ans =

-0.0001
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-0

-0.
-0.
-0.
-0.
-0.

-0

.0028
0050
0101
0135
0050
0050
.0732

All values satisfy Cleg < 0 within the optimization tolerances, which indicates
that the step response requirements are satisfied.

* exitflag, which identifies why the optimization terminated.

The value 1s 1, which indicates that the solver found a solution that was less than

the specified tolerances on the function value and constraint violations.

View the optimized parameter values.

pOpt

popt (1,1) =

Name:

Value:

Minimum:

Maximum:

Free:

Scale:
Info:

popt (2,1) =

Name:

Value:

Minimum:

Maximum:

Free:

Scale:
Info:

'va
0545

2.
0
Inf
1
1
[

1x1 struct]

[1x1 struct]

Simulate the model with the optimized values.

a Update optimized parameter values in the model.

sdo.setValueInModel (sys,pOpt) ;
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b  Simulate the model.

sim(sys) ;

See Also

Simulink.SimulationData.SignalLoggingInfo | param.Continuous |
sdo.OptimizeOptions | sdo.SimulationTest | sdo.getParameterFromModel |
sdo.optimize | sdo.requirements.StepResponseEnvelope

Related Examples

“Design Optimization to Meet Step Response Requirements (GUI)” on page 3-4
“Design Optimization to Track Reference Signal (GUI)” on page 3-25
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Design Optimization to Track Reference Signal (GUI)

This example shows how to optimize controller parameters to track a reference signal
using the Response Optimization tool. You specify the reference signal without adding
any Check blocks to the model.

In this section...

“Model Structure” on page 3-25

“Design Requirements” on page 3-26
“Specify Reference Signal” on page 3-26
“Specify Design Variables” on page 3-33
“Optimize Model Response” on page 3-35

Model Structure

The model s1do_modell includes these blocks:

. FID | int Out1
Unit Step

Controller Flant

+ Controller block, a PID controller, controls the output of the P1ant subsystem.
+  Unit Step block applies a step input.
You can also use other types of inputs, such as ramp, to optimize the response
generated by such inputs.

+ Plant subsystem is a second-order system with delay. It contains Transfer Function
and Transport Delay blocks.

: winz2 > E:%( —.'(I)

I sZ+ 2w zetas+wlh2 outl
Transport Delay

Transfer Fon
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Design Requirements
The model output must track a reference signal y =1-exp(-0.1x¢), where ¢ is time.

Specify Reference Signal

1  Open the Simulink model.

sys = 'sldo modell';
open_system(sys);

¥ wlica r
: ; FID | In out
Unit Step

Controller Plant

To learn more about the model, see “Model Structure” on page 3-25.

2 To open the Response Optimization tool, select Analysis > Response
Optimization.
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4 Response Optimization - sldo_modell EI@

[ RESPONSE OPTIMIZATION @ “E‘I_.J L % E ﬁ ﬁ

- E [ New = @ Design Variables Set: None v _ E Data to Plot: i Eli @ D

Open Save Evaluate o = Sensitivity  [&] No data selected ~| AgaFit PlotModel  Options  Optimize

5 £5 ~ Session ~ @Se.led Requirements Unoe.rtan\a"anahjesSethne'_é Analysis ¥ - ptio -
FILE REQUIREMENTS VARIABLES PLOTS OPTIONS | OPTIMIZE

Data Browser ®
Search workspace variables Pl
w MATLAB Workspace
MNarne Value
sys ‘sldo_mod...

w Model Workspace (sldo_modell)

Mame = Value

1 kd 0 -
H ki 0 E
HH kp 1 W
Hwo 0.5000 Y
w Data

Narne Value

w Variable Preview

3  Select the model signal to track the reference signal.

a Inthe New drop-down list, select Signal to open the Create Signal Set window.
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&l

New = @ Nata ta Plot: ]
Damping Ratio -
Specify a bound on the damping

ratio of the poles of a linear system.

¥

Matural Frequency
Specify a bound on the natural
frequency of the poles of a linear system.

@

Settling Time
Specify an upper bound on the
approximate settling time of a linear system.

Singular Value
Specify a piecewise linear bound on
the singular values of a linear system.

Step Response Envelope
Specify bounds on the step
response of a linear system.

m & E

Custom Requirement

Create a

custom requirement.

MEW REQUIREMENT SOURCE

Signal

-E Speci mulink Signals to log so
they can be used in design requirements.

Linearization I/Os
3 % Specify Linearization I/Os 5o they
can be used in design requirements.

MEW REQUIREMENT USING MODEL BLOCKS

m

Time Domain Check Blocks
Open the Simulink Design Cptimization library and
add time domain check blocks to a Simulink model.
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Signal set: |Siq |

Signal

Mo signals have currently been selected.
Please go back to the model and dick on a \I\
signal to selectit,

| ok | [ Cancel || Help |

b  To display the signal in the window, click the output of the Plant block in the
Simulink model window.

File Edit Wiew Display Diagram  Simulation  Analysis  Code Tools Help

-8 0 1 a8 TGO = N @
| sldo_model1 |

® |[a/slde_modell » -
€3]

= - PID p{int outt

Uit Step b
Controller Flant

[

(i@

H

b

Ready 100% oded5
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Select the signal, and click - o add it to the signal set.
Signal set: |Siq |

@ Currently selected signals Signal
= _ sldo modell/Plant]

&

| ok || cancel |[ Help |

d In Signal set, enter PlantOutput as the selected signal name.
Click OK to create the variable PlantOutput. It appears in the Data area of the
Response Optimization tool.
4  Specify the reference signal for the model output to track.
a Inthe New drop-down list, select Signal Tracking to open a Create
Requirement window.
b Inthe Name edit box, enter ref sig.
¢ In the Time vector edit box, enter 1inspace (0, 50,200)

d Inthe Amplitude edit box, enter 1-exp (-0.1*1linspace (0,50,200)).

3-30



Design Optimization to Track Reference Signal (GUI)

Signal Tracking

Specify a tracking requiremnent on a signal.

Mame: ref_sig

w Specify Reference Signal

Time vector: linspace(0,50,200)

Amplitude: 1-exp(-0.1%linspace(0,50,200))

Update reference signal data

Tracking Method: :SSE v:

Leave the Tracking Method as SSE which means, at each optimization
iteration, the solver attempts to reduce the sum of squared errors between the
simulated output and reference signal.

Click Update reference signal data.

In the Specify Signal to Track Reference Signal area, select the check-box
corresponding to the signal you selected in the previous step, and click OK.
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Create Requirement

X
Signal Tracking
Specify a tracking requirement on a signal.
Mame: |ref_sig
w Specify Reference Signal
Time vector: 45.9949748743719:49,2462311557789:49 4974874371859:49 748743718593;50]
Amplitude:

92734535995918;0.9929145811096355;0.992090613101637,0.993262053000915]

Update reference signal data

Tracking Method: :SSE v:

[7] Use robust cost

w Specify Signal to Track Reference Signal

Signal

PlantOutput (slde_modell/Plant:1)

[¥] Create Plot OE [ Cancel ][ Help l

A new reference signalref sigis created and appears in the Data area. The
Response Optimization window updates to plot the reference signal.
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\ Time plot1 |

\'\ErE is no data for PlantCutput, use "Plot Cument Response™ or run the optimization to update the plot.

skdo_model1/Plant:1

1 T T T T T T R gL DL Ly

-
m——t
-

09 - pe ’,-ﬂ" -

08 rd 4

Amplitude

=] = =] =]
In in = =~

T T T T

.
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Y,

N

1 1 1 1

=
i
T

021 .

0.1

Time (seconds)

Specify Design Variables

When you optimize the model response, the software modifies the design variable values
to meet the design requirements.

In the Response Optimization tab:
1 Create a new set of design variables.

In the Design Variables Set drop-down list select New.
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RESPONSE OPTIMIZATION

E ﬁ Eﬂewv

Open Save
3ession * Session v

@ Design Variables Set: (€] None Y, ﬁ
Ewvaluate CREATE MEW SET OF DESIGN VARIABLES X awi-ul
[ Select  pequirements | Uncertain Variables Set:
‘ New...
FILE | REQUIREMENTS | Wi on  Useto specify variables used
by the Simulink model to optimize

The Create Design Variables Set window shows model parameters that you can use
as design variables and indicates their locations within the model subsystems.

Create Design Variables set: | DesignVars

| Variable Value IMmlmum Maximum | Scale Variable Current value Used By
=2 Kd 0 slde_meodell/Controller
Ki 0 sldo_modell/Controller
<+

£dd model variables to optimize. K L ldo modell/Controller AN
wo 0.5 sldo moedell/Plant/Transfer Fen \

U zeta 05 lsdo modell/Plant/Transfer Fen |
Update model variables

B Variable Detail P Specify expression indexing if necessary (e.g., a(3) or sx)

2 Add parameters to the design variables set.

Select Kd, Ki, and Kp, and clickE to add the selected parameters.
Create Design VariablesSet
Create Design Variables set: | DesignVars

Wariable Value | Minirmum | Maximum Scale
Kd ] -Inf Inf 1
Ki ] -Inf Inf 1
Kp 1 -Inf Inf 1

The design variables list displays the following parameter settings:

* Variable — Parameter name
+ Value — Current parameter value

+ Minimum and Maximum — Parameter bounds
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Optimize Model Response

1

* Scale — Scaling factor for the parameter

Limit the parameters to positive values. To do so, enter 0 for the minimum value of

each parameter in the corresponding Minimum field, and press Enter on your

keyboard.

Create Design Variables set: |Desiqn‘u’ars

Variable Yalue | Minimum | Maximum| Scale
Kd 0 0 Inf 1
Ki 0 ] Inf 1
Kp 1 a Inf 1

Click OK. A new design variable DesignVars is created and appears in the Data

area of the Response Optimization tool.

w Model Werkspace (sldo_modell)

MName = Yalue
[ kd 0
(ki 0
H kp 1
w Data
MName = Yalue
[y 3 Contin..
@ PlantOutput 1 Signal
| ref sig 1 Signal...

w Variable Preview

DesignVars(1,1)

Value: 0

Minimum: 0O

Free: 1
Scale: 1

Maximum: Inf

Name: "Ed'

To view the current model response, click FQ.’ Plot Model Response.
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sido_model/Plant:1
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The plot shows that the model response does not track the reference signal.

Click DOptimize.

At each iteration, the optimization solver Gradient descent (fmincon) modifies
the controller parameters to minimize the error between the simulated response and
the reference signal. To learn more, see “How the Optimization Algorithm
Formulates Minimization Problems”.

The message Optimization converged in the Optimization Progress Report
indicates that the optimization method found a solution that tracks the reference
signal within the tolerances and parameter bounds. For more information about the
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outputs displayed in the Optimization Progress Report, see “Iterative Display”

(Optimization Toolbox).

E Optimization Progress Report

(=[O /=)

ref_sig
(Minimize)

30.1980
24.6634
21.3975
1.8576
1.4586
0.5713
0.5114
0.3615
0.3187
0.3148
0.3139
0.3111
0.3047

»

m

Iteration | F-count
0 5
1 34
2 43
3 31
4 g2
5 T
] a2
T 90
8 93
9 106
10 114
il 122
12 130
Optimization started 09-5ep-2014 18:08:45
Optimization converged, 09-5ep-2014 18:07:25

Ointimired variable valiss weittan tn Nesinntfars’ in the Decinn Oietimiratinn wekdcnoes,

i »

[ Save teration...| [Display Options...| [ Optimize

)

3 Verify that the response tracks the reference signal by observing the amplitude

versus time plot.
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Time plot1

sido_model1/Plant:1
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The optimized response closely tracks the reference signal.

4 To view the optimized parameter values, click DesignVars in the Data area of the
Response Optimization tool. View the updated values in the Variable Preview
area.

The optimized values of the design variables are automatically updated in the
Simulink model.
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See Also
Related Examples

“Design Optimization to Meet Step Response Requirements (GUI)” on page 3-4
“Design Optimization to Meet Step Response Requirements (Code)” on page 3-17
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Design Optimization Using Frequency-Domain Check Blocks

(GUI)

3-40

This example shows how to optimize model parameters to meet frequency-domain
requirements using the Response Optimization tool. Simulink Control Design software
must be installed to optimize a design to meet frequency-domain design requirements.

In this example, you specify the design requirements in a Check Bode Characteristics
block. You optimize rectifier filter parameters to meet gain and bandwidth requirements
by minimizing a custom objective.

In this section...

“Model Structure” on page 3-40

“Design Requirements” on page 3-41
“Specify Design Requirements” on page 3-41
“Specify Design Variables” on page 3-44

“Optimize Design” on page 3-45

Model Structure

The model sdorectifier includes the following blocks:

Ly4.E|

Source FulbWave Vclage
R ectifier R ectifier Filter

Filter Design Reguirements

+  Full-Wave Rectifier block — An Abs block
* Rectifier Filter subsystem — RLC filter implemented using integrator and gain blocks

+ Filter Design Requirements block — Check Bode Characteristics block that specifies
the gain and bandwidth design requirements
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Design Requirements

The design optimization problem has several objectives. The design must:

* Have a —3 dB bandwidth of at least 2 Hz

*  Limit the gain across the frequency range 2 Hz — 60 Hz to at most 0 dB
* Limit the gain above 60 Hz to at most —20 dB

* Maximize the filter resistance R

*  Minimize the filter inductance L

The requirements ensure that the rectifier filter combination has minimal high

frequency content, responds quickly to voltage changes, and limits filter currents.

Specify Design Requirements

1  Open the Response Optimization tool for the model.

sdotool ('sdorectifier'")
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4\ Response Optimization® - sdorectifier - Bode plot1 EI@
[ RESPONSE OPTIMIZATION BODE PLOT VEW EYSPa il =10] =
- % [ New = @ Design Variables Set: None v _ E‘ Data to Plot: t i E bt @ D
Open Save Evaluate : : = Sensitivity No data selected ~ add Piot  PlotModel  Options Optimize
ol N 'S [ Select Requirements Uncertain Variables Set: [ None v Anaivsis ~  Response ptio -
FILE REQUIREMENTS VARIABLES PLOTS OPTIONS | OPTIMIZE
Data Browser ] | Bodeplotl |
Search workspace variables 2 There is no data for sdorectifier/Filter Design i use "Plot Current “ or run the to update the plot.
w MATLAB Workspace § . . .
sdorectifienFilter Design Requirements
MNarne Value o | 1
5 F
o
=
. ]
w Model Workspace (sdorectifier) E -10
E
Mame Value 2
(H ¢ 5.0000e-04 5k
L 0.0500
(R 25
=20 il
1 T T
w Data
Narne Value 08 q
BlockReq 111 BlockR... -
Eosf 1
@
Zoaf 1
w Variable Preview
02 .
0 I 1 1
10! 10" 10! 10° 10°
Frequency (rad/s)
Upadate Dlock
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The Bode plot 1 tab shows the gain and bandwidth requirements specified in the
Filter Design Requirements block in the model. To see their values, double-click the
block to open the Block Parameters dialog box, and select the Bounds tab.

2 Specify a custom objective to minimize the filter inductance and maximize the

resistance.

The custom objective is already defined in the sdorectifier cost function. The
function accepts the design variables R and L and returns the objective to be

minimized.
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Tip Type edit sdorectifier cost in the command line to view this function.

a Inthe New drop-down list, select Custom Requirement.

VIEW

Signal Bound
| @ Specify a piecewise

plot 1 linear bound on a signal.

Signal Property
@ Specify a requirement on a signal

property such as the mean value,

[1]
Step Response Envelope
E Specify a step
-5 response envelope on a signal,

Signal Tracking

-10 @ Specify a tracking
requirement on a signal,

Magnitude [dB)

Custom Requirement

Create a %
custom requirement.

Gain and Phase Margin
ﬂ Specify bounds on the gai
ahase margins of 3

b  Specify the following values in the Create Requirement window, and click OK:

* In the Name edit box, enter MaxMinRL.
* In the Type edit box, select Minimize the function output

* In the Function edit box, enter @sdorectifier cost. The optimization
solver calls the specified function handle.
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3 Response Optimization

Custom Requirement

Create a custom requirement. The optimizer evaluates the specified fu
optimization passing a structure with fields centaining the optimized de;
and logged simulation results,

MName: | MaxMinRL

w Specify Function
Type: :Minimize the function output v:

Function: | @sdorectifier_cost

ctraint is violated

A new requirement variable MaxMinRL is created, and appears in the Data area
in the Response Optimization tool. The Iteration plot 1 tab shows the value of
MaxMinRL at each iteration during the optimization.

Specify Design Variables

When you optimize the model response, the software modifies the design variable values
to meet the design requirements.

1 In the Design Variables Set drop-down list, select New.

RESPONSE OPTIMIZATION TIME PLOT

Data to Plot:

Evaluate
Open Save £
Session v & . [ select Requirements Uncertain Variables Set
FILE I REQUIREMENTS | ¥4 o Useto specify variables used

by the Simulink model to optimize

Select C, L, and R in the Create Design Variable Set window. Click E] to add the
selected parameters to a design variables set.
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Design Optimization Using Frequency-Domain Check Blocks (GUI)

Create Design Variables set:

I Variable | Value IMinimumIMaximumI Scale

Variable

Current valuel

Used By

Add model variables to optimize.

Update model variables |

g 40

sdorectifier/Rectifier Filter/1//CL

0.0005 sdorectifier/Rectifier Filter/1//CL1

sdorectifier/Rectifier Filter/1//RC

L

sdorectifier/Rectifier Filter/1//CL1

005 Eorectlflermectlfler Filter/1,//CL

R

25 Morectifiermectifier Filter/1//RC

b Variable Detail

» Specify expression indexing if necessary (e.g., a(3) or sx)

[ ok |[ cancel |[ Hep |

2 Specify the value range for each design variable, and click OK:

* Cinthe range 1 pF—1 mF

* Lin the range 1-500 mH

* Rin the range 0.01-50 ohms

Variable Minimurm | Maximum
C le-6 le-3  0.000976... E]
L 0.05 le-3 500e-3 0.0625
R 25 0.01 50 2 | *)

P Variable Detail

Update model variables ]

Create Design Vanables set: |Desiqn‘u"ars | \

Variable | Currentvaluel

P Specify expression indexing if neces

A new variable DesignVars is created, and appears in the Data area of the
Response Optimization tool.

Optimize Design
1

To view the current response of the model, click ri‘ Plot Model Response.
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Bode plotl Iteration plot1

sdorectifier/Fiter Design Requirements

0 N

. b

Magnitude ([dB)

.80 |-

Phasze (deq)

=135 |-

180 = L [ RS | i el i IR | L
107! 10° 10! 10° 107 104
Frequency (rad/s)

The Bode plot 1 window in the Response Optimization tool shows that the model
output goes out of the region bounded by the design requirement line segments.

In the Voltage scope window, you see that the filter voltage signal overshoots its
steady-state value and contains significant harmonic content.
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Design Optimization Using Frequency-Domain Check Blocks (GUI)

o

n‘u'critage E@r
abQak NG B8] -

0.0z [.0&

Click |>Optimize.

The Optimization converged message in the Optimization Progress Report
indicates that the optimization method found a solution to satisfy the filter
bandwidth requirements.
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3 Response Optimization

o

E Optirnization Progress Report E'
Iteration | F-count CustemReq Filter Design Requireme... | Filter Design Requireme...
(Minirnize) (==0) (==0)
0 & 15813 8.1361 1.0067
1 1F 1.0970 0.3235 1.0000
2 28 15752 -0.2588 0.6625
3 34 1.2385 -0.1811 0.7478
4 45 0.8803 0.0074 0.8924
5 56 0.8511 -0.1050 0.8603
8 65 0.8167 -0.0634 0.8535
I T4 0.40359 -0.3095 0.665%2
8 83 0.1967 -0.5002 0.2845
9 93 0.0714 -0.3137 0.5628
10 11 0.0165 -0.3731 0.4405
11 102 0.01656 -0.3731 0.4405
Optimization started 24-S5ep-2014 15:24:18
—
Optimization converged, 24-5ep-2014 15:25:09
Optimized variable values written to "DesignVars1® in the Design Optimization workspace L
[ Save teration...| |Display Options...| | Optimize

-
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The harmonic content in the filter voltage signal is reduced from the initial design.



Design Optimization Using Frequency-Domain Check Blocks (GUI)

o

<) Voltage = men )
20| <« s KR EER -

3 Verify that the model meets the gain and bandwidth requirements.
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Bode plot1 Iteration plot 1

sd orectifier/Fitter Design Requirements

Magnitude [dB)
]
T

Phase (deg)
5
T
1

107 10° 10! 10? 107
Frequency (rad/s)

The plot displays the output of the last five iterations. The final response using the
optimized parameter values appears as the thick blue line.

The optimized response lies in the white region bounded by the design requirement
line segments and thus meets the requirements.

4 Click DesignVars in the Data area and view the updated values in the Variable
Preview area.

The optimized values of the design variables are automatically updated in the
Simulink model.

See Also
Check Bode Characteristics
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See Also

Related Examples

“Design Optimization to Meet Frequency-Domain Requirements (GUI)”
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3 Response Optimization

Time-Domain Model Verification

3-52

This example shows how to perform time-domain model verification using Simulink
Design Optimization Model Verification blocks. During time-domain verification, the
software monitors a signal to check if it meets time-domain characteristics such as step
response characteristics and upper and lower amplitudes, or tracks a reference signal.

You can also use blocks from Simulink and Simulink Control Design Model
Verification libraries to design complex assertion logic for time- and frequency-domain
verification, and signal monitoring. You can construct simulation tests for your model
using the Verification Manager tool in the Signal Builder.

1 Open Simulink model.

sys = 'sldo modell stepblk';
open_system(sys);

+ . q
FID | In Out
Unit Step [

Controller Flant V

Step Response

4

The model includes a Step Response block which is a Check Step Response
Characteristics block from the Simulink Design Optimization Model Verification
library and has default step response bounds.



Time-Domain Model Verification

Sink Block Parameters: Check Step Respense Characteristics @
Check Step Response Characteristics

Assert that the input signal satisfies bounds specified by step response characteristics.

Bounds | Assertion

Include step response bound in assertion

Step time (seconds): ]

Initial value: i Final value: 1
Rise time (seconds): 5 % Rise: 80
Settling time (seconds): 7 % Settling: 1
% Overshoot: 10 % Undershoot: 1

Enable zero-crossing detection

[”] Show plot on block open [Response Optimization...
\} [ oK l [ Cancel ] [ Help Apply

2 In the Simulink Editor, click Simulation > Run.

The block asserts multiple times during simulation because the signal to which the
block is connected violates the specified bounds. Assertion warnings appear in the
MATLAB command window.

You can optimize model parameters to satisfy the bounds and eliminate assertion

warnings. See “Design Optimization to Meet Step Response Requirements (GUI)” on
page 3-4.
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Optimization-Based Linear Control
Design

* “When to Use Optimization-Based Linear Control Design” on page 4-2

+ “Types of Time- and Frequency-Domain Design Requirements for Optimization-Based
Control Design” on page 4-3

* “Quick Start — Optimization-Based Linear Control Design” on page 4-4

+ “Design Optimization-Based PID Controller for Linearized Simulink Model (GUI)”
on page 4-15



4 Optimization-Based Linear Control Design

When to Use Optimization-Based Linear Control Design

When you have Control System Toolbox software installed, you can design and optimize
control systems for LTI models by optimizing controller parameters in the Control
System Designer app. To use optimization methods for linear control design, also
known as optimization-based tuning, you must already have an initial controller. You
can then use optimization-based tuning to refine the controller design to meet additional
design requirements. For more information on designing controllers, see the Control
System Toolbox documentation.

Note Optimization-based tuning only changes the value of the controller parameters and
not the controller structure itself.

Optimization-based tuning provides flexibility in terms of specifying additional design
requirements for the controller. When you have a large number of design requirements,
you can first design an initial controller by selecting a subset of requirements and
subsequently select additional requirements to refine the design.

Optimization-based tuning also provides flexibility in terms of selecting a subset of
controller parameters to optimize, and specifying bounds on the controller parameters.

To design linear controllers for Simulink models using optimization-based tuning, you
must first linearize the model using the Simulink Control Design software. For more
information on linearizing Simulink models, see the Simulink Control Design
documentation.

See Also

Related Examples

. “Optimize LTI System to Meet Frequency-Domain Requirements”
. “Design Optimization-Based PID Controller for Linearized Simulink Model (GUI)”
on page 4-15



Types of Time- and Frequency-Domain Design Requirements for Optimization-Based Control Design

Types of Time- and Frequency-Domain Design Requirements for
Optimization-Based Control Design

When you design linear controllers for LTI or Simulink models using the Simulink
Design Optimization software, you can specify both time- and frequency-domain
requirements on the system response. You can specify design requirements on the
following plots:

*  Root Locus plot

*  Open-Loop and Prefilter Bode plots
*  Open-Loop Nichols plot

+  Step/Impulse Response plots

For more information, see “Time- and Frequency-Domain Requirements in Control
System Designer App”.

Simulink Design Optimization software uses the frequency-domain requirements to
compute the frequency response of the system. It then uses optimization methods to
reduce the distance between the current response and the requirements by modifying the
controller parameters. The software does not change the controller structure when
optimizing the controller parameters.
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4 Optimization-Based Linear Control Design

Quick Start — Optimization-Based Linear Control Design

4-4

In this quick start, you get an overview of the typical tasks for optimization-based linear
control design using the SISO Design Tool:

Open a SISO Design Tool session. on page 4-4

Configure a project for optimization-based control design. on page 4-5

Specify the controller parameters to design. on page 4-7

Specify the design requirements. on page 4-8

Design the controller. on page 4-11

D O A WODN -

Evaluate the controller design. on page 4-12

Note The same workflow applies to optimization-based control design for LTI models
created at the command line using Control System Toolbox software. To learn how to
create LTI models, see “Linear (LTI) Models” (Control System Toolbox).

Prerequisites for optimization-based linear control design include:

*  Simulink Compensator Design Task that contains a linearized version of the
Simulink model and, optionally, any response plots you configure.

For more information on how to linearize a Simulink model for control design, see the
Simulink Control Design documentation.

* Time- and frequency-domain design requirements
To design a controller using optimization methods:

1 Open a SISO Design Tool session by typing the following command at the MATLAB
prompt:

controlSystemDesigner ( 'projectname.mat’')



Quick Start — Optimization-Based Linear Control Design

=] Control and Estimation Tools Manager -0 x|
File Help
cDc d
Q Workspace -Project Settings
=] fProject - sldo_model2 .
Operating Points Title: IPro]ect - sldo_model2
SISO Design Task =] iilmulink Compensator De | goy. I
for SISO De5|gn —_— _j SISO Design Task
Tool Created by: ]
Date modified: ~ 10-Nov-2008
Simulink model:  sldo_model2
Description: 3
|
< ] ©
-
]
Project node. 4

The command also opens a SISO Design for SISO Design Task window by default
and any response plots you configured when you linearized the Simulink model
using Simulink Control Design software.

Configure a project for optimization-based control design by clicking Optimize
Compensators in the Automated Tuning tab of the SISO Design Task.
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4 Optimization-Based Linear Control Design

—j Control and Estimation Tools Manager
File

Edit Tools Help

=lolx|

gl|cgd|2 &

[\ Workspace

=} ﬁ Project - sldo_model2
-1 J Operating Points
= Simulink Compensator De

BES1SO Design Task

C Based Tuning

Architecture | Compensator Editor | Graphical Tuning | Analysis Plots Automated Tuning |
Design method: lOptimizatian Based Tuning

~1
Ll

Method for

You can use optimization-based tuning to create an initial compensator desian or to refine the current compensator
design:

For your system by pos&lormg bounds on d?&lgﬂ or analyscs plots such as
Then, d methods to

elements
to satisfy the design requirements. Compensator elements that are tunable via optmuzatmn—based tuning include
gains, poles, and zeros.

Requires the Simulink Design Optimization product.

controller
design

Optimize Compensators. .. |
o ool Store Design | Update Simuink Block | jcally update black p Help
|
SISO Design Task Node.

|

A

This action creates a new Response Optimization node in the Control and
Estimation Tools Manager.



Quick Start — Optimization-Based Linear Control Design

ﬂcantroland Estimation Tools Manager _1al x|
File Edit Taols Help
g0 d|9 o

41 Workspace Overview I Compensatars | Design requirements Dpt\mizat\onl
E|§| Project - sldo_modelz

Overview
- Operating Points
=gy Simulink Compensator Design
=) 5150 Design Task T "
Design Histary 1 1
Design Operating Poir Step 1 } Step 2 : Step 3
2 I 1
! Set optimization !
} options :
1 I
Select 1 1
compensators lo | 1
optimize | I
1 I
1 I
I I
Optimize + Wiew results
1 ]
1 I
I I
Select design I I
requirements } :
I I
I I
1 1

. N Stark Optimization Help

Response Optimization

N

Specify the controller parameters to design in the Compensators tab.
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4 Optimization-Based Linear Control Design

Right-click to change
Select parameters controller parameters (Optional) Specify
to optimize representation to Simulink jnitial value
block mask parameters
| parameter bounds

5] Control and Estimation Tools Manage | =0l
Fie Edt Took Help

@Workspace Overvigw CompensatWSIDesignrewemntslOpunuzationl

=] _G_J Project - sldo_modelz ~Select of elements ta optimize
(g} Operating Points

(Optional) Specify

=] Simulink Compens [ Optimize Compensator elements ] Value J Initia guessl Minimum I Maximum I Typical value
=-#) SIS0 Design” [~ ’sldo_model2/Controller
([ Design Hi ] Gain I prs
-} Design O I Real Zero -Inf Inf
=) ns O Real Zero I I
] Real Pole -Inf Inf

Right click on a compensatar name to change its reprasentation,

Use Valueas Initisl Guess I

q | ] Start Optimization [ Help ]

Response Optimization

N L El

4  Specify the design requirements.
a Inthe Design requirements tab, click Add new design requirement.

Specify the design requirements, for example Bode magnitude lower limit, in the
New Design Requirement dialog box.
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L] Control and Estimation Tools Manager

Lofxl
bt e
] 2
glD|jcd|2 .
Design type: o i e Requirement
4 orkspace Overvien| Compensators Designrequrements | opimization | oda maprnkis lower Kk — type
- ¥ Project - sido_modsl2 Gelect £ ; R
& [J Operating Points CUSOIE=s .... Loop from Unit Step to Controller v | de— RESponse
E)%S\muhnktmamatmDes\gr\Task T oz | Response plat t ep
%) 5150 Design Task i~ yp
5 () Desion History parameter
Design Operating Point Segments:
Re ot
) Response Optimization = =
Frequency | Magnitude | Frequency | Magnitude | Slope | weight | [de— Requirement
1) 0 10] 0 of 1 values
Insert Delete
OK Cancel | Help
Clik the ot o 3
Add
requirement
]
|
Response Optinization 7

In the SISO Design window, the yellow region with the black line segment
represents the design requirement on the response plot.
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JRT=I

File Edit View Designs Analysis Tools Window Help a
« o - o
X o % & o ® &M

Open-Loop Bode Editor for Open Laop 1 (L1
50 T T T T T T

D \Q |
o
e
LIk}
E -50 4
[y
=]
[+
=
-100 i
G Inf
Freq: Inf
Stahble loop
150 Ll L Ll L
—45 T T T T T T
= =30 i
[=]]
i}
=
o
o
=
o 135 4
P M 804 dey
Freq: 0.505 radizec
1 T A QU A RS R jy RT] S QU P ET] (U PR [ PSP PTY P S I SRR My
107 107 107 10" 10" 10° 10° 10

Frequency (radizec)

Right-click on the plots for mare design aptions.

The Design Requirements tab also lists the design requirement.
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Select the requirement
to enforce during Lists all specified
optimization

design requirements
E} Control and Estimation Tools Manager !

. =(oix]
File Edit Tools Help
gD|lcd|9 o
<\ Workspace Overvigw | C Design requi s | optimization |
=] S_] Project - sldo_model2 - Select|desian requirements to satisfy
- Operating Points =
(= £} Simulink Compensator De I” Optimize Response plot I
=¥ SIS0 Design Task | Open Loop at outport 1 of Controller
& Design History v Open-Loop Bode Editor for Open Loop 1 (L1)
Design Operating
ﬁ Response Optimi

Design requirement

l Lower gain limit from 0.001 to 1 rad/sec

Click the 'Add new design raquirement’ button or right click on a plot to add a new design requirement.

Show Plots i Add new design requirement
4 | I ﬂ Start Optimization | Help. |
Undo

b

Ngan

Repeat step a to specify additional time- and frequency-domain requirements.
5

Start the optimization to design the controller by clicking Start Optimization in
the Optimization tab.
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4-12

{51 Control and Estimation Tools Manager =1o/x]
File Edit Tools Help
g0 d|2 o
&Workspace Ovevvtewl C ! Desiagn requit Optir i |
=B Project - sldo_model2 —Optmization progress
L Operating Points
B Simulink Compensator Iteration | Eval-Count |Cost function{Constraint...| Stepsize | Procedure Optimization options. .. I
1) S50 Design Task 0 7 a 57.12 -
) Design History 1 14 0 1.777 8.36 Display options.., |
B Design Opera 2 21 0 1.697 12.1 Hessian m...
f opl 3 28 0 0 21.7
Optimization
progress
~
Constructing optimization problem... =
Optimization started 10-Nov-2008 14:01:11
Optimization finished 10-Nev-2008 14:01:21
Successful termination. Found a feasible or optimal solution within the specified s
tolerances. Optimization
status
=
RE——— |
|
=
)

Redo

Evaluate the controller design.

a Examine the system's response in the response plot, for example the Bode plot,
to see if it meets the requirements. The system's response must lie in the white
region in order to meet the design requirement.
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) SIS0 Design for SIS0 Design Task 1Ol x|
File Edit View Designs Analysis Tools Window Help e
w o P
X o ¥ 2| %A
Open-Loop Bode Editor for COpen Loop 1 (L1)
40 T T T T T T
20+ B
D -
g
§ =Y Requirement: ]
E a3 Pt = B0 |
[
=
B0 J
G Inf
-G0| Freg: Int -
Stable loop
00 Ll Lol Ll Lt
-a0 T T T T
=3
L)
=
o 1351 J
1=
[
=y
o
PM.: 861 deg
Freo 2.79 radizec
B0 e e g e e b g e ) T
10° 107 10" 10° 10’ 10° 10° 10
Freguency (Facdfsec)
Undoing Optimize compensators.

b  Examine the controller parameter values in the Compensator tab.
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Optimized controller
parameter values

|=] Control and Estimation Tools Manager ; I [ 3
File Edit Tools Help
gD|ed|9 &
[\ Workspace Overview C | Desian requi | Optimization |
E _ﬂ_} Project - sldo_model2 ~Gelect elements to optimize
3-[ 3 Operating Points - — — - -
e Simulink C De |~ Optimize Compensator elements l Value Ilmual guessl Minimum | Maximum ITypncal Virr
=] ﬁ SISO Design Task | sldo_model2/Controller
Design History v [ 6.7627 1 -Inf Inf 1
Design Operatinc 2 1 3.4445 0.1 -Inf Inf 1;
#°) Response Optimi v D 11.106 0.1 -Inf Inf 1
| N 100 100 -Inf Inf 1
Right click name to its
St hane Use Value 35 Initial Guess I
R IR _te |
-
|
2|

7  Write the controller parameter values into the Simulink model. To do so, click
Update Simulink Block Parameters in the SISO Design Task node.

See Also: “Design Optimization-Based PID Controller for Linearized Simulink Model
(GUD)” on page 4-15.
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Design Optimization-Based PID Controller for Linearized Simulink Model (GUI)

Design Optimization-Based PID Controller for Linearized
Simulink Model (GUI)

This example shows how to perform optimization-based control design in the Control
System Designer app when you have Control System Toolbox software. You design a
PID controller for a linearized Simulink model.

You accomplish the following tasks:

+  Specify frequency-domain Bode magnitude and phase margin requirements.
* Design an initial controller to meet the frequency-domain requirements.

* Refine the initial controller design to limit the controller output signal.

Model Structure

The Simulink model, sldo model2, contains a Controller block, which is a PID
Controller. This block controls the output of the P1ant subsystem.

E"é—>.—> PID ! B{in1 outt !

Unit Step

Controller Flant

Using the Simulink Control Design software, the model has been linearized at the
operating point specified in the model. The s1do model2.mat file contains a
preconfigured Control System Designer app session, saved after linearizing the model.
To learn more about linearizing Simulink models for control design, see “Control System
Design and Tuning” (Simulink Control Design).

The Plant subsystem is modeled as a second-order system with delay. It contains
Transfer Function and Transport Delay blocks.

: win2 > % @

I s=+2"wl zetas+wi"2 Sutt

Transport Delay

Transfer Fon

To learn more about the blocks, see the Transfer Fen and Transport Delay block
reference pages.
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Design Requirements

The compensator you design must meet the following design requirements:

*  Bode lower magnitude bound of 0 in the frequency range le-3 to 1 rad/sec
* Phase margin greater than 60 degrees
*  Controller output bounds in the range [-250 550]

Configure the Control System Designer App for Optimization-Based
Control Design

To design a linear controller for a Simulink model, first configure a Control System
Designer app session.

1 Open a Control System Designer app session for the linearized Simulink model.
Type the following command at the MATLAB prompt:

controlSystemDesigner ('sldo model2.mat')

sldo model2.mat file contains a preconfigured Control System Designer app
session. This session was saved after Simulink Control Design software linearized
sldo _model2.

The Control System Designer app opens with the following plots:

* Closed-loop step response of the system
+  Output of the Controller block



Design Optimization-Based PID Controller for Linearized Simulink Model (GUI)

(o8 sl

BELEl

4\ Control Systern Designer - T_UnitStep2Controller: step

[ CONTROL SYSTEM

0B = G 9 & & ©
Open Save Edit Multimodel Tuning New Store Retrieve Compare Update  Preferences
. = o y - Plot « - Blocks

FILE | ARCHITECTURE | TUNING METHODS |ANALYSIS | DESIGNS |SIMULINK |PREFERENCES |
Data Browser ® | T_UnitStep2Plant: step o | _J T_UnitStep2Controller: step
w Controllers and Fixed Blocks
sldo_model2_Controller Ster" Response SteP Response
Frorq. sldo_meodel|2/Unit Step/1 To: sldo_model2/Plant’ me"l :Isldo_modelz-'Unit Step/1 To: sldo_model2/Controllg
0.9 10
w Designs 0.8 9
Design2
0.7 B
0.6 7
@ @
=] =]
= 2
5 05 5 6
* Responses £ £
T_UnitStep2Controller < 0.4 < g
T_UnitStep2Plant
Open Loopl 0.3 4
0.2 3
w Preview
0.1 2
0 1
0 20 40 60 B0 100 0 0.02 0.04 0.06 0.08 01
Time (seconds) Time (seconds)

2 To perform response optimization, in the Tuning Methods drop-down list, select
Optimization Based Tuning.

In the Response Optimization window, you can specify controller parameters and
design requirements, and perform optimization.
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Response Optimization

G‘-'EWiEWH Cumpematmsl Design Requiremen‘-‘sl Gp-ti.mi.zati.un|

Chverview

| I
| I

Step 1 | Step 2 I Step 3
| I
| I
' Set optimization I
: options :
| I
Salact | |
compensators o — I |
optimize | |
| L ] |
| I
| I

— Optimize — = \iew results

Select design
requirements

| Start Optimization | | Help |

Design an Initial PID Controller to Meet Bode Magnitude and Phase
Margins Requirements

Specify the Controller Parameters

To specify the controller parameters that are to be optimized:
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Design Optimization-Based PID Controller for Linearized Simulink Model (GUI)

In the Response Optimization window, select the Compensators tab.

Response Op zatio
| 0verview|§ CDmpE"SﬂthSﬂ Design Requirementsl Optimization|
Select compensators to optimize
[7] Optimize Compensator elements | Value | Initial guess | Minimum | Maximurm |Typica\ value

= sldo_model2/Controller
0 Gain 01 01 -Inf Inf 01
0 Real Zero -8.999 -8.999 -Inf Inf -8.999
0 Real Zero -0.10102 -0.10102 -Inf Inf -0.10102
0 Real Pole -100 -100 -Inf Inf -100

The Compensators tab displays the following parameter settings:

* Value — Current controller parameter value
Initial Guess — Initial controller parameter value
* Minimum and Maximum — Controller parameter bounds

+ Typical Value — Scaling factor for the controller parameter

Note Compensator elements or parameters cannot have uncertainty when used with
frequency-domain based response optimization.

The controller parameters appear as poles and zeros in the Compensator elements
column:

*  Gain — Overall gain of the controller

*  Real zeros — Zeros resulting from the differentiator and integrator

Real pole — Pole resulting from the low-pass filter of the differentiator

Tip To view the structure of the Controller block, right-click the block in the
model, and select Mask > Look Under Mask.

Change the PID controller parameters to Simulink block mask parameters format.

Right-click the sldo_model2/Controller row, and select Parameterized format.
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|C..

Overview | Compensaters | Design Reg)

Select compensators to optimize

[7] Optimize Compensator elements | Value | Initial guess |
] sldo_model2/Controll N
& Gain v Pole/Zero format 01
] Real Zero learameterized format | 5o
@] Real Zero ’ 010202 [ -010102
}_ Real Pole 100 | -100

TN

The controller parameters now display as Simulink block mask parameters, P, I,

and D. For more information, see “Design Linear Controllers for Simulink Models”.
To learn more about mask parameters, see “Mask Parameters” (Simulink).
Response Optimization x|

Overview Compensator;| Design Requi + |C. ES—— !

Select compensators to optimize

[7] Optimize Compensater elements | Value Initial guess | Minimum Maximum | Typical value
(& sido_model2/Controller
0 P 1 1 -Inf Inf 1
Il 1 0.1 0.1 -Inf Inf 1
0 D 01 01 -Inf Inf 1
] N 100 100 “Inf Inf 1

3 Select the controller parameters to optimize.

In the Optimize column, select P, I, and D.

Overview Compensator;| Design Requi t: | Optirization|
Select compensators to optimize
[T] Optimize Compensator elements | Value | Initial guess | Minimum | Maximurm |Typica\ value
(=] sldo_model2/Controller
P [ 1 [ 1 !
1 01 01 -Inf Inf 1
W D 0 0
0 M 100 100 -Inf Inf 1
\

Specify Bode Magnitude and Phase Margin Design Requirements
Specify the Bode magnitude lower limit requirement:

1 In the Design requirements tab, click Add new design requirement. A New
Design Requirement dialog box opens.
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oo O AW

In the New Design Requirement dialog box, in the Design requirement type drop-
down list, select Bode magnitude lower limit.

In the Requirement for response drop-down list, select Open Loop 1.
Specify the Frequency range as 1e-3 to 1.
Specify the Magnitude range as 0 to 0.

Click OK.
4\ New Design Requirement EIIEIEI
Design requirermnent type: :Bcn:le magnitude lower limit ":
Requirement for response: .Gpen Loop1 -

Design requirernent parameters

Type: :Constrain systern to be == the bound -

Edge Start Edge End
Freq. (rad...| Mag. (db] | Freq. (rad...| Mag. (db} | Slope (dB...] Weight
1.0000e-03 ] 1 1] ] 1 _
[T

[ Ok ][ Cancel H Help ]

The Bode lower magnitude limit is added to the Design requirements tab.

Response Optirnization x

Design Regirements | Optimization

Select design requirement to satisfy

7] Optimize Response plot Design requirement
P P P 2 [ullizs]
= Open Loop 1
Bode Editor for Open Loop 1 I Lower gain limit from 0,001 te 1 (rad/s)

The Control System Designer app window updates to show the Bode plot in a

Bode Editor. The design requirement is displayed as the black line segment.
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ar Control Design

. T_UnitStep2Plant: step “’I Bode Editor for Open Loopl =

Bode Editor for Open Loop 1
50 : - :
— 0r
0
=
5
= 507
=
on
=
-100 1 G.M.:inf
Freq: Inf
Stable loop
-150
-45
o -90
=
b}
73]
£
£ -136 |
P.M.: 80.4 deg
Freq: 0.505 rad/s
-180
1074 102 10° 102 10*
Frequency (rad/s)

Specify the phase margin requirement:

1  Right-click within the white space of the Bode plot, and select Design
Requirements > New to open the New Design Requirement dialog box.
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2

3

Bode Editor for Open Loop 1

T_UnitStep2Plant: step KI Bode Editor for Open Loopl 2

Mew...
[:?Edit...

Frequency (rad/s)

50
— 07
[ui]
=
2
= ~-a0
=
o
[0
= 3
400 | G.M.: inf Add PolefZero
Freq: Inf Delete Pole/Zero
Stable loop Edit Compensator...
-150 3ain Target r
-45
Show r
Multimodel Display  *
290 Design Requirements #
=
@ Grid
@ Full View
=135
S Properties...
P.M.: 80.4 deg
Freq: 0.505 rad/s
-180 — -~
104 102 10° 102 10*

In the New Design Requirement dialog box, in the Design requirement type drop-

down list, select Gain & phase margins.

Select the Phase margin check box, and specify the phase margin as 60.
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o

-_‘L Mew Design Requirement = ||-E] &]

Design requirement t_l.rpe::Gain & Phase margins v:

Design requirernent parameters

20| dB

Phase margin = a0 | de
g g

| ok || Close || Help |

4 Click OK.

In the Response Optimization window, the Design requirements tab updates to
display the phase margin requirement.

Response Optimization b4

| Dverviewl Compensators| Design Requirements | Optimization|

Select design requirement to satisfy
[7] Optimize Response plot Design requirement
Ol Open Loop 1
Bode Editor for Open Loop 1 Lower gain limit from 0.001 to 1 (rad/s)
Bode Editor for Open Loop 1 PM = 60 (deg)

In the app, in the Bode Editor, the plot updates to display the phase margin
requirement.
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Bode Editor for Open Loop 1

50
— 0r
o
—
5
3 -50 PM = 60 (deg)
=
on
4]
=
100 F G.ML: inf
Freq: Inf
Stable loop
=150
45
=80
-
@
73]
£
&£ 135 |
P.M.: 80.4 deg
Freq: 0.505 rad/s
-180
107 107 10" 10° 10°

Design the Controller

Frequency (rad/s)

To design the controller with specified design requirements:

1

In the Response Optimization window, in the Optimization tab, click Start

Optimization.
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At every optimization iteration, the default optimization method, Gradient
descent, reduces the distance between the current response and the magnitude
requirement line segment by modifying the controller parameters. Simultaneously,
the software also computes the phase margin and reduces the distance between the
current response and the phase margin. To learn more about the available
optimization methods, click Optimization Options, and then click Help in the
Options dialog box.

After the optimization completes, the Optimization tab displays the optimization
iterations and status.

Response Optimization

| Dvewi.ewl Compensatmsl Design Requirements| Optimizatior1|

Optimization Progress

Iteration Eval-Count Cost function | Constraint vio... Step size Procedure [ Optimization options... ]
0 7 0 5712
1 14 0 1777 8,36 [ Display options... ]
2 21 0 1.697 121 Hessian modi...
3 28 0 0 217
Constructing optimization problem...
Optimization started 02-Dec-2015 17:04:04
Optimization finished 02-Dec-2015 17:05:01
Successful termination.
Found a feasible or optimal seluticn within the specified toclerances.
| Start Optimization | [ Help ]

The status message, Successful termination, indicates that the optimization
method found a solution that meets the design requirements. For more information
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about the outputs displayed in the Optimization progress table, see “Iterative
Display” (Optimization Toolbox).

2 Examine the controller parameters and the system response:
a Inthe Compensator tab, view the optimized parameter values in the Value

column.
Response Optimization

Overview | Compensators | Design Requilemenisl Optimizatiun|

Select compensators to optimize

Optimize Compensator elements | Value | Initial guess | Minimum | Maximum | Typical value
sido_model2/Controller
P 6.7627 1 -Inf Inf 1
I 3.4445 0.1 -Inf Inf 1
D 11.106 01 -Inf Inf 1
M 100 100 -Inf Inf 1

Right click on a compensator name to change its representation. -
Use Value as Initial guess

| Start Optimization | | Help |

b Examine the system response on the following plots:

*  The Bode plot:
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Bode Editor for Open Loop 1

&0
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=
o
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-180
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Frequency (rad/s)

* The magnitude of the system, displayed as the blue curve in the top plot,
lies outside the yellow region. This indicates that the system has met the
Bode magnitude requirement.

* The phase plot displays the phase margin (P.M.) value of 86.1 degrees.
This indicates that the system has met the phase margin design
requirement of greater than 60 degrees.

Closed-loop step response of the system:
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_J’ T_UnitStep2Plant: step 1 Bode Editor for Open Loopl X |

Step Response
From: Unit Step To: Plant
1.2 T - -
1
08
@
=
=
= 06
E
<
0.4r
0.2 |
0 . . . . .
0 1 2 3 4 5 i

Time (seconds)

The plot shows that the closed-loop response of the system is stable. The
system with the designed controller thus meets both the magnitude and

phase margin requirements.
*  Output of the Controller block:
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|. T_UnitStep2Controller: step = |

Step Response
From: Unit Step To: Cont @ @ '@' El

1200

1000 r

800 |

600 |

Amplitude

400 r

200 |

=200 ' : ' ’ '
0 0.01 0.02 0.03 0.04 0.05 0.06

Time (seconds)

The plot shows that the peak value of the controller output is about 1100,
which is large and can damage the plant. To limit the controller output,
apply lower and upper bounds on the signal, as specified in “Design
Requirements” on page 4-16.
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Refine the Controller Design to Meet Controller Output Bounds

To tune the compensator parameters to meet the bounds on the controller output:

1 Add an upper-bound on the controller output:

a In the controller output plot, right-click the white area, and select Design
requirement > New.

[ T_UnitStep2Controller: step 1

Step Response
From: Unit Step To: Cont @ @ "ﬂ' El
1200 - T - T
Systems r
1000 | Y
Characteristics *
Multimodel Display  *
8O0 T Design Requirements | Mew...
Grid &it
Mormalize
D 6007
= ¥ Full View
E— Properties ...
< 400
200 |
0
-200

0 0.01 0.02 0.03 0.04 005 0.06
Time (seconds)
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b In the New Design Requirement dialog box, in the Design requirement type
drop-down list, select Upper time response bound.

¢ Specify the Time range as 0 to Inf.

d Specify the Amplitude range as 550 to 550.

e Click OK.

2 Add a lower-bound on the controller output:

a In controller output plot, right-click the white area, and select Design
requirement > New.

b In the New Design Requirement dialog box, in the Design requirement type
drop-down list, select Lower time response bound.
Specify the Time range as 0 to Inf.
Specify the Amplitude range as -250 to -250.

e Click OK.

In the Response Optimization window, the Design requirements tab updates to

display the bounds on the controller output.

Recponze Optimization

| D'.rewi.ewl Cumpensaturs| Design Requirements | Gptimi.za.ti.un|

Select design requirement to satisfy

[] Optirnize Response plot | Design requirernent
] Open Loop 1
Bode Editor for Open Loop 1 Lower gain limit from 0,001 to 1 (rad,s)
Bode Editor for Open Loop 1 PM = 60 (deg)
= T_UnitStep2Controller
Step Response Upper time response bound from 0 to 10 ...
Step Response Lower time response bound from 0 to 10 ...
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The plot of the output of the Controller block displays the new design
requirements.




Design Optimization-Based PID Controller for Linearized Simulink Model (GUI)

Amplitude

Step Response
From: Unit Step To: Controller

e—
= LI
-400
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3 Optimize the parameters to meet the design requirements on the controller output:

In the Response Optimization window, in the Compensators tab, select the

a
rows containing P, I, and D, and click Use Value as Initial Guess.
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Response Optimization

Owerview | Compensators | Design R,equiremenis| Optimizatian|

Select compensators to optimize

Optimize Compensator elements | Value | Initial guess | Minimurm Maximurn | Typical value
model2/Controller
'1'."
o
i
M 100 100 ~Inf Inf 1

Right click on a compensator name to change its representation.

Use Value as Initial guess
[

Start Optimization | | Help |

g

The values in the Initial Guess column update. When you run the optimization
again, the optimization method uses the updated parameter values as the

starting point for refining the values.
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Response Optimization x
Owerview | Compensators | Design Requiremenisl Dptimizatiun|

Select compensators to optimize

[C] Optim... Cormpensator elements Value | Initial gu...| Minimum | Maximum | Typical v...

sldo_model2/Controller

67627 67627
34445 34445
11106 11106

b Inthe Optimization tab, click Start Optimization. At every optimization
iteration, the optimization method reduces the distance between the current
response and the upper and lower bounds on the signal. After the optimization
completes, the Optimization tab displays the optimization iterations and
status.
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Response Optimization

Overview | Compensators | Design Requirements | Optimization

Optimization Progress

l

Iteration | Eval-Count| Cost func...| Constrain...| Stepsize | Procedure ’ Optimization options...
0 14 0 1.031
1 28 a a 5.67 ’ Display options...

l

Successful termination.

Constructing optimization preblem...
Optimization started 02-Dec-2015 17:59:58
Optimization finished 02-Dec-2015 18:00:38

Found a feasible or optimal soluticn within the specified tolerances.

Start Optirnization ” Help ]

The status message, Successful termination, indicates that the
optimization method found a solution that meets the design requirements.

4 Examine the response plots.

The Bode plots show that after refining the design, the system continues to meet the
magnitude and phase margin requirements specified in “Design Requirements” on

page 4-16.
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Bode Editor for Open Loop 1
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Verify that the closed-loop response of the system remains stable after refining the
controller design.
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Step Response
From: Unit Step To: Plant
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The plot of the output of the Controller block shows that the output lies between
550 and -250, and thus meets the design requirement on the bounds of the controller

output.
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Step Response
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Examine the parameter values of the optimized controller.

In the Response Optimization window, in the Compensators tab, view the
optimized controller parameter values in the Value column.
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Response Optimization x

Owverview | Compensators | Design Requirernents | Optirization

Select compensators to optimize

[C] Optim... Compensator elements Value
sldo_model2/Controller
p 6.706
34445
D 54329

Initial gu... | Minimum | Maximum | Typical v...

6.7627 -Inf Inf
3.4445 -Inf Inf
11.106 -Inf Inf
100 -Inf Inf

Ol ==l =&
===

6  Write the optimized controller parameter values to the Controller block in the
Simulink model.

In the Control System Designer app, click Update Blocks.

4\ Control System Designer - T_UnitStep2Plant: step

CONTROL SY'STEM WIEW

7 Save a session with the optimized controller parameters.

In the Control System Designer app, select Save Session, and specify a name for
the session.

See Also

More About

. “Design Linear Controllers for Simulink Models”
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See Also

“Optimize LTI System to Meet Frequency-Domain Requirements”

4-41






