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* “Model Requirements for Importing Data” on page 1-2

e “Import Data (GUI)” on page 1-4
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Model Requirements for Importing Data
Before you can analyze and preprocess the estimation data, you must assign
the data to the model’s channels. In order to assign the data, the Simulink®

model must contains one of the following elements:

® Top-level Inport block

Note You do not need an Inport block if your model already contains a
fixed input block, such as a Step block.

® Top-level Outport block

® Logged signal. The logged signal can be a top-level signal in the model
or a signal in the model subsystem.

To enable signal logging, right-click the signal and select Signal
Properties. In the Signal Properties dialog box, select the Log signal
data check box. For more information, see “Export Signal Data Using
Signal Logging” in the Simulink documentation.

In the Control and Estimation Tools Manager GUI, the rows in the Input
Data tab correspond to the model’s top-level Inport blocks.

i:k Waorkspace Input Data | Qutput Data | State Data
—E Project - engine_idle_speed
— Estiration Task

Assign data to blocks

- Transient Data Input Data
[] engine_idle_speed/BPAV
'[@ Variables Channel - 1 |

Similarly, the rows in the Output Data tab correspond to either the top-level
Outport blocks or logged signals in the model.

Adding an Inport or Outport block or marking a signal for logging creates a
new row in the corresponding Input Data or Output Data tab. You can use
the new row to import estimation data for the corresponding signal. To view
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the new row, click Update Task in the Estimation Task node of the Control
and Estimation Tools Manager GUI.

More About

“Supported Data”
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Import Data (GUI)

In this section...

“Creating an Estimation Project” on page 1-4

“Importing Time-Domain Data into the GUI” on page 1-6
“Importing Time-Series Data into the GUI” on page 1-10
“Importing Complex Data into the GUI” on page 1-10

Creating an Estimation Project

Before you begin data import, you must create and set up an estimation
project by configuring the appropriate parameters, solvers, and cost functions.
Simulink Design Optimization™ software provides a Graphical User Interface
(GUI) that makes setting up the estimation project quick and easy.
To create an estimation project:
1 Open the nonlinear idle speed model of an automotive engine by typing :
engine_idle_speed
at the MATLAB® prompt.

The model appears as shown next.

Idle Speed Engine Model

@ Monlinearities  Linear Dynamics @
—™

Fiu) gaint Idle
Violtage L] den(s) Spesd
Transfer Fon
|, gsin2
BFAY denis) Engine Spesd
Trans port x"2 Transfer Fenl
Delay
Plu) gsind
Farameter Estimation OfF)=3 denis)
GUI with preload data =3 Transfer Fon2

GUI tz run an estimation.




Import Data (GUI)

The model contains the Inport block BPAV and Outport block Engine Speed
for importing input and output data, respectively. To learn more, see

“Model Requirements for Importing Data” on page 1-2.

2 Open the Control and Estimation Tools Manager GUI by selecting
Analysis > Parameter Estimation in the Simulink model window.

E! Control and Estimation Tools Manager

i =] .
File Wiew Help
D=2 HE|
4:\ Workspace Task setting:
=T Project - engine_idle_speed Title: I
E-E) & _
Transient Data Subject: I
g Wariables Author: I
1 a Estimation
Ea Walidation Campany! I
Description: ;I
=
Madel: engine_idle_speed Open Maodel Update Task |
4
[
Select the nodes below ko configure and run estimations. v

Control and Estimation Tools Manager GUI

The project tree displays the project name Project - engine_idle_speed.

Estimation tasks are organized inside the Estimation Task node.

Note The Simulink model must remain open to perform parameter

estimation tasks.

1-5
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Importing Time-Domain Data into the GUI

After you create an estimation project, as described in “Creating an
Estimation Project” on page 1-4, you can import the estimation data into
the GUI. To learn more about the types of data for parameter estimation,
see “Supported Data”.

To import transient (measured) data for your dynamic system:

1 In the Control and Estimation Tools Manager, select Transient Data
under the Estimation Task node of the Workspace tree.

2 Right-click Transient Data and select New to create a New Data node.

Alternatively, you can use the New button to create this node.

=) Control and Estimation Tools Manager = 3]

File Wiew Help

ct D= 3 [[E

4:\ Workspace ~Transient data set:
E_EI Project - engine_idle_speed Name Froperties |
(=13 Estimation Task ;I
W@ Trarsient Data
‘ariables
Estimation
[a Walidation
=
Drescription:
=
[
New | Delete | Edit... |
- Mew Data nodz has been added ko Transient Data, ;I
- Mews Data node has been added ko Transient Data, j
-
Transient data sets are skored in this folder. Press Mew' to create a new data set &

3 Select the New Data node under the Transient Data node.
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The Control and Estimation Tools Manager GUI now resembles the next

figure.
E! Control and Estimation Tools Manager =] 3]
File Wiew Help
-
S 0S|
4:\ Warkspace Input Data I Qutput Datal Stabe Daka |
=gl Project - engine_idle_speed —Assign data ta blacks
=+ E3) Estimation Task. - -

E|- Transient Data Block Mame I Data I Time | Ts | ‘Weight I Length

: BHfriey Data ine_idle_ BPAY

[ Warisbles Channel - 1 [ | | L | -

[#-L g Eskimation

Ea Walidation

Impott. .. Pre-process, .. Flot Drata Clear all |
— New Data node has been added to Transient Data. ﬂ
[

Select the tabbed panels ta configure the transient data set. 4

Import Data into the Control and Estimation Tools Manager

The table rows in the Input Data tab corresponds to the Inport block BPAV
in the engine_idle_speed model. Similarly, the rows in the Output Data
tab corresponds to the Outport block Engine Speed.

Note The Simulink model must contain an Inport or Outport block or
logged signals to enable importing data. For more information, see “Model
Requirements for Importing Data” on page 1-2.

The idle-speed model of an automotive engine contains the measured data
stored in the iodata array. The array contains two columns: the first for

1-7
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input data, and the second for output data. You must import both the input
and the output data, as described in the following sections:

® “‘Importing Input Data and Time Vector” on page 1-8
e “Importing Output Data and Time Vector” on page 1-9

Importing Input Data and Time Vector
To import the input data for the port BPAV:

1 In the New Data node, click the Input Data tab.

2 Right-click the Data cell and select Import to open the Data Import dialog
box. Alternatively, you can use the Import button to open this dialog box.

=) Control and Estimation Tools Manager
File Wiew Help

=10 x|
D=2 HE|
. workspace Inpuit Data | Qutput Data | State Data |
EG Project - engine_idle_speed ~#issign data to blacks
=2 - Estirnation Task
Transient Data Block Mame I Data I Time | Ts | Weight I Length
] ‘;\:,3] Mew Data engine_idle_speed BPAY
Yariables Channel - 1 [ 1 | i
-0 Fstimation L tmeort
- [Cg validation Export. .
Pre-process...
Flok Data
Clear Al
Impart... Pre-process... Flok Data Clear all |
- Mew Data nodz has been added ko Transient Data, ;I
- Mews Data node has been added ko Transient Data,
-
Select the tabbed panels ta configure the transient data set. &

3 In the Data Import dialog box, select iodata from the list of variables.

1-8
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x
Import From; I Warkspace VI
Yariahle Mame I Size | Eytes | Class |
HH gainz 1x1 & double &l
@iodata 7801x2 120016 double
@mean_speed 1x1 8 douhle
@time 7a01x1  BO002 double j

* Assign the Following columns ko selected channel(s): |[1:2]

™ Assign the Following rows ko selected channel(s): I[l:?SDl:

Impork | Close I Help I

4 Enter 1 in the Assign the following columns to selected channel(s)
field, and then click Import.

5 In the Input Data tab, select the Time/Ts cell.

6 Select time in the Data Import dialog box.

7 Click Import to import the time vector for the input data.
8 Click Close to close the Data Import dialog box.

Importing Output Data and Time Vector
To import the output data for the port Engine Speed:

1 In the New Data node, select the Output Data tab.

2 Right-click the Data cell and select Import to open the Data Import dialog
box.

3 In the Data Import dialog box, select iodata from the list of variables.

4 Enter 2 in the Assign the following columns to selected channel(s)
field to use the second column of iodata, and then click Import.

5 In the Output Data tab, select the Time/T's cell.

1-9
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6 Select time in the Data Import dialog box.
7 Click Import to import the time vector for the output data.

8 Click Close to close the Data Import dialog box.

Importing Time-Series Data into the GUI

Time-series data is stored in time-series objects. For more information, see
“Time Series Objects” in the MATLAB documentation.

When you import time-series data for parameter estimation, specify the data
and time vector as t.data and t.time in the Data and Time/Ts columns of the
New Data node, respectively. For more information on how to import data
into the GUI, see “Importing Time-Domain Data into the GUI” on page 1-6.

Importing Complex Data into the GUI

Complex-valued data is data whose value is a complex number. For example,
a signal with the value 1+2j is complex. You can use complex data to estimate
parameters of electrical systems, such as the magnitude and phase.

Note You must sample the real and imaginary parts of the data as a function
of the same time vector.

To use complex data for parameter estimation:

1 Split the data into two data sets that contain the real and imaginary parts.
To split the data, use the MATLAB functions real, and imag.

2 Import both data sets into the GUI, as described in “Importing
Time-Domain Data into the GUI” on page 1-6.

3 Specify both the data sets together as estimation data, as described in
“Specify Estimation Data” on page 2-3.

4 Estimate the parameters, as described in “Run Estimation” on page 2-39.
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Plot and Analyze Data (GUI)

In this section...

“Why Plot the Data Before Parameter Estimation” on page 1-11
“How To Plot Data in the GUI” on page 1-11

Why Plot the Data Before Parameter Estimation

After you import the estimation data, as described in “Import Data (GUI)” on
page 1-4, it is useful to remove outliers, smooth, detrend, or otherwise treat
the data to make it more tractable for analysis and estimation purposes. To
view and analyze the data characteristics, you must plot the data on a time
plot.

How To Plot Data in the GUI

To plot a data set, select the Data cell that you want to plot in the Transient
Data node of the Control and Estimation Tools Manager GUI, and click
Plot Data.
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E! Control and Estimation Tools Manager

_laolx
File View Help
l, workspace InputData OutputData | State Data |
=gl Project - engine_idle_speec ~Assign data to blocks
ey
Block Mame I Data I Time [ Ts I Weight | Length
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34 variables Channel - 1 time(:, 1) [ 1 [ 7s01/7501
-| g} Estimation
[ validation
Import... Pre-process... Clear All |
4 | 2]
- New Data node has been added to Transient Data. ﬂ
[
Select the tabbed panels to configure the transient data set. 4

The data is plotted on a time plot, as shown in the next figure.
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Using the time plot, you can examine the data characteristics such as noise,
outliers and portions of the data to use for estimating parameters. After you
analyze the data, you preprocess the data as described in “Preprocess Data
(GUI)” on page 1-15.
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Ways to Preprocess Data

After you import the estimation data, as described in “Import Data (GUI)” on
page 1-4, you can perform the following preprocessing operations using the
Data Preprocessing Tool in Simulink Design Optimization software:

e Exclusion — Exclude a portion of the data from the estimation process. You
can exclude data by:
= Selecting it with your mouse.
= Graphically by selecting regions on a plot.
= Using rules, such as upper or lower bounds.

¢ Handle missing data — Remove missing data, or compute missing data
using interpolation.

¢ Handle outliers — Remove outliers.
¢ Detrend — Remove mean values or a straight line trend.

¢ Filter — Smooth data using a first-order filter, an arbitrary transfer
function, or an ideal filter.
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Preprocess Data (GUI)

In this section...

“Opening the Data Preprocessing Tool” on page 1-15
“Handling Missing Data” on page 1-17

“Handling Outliers” on page 1-19

“Detrending Data” on page 1-19

“Filtering Data” on page 1-19

“Selecting Data” on page 1-21

Opening the Data Preprocessing Tool

To open the Data Preprocessing Tool:

1 In the Control and Estimation Tools Manager GUI, select the Transient
Data node under the Estimation Task node, and then choose the data you
want to preprocess either in the Input Data, or Output Data tab. This
enables the Pre-process button.
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E! Control and Estimation Tools Manager
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2 Click Pre-process to open the Data Preprocessing Tool.
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Tip When you have multiple data sets, select the data set that you want
to preprocess from the Modify data from drop-down list in the Data
Preprocessing Tool.

In this section, the sample data set imported for preprocessing is the same as
used in the engine_idle_ speed Simulink model. For an overview of creating
estimation projects and importing data sets, see “Model Requirements for
Importing Data” on page 1-2, and “Creating an Estimation Project” on page
1-4.

Handling Missing Data

¢ “Removing Missing Data” on page 1-18
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1-18

® “Interpolating Missing Data” on page 1-18

Removing Missing Data

Rows of missing or excluded data are represented by NaNs. To remove the rows
containing missing or excluded data, select the Remove rows where check
box in the Missing Data Handling area of the Data Preprocessing Tool GUI.

IMissing Data Handling

al = | datais excluded or missing [~ Interpolate missing values using interpolation method | zob -

When the data set contains multiple columns of data, select all to remove
rows in which all the data is excluded. Select any to remove any excluded cell.
In the case of one-column data, any and all are equivalent.

Tip You can view the modified data in the Modified data tab of the Data
Preprocessing Tool GUI.

Interpolating Missing Data

The interpolation operation computes the missing data values using known
data values. When you select the Interpolate missing values using
interpolation method check box in the Missing Data Handling area of
the Data Preprocessing Tool GUI, the software interpolates the missing
data values.

Missing Diata Handling

[~ Remove rows where | &l = | data is excluded or missing v Interpolate missing values using interpolation method : I zoh - I

You can compute the missing data values using one of the following
interpolation methods:

® Zero-order hold (zoh) — Fills the missing data sample with the data value
immediately preceding it.

® Linear interpolation (Linear) — Fills the missing data sample with the
average of the data values immediately preceding and following it.
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By default, the interpolation method is set to zoh. You can select the
Linear interpolation method from the Interpolate missing values using
interpolation method drop-down list.

Tip You can view the results of interpolation in the Modified data tab of the
Data Preprocessing Tool GUI.

Handling 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 may not be accurate.

To remove outliers, select the Outliers check box to activate outlier exclusion.
You can set the Window length to any positive integer, and use confidence
limits from 0 to 100%. The window length specifies the number of data points
used when calculating outliers.

Removing outliers replaces the data samples containing outliers with NaNs,
which you can interpolate in a subsequent operation. To learn more, see
“Interpolating Missing Data” on page 1-18.

Detrending Data

To detrend, select the Detrending check box. You can choose constant or
straight line detrending. Constant detrending removes the mean of the data
to create zero-mean data. Straight line detrending finds linear trends (in the
least-squares sense) and then removes them.

Filtering Data

e “Types of Filters” on page 1-19
e “How to Filter Data” on page 1-20

Types of Filters

You have these choices for filtering your data:
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. 1
First order — A filter of the type
s+1

where T is the time constant that you specify in the associated field.

Transfer function — A filter of the type

n n-1
a,s +an_18 +...+a0
-1

by,s™ b, 18"+ + by
where you specify the coefficients as vectors in the associated A
coefficients and B coefficients fields.

Ideal — An idealized (noncausal) filter, either stop or pass band. Specify
either filter as a two-element vector in the Range (Hz) field. These filters
are ideal in the sense that there is no finite rolloff or ripple; the ends of the
ranges are perfectly horizontal in the frequency domain.

How to Filter Data

To filter the data to remove noise, select the Detrend/Filtering tab in the
Data Preprocessing Tool GUI. Select the Filtering check box, and choose the
type of filter from the Select filter type drop-down list.

Exclusion Rules  Detrend|Filtering |
[T Detrending {* | Constant

(" Straight Line
¥ Filtering  Seleck filker bype -
First arder filker with time conskankt IlEI
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Selecting Data

e “Techniques for Excluding Data in the Data Preprocessing Tool” on page
1-21

® “Graphically Selecting Data” on page 1-21

e “Using Rules to Select Data Samples” on page 1-24

e “Using the Data Table to Select Data Samples” on page 1-26

Techniques for Excluding Data in the Data Preprocessing Tool
You can use the Data Preprocessing Tool to select a portion of the data to be
excluded from the estimation process. You can choose one of the following
techniques:

e Selecting data from the Data Editing Table.

e Selecting data from a plot of the data.

® Specifying a rule.

You accomplish the first two manually, and for the last you specify a rule.
When you exclude data using manual selection, the excluded data is shown
as red. When you exclude data using a rule, the background color of the cell

becomes gray. When a portion of the data is excluded both manually and by a
rule, the data is red, and the background is gray.

Note Changes in data are visible everywhere. When you use the Data
Editing table, you can view the results in the data plot.

Graphically Selecting Data

You can exclude data graphically. Click Exclude Graphically to open the
Select Points for Preprocessing Rule window.
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+) Select Points for Preprocessing Rule - |E||5|
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1000 2000 23000 4000 5000 G000 FOO0
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The way you exclude data is similar to the way you select a region for
zooming: place your cursor in the Input Data plot and drag the mouse to
draw a region of exclusion.

This figure shows an example of resulting data exclusion in the input data.
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+) Select Points for Preprocessing Rule : - | Ellﬂ

Input Data

The excluded area
is red in the Input
Data plot.

_ Specify Axes

X Time
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— Selection Time (sec)
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Selecting points:
% Excludes them Output Data

By default, In the
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the excluded input
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T T
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In the Output Data plot, the excluded input data produces a blank area by
default. This corresponds to the NaNs that now represent excluded data. If
you choose to interpolate or remove the excluded data, the output data shows
the interpolated points.

When you make changes in the Select Points for Preprocessing Rule window,
they immediately appear in the Data Editing pane, and vice versa.

Selection Pane. By default, any box that you draw with your mouse selects
data for exclusion, but you can toggle between exclusion and inclusion using
the Selection pane on the left side of the Select Points for Preprocessing
Rule window.
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— Selection
Selecting points:
Use these radio buttons fo toggle between
inc|ut|'|ng and exduding selected data.

{*' Excludes them_—______

" Includes them

Use these buttons to include or exclude all

Include All | T — Ihe dﬂfﬂ.
Exclude Al |

Using Rules to Select Data Samples

A more precise way to exclude data is to use mathematical rules. The
Exclusion Rules pane in the Data Preprocessing Tool allows you to enter
customized rules for excluding data.

Exclusion Rules | DetrendfFiIteringl

Exclude X: |<= 'I I Exclude X: I:: VI I
Exclude " |<= 'I I Exclude |:== vl I

[~ Gutliers

Windovy length: |2III

Confidence limits (%) |95

[~ maTLAE expression Ias[x)>1
™ Flatines indow: |22

These are the rules you can use to exclude data:

® “Upper and Lower Bounds” on page 1-25
e “MATLAB Expressions” on page 1-25
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¢ “Flatlines” on page 1-25

Upper and Lower Bounds. Select the Bounds check box to activate upper
and lower bound exclusion. Enter numbers in the Exclude X and Exclude
Y fields for upper and lower bound exclusion. By default, the exclusion rule
1s to include the boundary values, but you can use the menu to exclude the
boundaries as well.

MATLAB Expressions. Use the MATLAB expression field to enter any
mathematical expression using MATLAB code. Use x as the variable name in
your expression for the data being tested.

Flatlines. If you have areas of your data set where the data is constant,
providing no new information, then you can choose to exclude those data
points as flatlines. The Window length field sets the minimum number of
constant data points required to define the area as a flatline.
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Example of Rule Exclusion. This figure shows data with a region of the
x-axis excluded.
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Using the Data Table to Select Data Samples

The Data Editing table lists both the raw data set and the modified data
that you create.
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Diata Editing

Raw data | Macified data |
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Exclude Graphically J’

Use your mouse to seledt groups of
cells for exclusion. Selected celks
become blue. Right-click and select
Exclude. The background becomes
white, but the numbers are now red.

Click this button 1o view the data
graphically.

There are two tabs in the Data Editing pane: Raw data and Modified
data. The Raw Data pane shows the working copy of the data. For example,
if you exclude rows of data in the Raw data pane, the corresponding rows
of numbers become red in this table. By default the Modified data pane
represents the rows you removed by inserting NaNs.
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~Data Editing
Raw data  Modified data
Titne (ecs) iodatal: 1)*
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&850 [
GEEN] [
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- Excluded by arule
M anually excluded

By default, data that you excluded from the
Raw Data table is represented by Nals in
the Modified Data tabk. If you choose to
interpolate or remove missing data, the
results of that action are shown in the
Modified Datu fable.

In the Modified data pane, you can choose to remove the excluded data
completely or interpolate it. See “Handling Missing Data” on page 1-17 for

more information.

After you select data for exclusion, you can view it graphically by clicking
Exclude Graphically.
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As you make changes in the Data Editing pane, they immediately appear in
the Select Points for Preprocessing Rule window, and vice versa.
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Add Preprocessed Data Sets to Estimation Project (GUI)

After you preprocess the data using the techniques described in “Ways to
Preprocess Data” on page 1-14, you can add the data set to an estimation
project either by overwriting an existing data set or creating a new data set.

In this section...

“Overwriting an Existing Data Set” on page 1-30

“Creating a New Data Set” on page 1-31

Overwriting an Existing Data Set

To overwrite an existing data set with the preprocessed data:

1 In the Write results to area of the Data Preprocessing Tool GUI, select
the existing dataset option.

2 Choose the data set you want to overwrite from the drop-down list.

Madify data Fram I...eed,l'Engine Speed VI Writs results bo: €% existing datasst  |...w Data + i new dataset IDatasetl

Mew Daka k
Data Editing [ M

3 Click Add.

This action overwrites the selected data set with the modified data in the
Control and Estimation Tools Manager GUI.
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E! Control and Estimation Tools Manager =] 3]
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Tip You can export the preprocessed data to the MATLAB Workspace, as
described in “Export Prepared Data to the MATLAB Workspace” on page 1-33.

Creating a New Data Set

If you do not want to overwrite an existing data set with the preprocessed
data, as described in “Overwriting an Existing Data Set” on page 1-30, you
can create a new data set for the preprocessed data:

1 In the Write results to area of the Data Preprocessing Tool GUI, select
the new dataset option.

2 Specify the name of the data set in the adjacent field.
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Modify data fram I ..eed/Engine Speed « l Wite results ko 7 existing dataset Iw Data VI % new dataset

3 Click Add.

This action adds a new data node in the Control and Estimation Tools
Manager GUI containing the modified data.

E! Control and Estimation Tools Manager

=10l =]
File Wiew Help
=
S50[S | |[E
. workspace Input Data Output Data | State Data |
EG Project - engine_idle_speed ~assign data to blacks
E|- Estimation Task
D[ Transient Data Block Mame I Data I Time | Ts | ‘Weight I Length
] News Data engine_idle_speed/Engine Speed
I Dot Channel - 1 time:, 1)* [ 1 [ 75017501
‘ariables
Estimation
Ea Walidation
Impott. .. Pre-process... Plot Data Clear all |
— New Data node has been added to Transient Data. ﬂ
[
Select the tabbed panels ta configure the transient data set. 4

Tip You can export the preprocessed data to the MATLAB Workspace, as
described in “Export Prepared Data to the MATLAB Workspace” on page 1-33.
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Export Prepared Data to the MATLAB Workspace

After you add the preprocessed data to an estimation project, as described in
“Add Preprocessed Data Sets to Estimation Project (GUI)” on page 1-30, you
can export the data set to the MATLAB Workspace. You can use the data to
further prepare it or estimate parameters using the data.

1 In the Transient Data node of the Control and Estimation Tools Manager
GUI, select the node containing the prepared data set.

2 Right-click the table Data cell containing the data that you want to export,
and select Export.

The Export to Workspace dialog box opens.

3 Specify the MATLAB variable names for the prepared data and the
corresponding time vector in the Data and Time fields, respectively.

_Io/x]
[V Data pata
v Time timeﬂll
OK | Cancel
4 Click OK.

The resulting MATLAB variables data and time4 appear in the MATLAB
Workspace browser.
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Parameter Estimation

e “Specify Estimation Data” on page 2-3

® “Specify Parameters to Estimate” on page 2-7

® “Specify Independent Parameters to Estimate” on page 2-15
® “Specify Known Initial States” on page 2-19

® “Progress Plots” on page 2-22

¢ “Estimation and Simulation Options” on page 2-26

® “Progress Display Options” on page 2-38

¢ “Run Estimation” on page 2-39

e “Model Validation” on page 2-43

¢ “Load and Import Validation Data” on page 2-44

® “Compare Measured and Simulated Responses” on page 2-47
® “Compare Residuals” on page 2-51

e “Accelerating Model Simulations During Estimation” on page 2-53
® “Speedup Using Parallel Computing” on page 2-55

¢ “How to Use Parallel Computing” on page 2-59

¢ “Estimating Initial Conditions for Blocks with External Initial Conditions”
on page 2-69

¢ “Estimate Model Parameters and Initial States (GUI)” on page 2-70
¢ “Estimation Projects” on page 2-81

e “How the Software Formulates Parameter Estimation as an Optimization
Problem” on page 2-86
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“Writing a Cost Function” on page 2-96

“Gradient Computations” on page 2-103

“Estimate Model Parameter Values (Code)” on page 2-104

“Estimate Model Parameters and Initial States (Code)” on page 2-116

“Estimate Model Parameters using Multiple Experiments (Code)” on page
2-127

“Estimate Model Parameters Per Experiment (Code)” on page 2-140

“Estimate Model Parameters with Parameter Constraints (Code)” on page
2-155

“Estimate Parameters Using Parameter Estimation Objects” on page 2-166
“Estimate Model Parameter Values (GUI)” on page 2-194

“F14 Parameters and Initial State Estimation (Code)” on page 2-206

“RC Circuit Parameters and Initial State Estimation (Code)” on page 2-218
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Specify Estimation Data

In this section...

“Creating an Estimation Task” on page 2-3

“How to Specify Data” on page 2-4

Creating an Estimation Task

After you import the transient data, as described in “Import Data (GUI)” on
page 1-4, you must create an estimation task and configure the estimation
settings. If your data contains noise or outliers, you must also preprocess the
data, as described in “Preprocess Data (GUI)” on page 1-15.

To create a container that stores the estimation settings:

1 In the Control and Estimation Tools Manager, right-click the Estimation
node in the Workspace tree and select New.

2 Select the New Estimation node.

The Control and Estimation Tools Manager now resembles the next figure.
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s L

How to Specify Data

After you select the New Estimation node, the Data Sets tab appears. Here
you select the data set that you want to use in the estimation.

Select the Selected check box to the right of the New Data data set.
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E! Control and Estimation Tools Manager =] 3]
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Select the tab panels to configure your estimation.

s L L

Note If you imported multiple data sets, you can select them for estimation
by selecting the check box to the right of each desired data set. When using
several data sets, you increase the estimation precision. However, you also
increase the number of required simulations: for N parameters and M data
sets, there are M*(2N+1) simulations per iteration.

Then, specify the weight of each output from this model by setting the Weight
column in the QOutput data weights table.

The relative weights are used to place more or less emphasis on specific
output variables. The following are a few guidelines for specifying weights:

® Use less weight when an output is noisy.

¢ Use more weight when an output strongly affects parameters.
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e Use more weight when it is more important to accurately match this model
output to the data.
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Specify Parameters to Estimate

In this section...

“Choosing Which Parameters to Estimate First” on page 2-7
“How to Specify Parameters for Estimation” on page 2-7

“Specifying Initial Guesses and Upper/Lower Bounds” on page 2-12

Choosing Which Parameters to Estimate First

Simulink Design Optimization software lets you estimate scalar, vector and
matrix parameters. Estimating model parameters is an iterative process.
Often, it is more practical to estimate a small group of parameters and use the
final estimated values as a starting point for further estimation of parameters
that are trickier. When you have a large number of parameters to estimate,
select the parameters that influence the output the most to be estimated
first. Making these sorts of choices involves experience, intuition, and a solid
understanding of the strengths and limitations of your Simulink model.

After you estimate a subset of parameters and validate the estimated
parameters, select the remaining parameters for estimation.

How to Specify Parameters for Estimation
To select parameters for estimation:

1 In the Control and Estimation Tools Manager, select the Variables node
in the Workspace tree to open the Estimated Parameters pane.

2-7



2 Parameter Estimation

2-8

=] Control and Estimation Tools Manager

File View Help

=10l x|

o i B =™ | [

ﬂ Workspace

=1-gh| Project - engine_idle_speed
=) Estimation Task

L[7] Transient Data

Variables

Estimation

@ Mew Estimation

E@ Views

; Ea Validation

Kl 1>

Estimated Parameters | Estimated States |

~Selected parameters

[

~Default settings
MNarme:

Value:

Initial guess:
Minimum:
Maximum:

Typical value:

Used by blocks:

Select the tab panels to configure your estimation parameters and states.

- Mew Estimation node has been added to Estimation.

2 In the Estimated Parameters pane, click Add to open the Select
Parameters dialog box.



Specify Parameters to Estimate

« ). Gelect Parameters X
—Select additional parameters to estimate
Ilarme Size I
darmpl 1x1 :l
datnp2 121
BETE] 11
delay 11
=l
Specify expression (e.g., .x, al3), b{21

QK | Cancel |

Help |

Apply |

By default, the Select Parameters dialog box looks at
all variables in the model workspace and the MATLAB
workspace that are used by the model.

List of parameters

Use your mouse to seked data. To select adjacent
parameters, hold down the Shift key while clicking the
first and last parameter in the selection. To select
nonadjacent parameters, hod down the Ctrl key while
clicking each parameter.

Use the fext field to get the parameters contained in
either a Simulink parameter object, MATLAB array,
structure, or ell array. Nofe that you cannot use
mathematical expressions such as x + 5.

The dialog box lists all the variables in the model workspace and the
MATLAB workspace that the model uses. You can use the mouse to select
the parameters to estimate.

You can also enter parameters, separated by commas, in the Specify
expression field of the Select Parameters dialog box. The parameters

can be stored in one of the following:

¢ Simulink software parameter object

Example: For a Simulink parameter object k, type k.value.

e Structure

Example: For a structure S, type S.fieldname (where fieldname
represents the name of the field that contains the parameter).

e Cell array

Example: Type C{1} to select the first element of the C cell array.

e MATLAB array

Example: Type a(1:2) to select the first column of a 2-by-2 array called

a.
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Sometimes, models have parameters that are not explicitly defined in

the model itself. For example, a gain k could be defined in the MATLAB
workspace as k=a+b, where a and b are not defined in the model but k

1s used. To add these independent parameters to the Select Parameters
dialog box, see “Specify Independent Parameters to Estimate” on page 2-15.

3 Select the last seven parameters: freql, freq2, freq3, gaini, gain2,
gain3, and mean_speed, and then click OK.

Note You need not estimate the parameters selected here all at once. You
can first select all the parameters that you are interested in, and then later
select the ones to estimate as described in the next step.

The Control and Estimation Tools Manager now resembles the next figure.

E! Control and Estimation Tools Manager -0 x|

File View Help

o il N = ™ | [

ﬂ Workspace Estimated Parameters | Estimated States |
E|§J Profect - engine_idle_speed | golacted parameters——— -Default settings
B i Noe:  freat
(T3] Transient Data =Tl 4] '
[ Variables freq2 lELE 3
Estimation freg3 Initial guess: Ifreql
@ Mew Estimation gafnl .
-3 views gain2 Minimums -Inf
-{g Validation gain3 Maximum: [ +Inf
mean_speed
Typical value: Ifreql
Used by blocks:
engine_idle_speed Transfer Fen ;I
[ |
Kl I

- Mew Estimation node has been added to Estimation.

&l‘_l'_

Select the tab panels to configure your estimation parameters and states.

To learn how to specify the settings in the Default settings area of the

pane, see “Specifying Initial Guesses and Upper/Lower Bounds” on page
2-12.
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4 In the New Estimation node of the Control and Estimation Tools
Manager GUI, select the Parameters tab . In this pane, you select which
parameters to estimate and the range of values for the estimation.

a Select the parameters you want to estimate by selecting the check box
in the Estimate column.

b Enter initial values for your parameters in the Initial Guess column.

The default values in the Minimum and Maximum columns are -Inf
and +Inf, respectively, but you can select any range you want. For more
information, see “Specifying Initial Guesses and Upper/Lower Bounds”
on page 2-12.

Note When you specify the Minimum and Maximum values for the
parameters here, it does not affect your settings in the Variables node.
You make these choices on a per estimation basis. You can move data to
and from the Variables node into the Estimation node.

For this example, select gain1, gain2, gain3 and mean_speed for
estimation and set gaini to 10, gain2 to 100, gain3 to 50, and mean_speed
to 500. Alternatively, use any initial values you like.

If you have good reason to believe a parameter lies within a finite range,
it is usually best not to use the default minimum and maximum values.
Often, there are computational advantages in specifying finite bounds if
you can. It can be very important to specify lower and upper bounds. For
example, if a parameter specifies the weight of a part, be sure to specify 0
as the absolute lower bound if better knowledge is unavailable.

The Control and Estimation Tools Manager now resembles the next figure.
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E! ‘Control and Estimation Tools Manager - ol x|

File View Help

&5 08d|E

@ Warkspace Data Sets Parameters I States | Estimation |
-l Project - engine_idle_speec

r Estimation parameters
E-- Estimation Task - — — - -

5[5 Transient Data MName Value Estimate Initial Guess Minimum Maximum | Typical Value

[+ new Data freql 3 O freql Inf +Inf freql

Variables freq2 3 O freq2 Inf +Inf freq2

: % Estimation freq3 3 freq3 -Inf +Inf freq3

] - Mew Estimation ] gain1 gainl

Ea Views gain2 0 I gain2 -Inf +nf gain2

validation gain3 0 v gain3 Inf +Inf gain3
mean_speed 600 I mean_speed -Inf +Inf mean_speed

Use Value as Initial Guess Reset to Default Settings Save as Default Settings |
q (2]

-New Data node has been added to Transient Data.
- New Estimation node has been added to Estimation.

s L1

Select the tab panels to configure your estimation.

Specifying Initial Guesses and Upper/Lower Bounds

After you select parameters for estimation in the Variables node of the
Control and Estimation Tools Manager GUI, the Estimated Parameters tab
in the Control and Estimation Tools Manager looks like the following figure.
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E! Control and Estimation Tools Manager i =] 5|
File View Help
= .
=Rar=N= Vi)
ﬂ Workspace Estimated Parameters I Esti d States |
& u je‘:t -engine_idle_speed | gelacted parameters ~Default settings
-2 Estimation Task
fre Name: freql
Transient Data freql ! q
Variables freq2 Valie: i
Estimation fre.q3 Initial guess:  [freql
- B New Estimation ga!nl R =
Ea Views ga!nz inimum: N
Ea Validation gain3 Maimum; +Inf
mean_speed
Typical value: |freql
Used by blocks:
engine_idle_speed Transfer Fen ;I
Bl
4 121

- New Estimation node has been added to Estimation.

«

Select the tab panels to configure your estimation parameters and states.

For each parameter, use the Default settings pane to specify the following:

¢ Initial guess — The value the estimation uses to start the process.
¢ Minimum — The smallest allowable parameter value. The default is - Inf.
¢ Maximum — The largest allowable parameter value. The default is +Inf.

e Typical value — The average order of magnitude. If you expect your
parameter to vary over several orders of magnitude, enter the number
that specified the average order of magnitude you expect. For example, if
your initial guess is 10, but you expect the parameter to vary between
10 and 1000, enter 100 (the average of the order of magnitudes) for the
typical value.
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You use the typical value in two ways:

® To scale parameters with radically different orders of magnitude for equal
emphasis during the estimation. For example, try to select the typical
values so that

anticipated value

1

n

typical value
or

initial value 1

n

typical value

® To put more or less emphasis on specific parameters. Use a larger typical
value to put more emphasis on a parameter during estimation.

Related ® “Specify Independent Parameters to Estimate” on page 2-15
Exqmples e “Specify Known Initial States” on page 2-19
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Specify Independent Parameters to Estimate

This example shows how to specify independent parameters, that do not
appear explicitly in the model, as estimation parameters.

Assume that the parameter Kint in the model srotut1 is related to the
parameters x and y according to the relationship Kint=x+y. Also assume that
the initial values of x and y are 1 and -0.7 respectively. To estimate x and y

instead of Kint, first define these parameters in the model workspace. To
do this:

1 At the MATLAB prompt, type

srotuti

This opens the srotut1 model window.

2 Select View > Model Explorer from the srotut1 window to open the
Model Explorer window.

3 In the Model Hierarchy tree, select srotutl > Model Workspace.
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E Model Explorer

File Edit View Tools Add Help

b O 0 = @ =&

Search: by Mame * Mame: &4 Search
Model Hierarchy 2 . | I:- Contentsof: ..rkspace (only)  Filter C

“ bats‘ljmﬁ‘a::i?;iipa(e Calumn View: Show Details
4 srotutl Mame
@ Model Workspace
E Code for srotutl
(4) Advice for srotutl
ﬂ Simulink Design Verifier results
4%-5 Configuration (Active)

Oobiects) =

Value DataType Min Max Dimensions

Contents Search Results

[E=5EoE 5
Model Workspace
Workspace data
Data source: |MDLFile -

Model arguments (for referencing this model):

Revert

4 Select Add > MATLAB Variable to add a new variable to the model

workspace. A new variable with a default name Var appears in the Name

column.

Edit the initial Value to 1.

5 Double-click Var to make it editable and change the variable name to x.

6 Repeat steps 4 and 5 to add a variable y with an initial value of -0.7.

The Model Explorer window resembles the following figure.
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E Model Explorer

E Code for srotutl
(4) Advice for srotutl

E Model Workspace®

0 x
oy

Name

Walue
1
07

[E=5EoE 5

File Edit View Tools Add Help
] HO- [ = &8
Search: by Mame * Mame: &4 Search
Model Hierarchy P 8 | | = contentsof: el Workspace® (only)  Filter Contents Model Workspace
- Simulink Root = Warkspace data

bﬁ Column View: |DataObjects = | ShowDetails Z2object(s) =

[0 Base Workspace Data source: |MDL-File -
4 srotutl®

DataType Min

Model arguments (for referencing this model):

ﬂ Simulink Design Verifier results
% Configuration (Active)

Contents Search Results

7 To add the Simulation Start function that defines the relationship between
Kint and the independent parameters x and vy, select File > Model
Properties in the srotut1 model window.

8 In the Model Properties window, click the Callbacks tab.

9 To enter a Simulation start function, select StartFen*, and type the name
of a new function. For example, srotut1_start in the Simulation start
function panel. Then, click OK.

10 Create a MATLAB file named srotut1_start. The content of the file
defines the relationship between the parameters in the model and the

parameters in the workspace. For this example, the content resembles
the following:

wks = get_param(gcs, 'ModelWorkspace')
X = wks.evalin('x"')
y = wks.evalin('y")

2-17



2 Parameter Estimation

Kint = x+y;

Note You must first use the get_param function to get the variables x and
y from the model workspace before you can use them to define Kint.

When you select parameters for estimation in the Variables node of Control
and Estimation Tools Manager, x and y appear in the Select Parameters

dialog box.
7] select Parameters x|
—Select additional parameters to estimate —————————————

Mame Size

Kint 1x1 2|

il 1x1

b 1x1

Y 1x1

zeka 1x1

[ |

Specify expression (e.q., 5., a(3), b{Z}

Ok | Cancel Help | Aol |

Caution Avoid adding independent parameters together with their
corresponding dependent parameters to the lists of parameters to be
estimated. Otherwise, the estimation could give incorrect results. For
example, when a parameter ¢ depends on the parameters a and b avoid
adding all three parameters to the list.

COI‘ICEPI‘S ¢ “Choosing Which Parameters to Estimate First” on page 2-7
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Specify Known Initial States

In this section...

“When to Specify Initial States Versus Estimate Initial States” on page 2-19
“How to Specify Initial States in the GUI” on page 2-19

When to Specify Initial States Versus Estimate Initial
States

Often, sets of measured data are collected at various times and under
different initial conditions. When you estimate model parameters using one
data set and subsequently run another estimation with a second data set,
your parameter values may not match. Given that the Simulink Design
Optimization software attempts to find constant values for parameters, this
is clearly a problem.

You can estimate the initial conditions using procedures that are similar to
those you use to estimate parameters. You can then use these initial condition
estimates as a basis for estimating parameters for your Simulink model. The
Control and Estimation Tools Manager has an Estimated States pane that
lists the states available for initial condition estimation.

How to Specify Initial States in the GUI

After you select parameters for estimation, as described in “Specify
Parameters to Estimate” on page 2-7, you can specify initial conditions of
states in your model. By default, the estimation uses initial conditions
specified in the Simulink model. If you want to specify initial conditions
other than the defaults, use the State Data tab. You can select the State
Data tab in the New Data node under the Transient Data node in the
Workspace tree.
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E! Control and Estimation Tools Manager

File Wiew Help

I [=[ 3]

e 0| 3 ([E

@ Wiorkspace

Estitnation Task
Transient Data
1 i‘:’l] Mewe Data
% “ariahles
Estitnation

g alidation

l

EG Project - engine_idle_speed

I+

Input Data | Output Data State Data |

~&szsigh data to state:

Elock Mame

Data

_idle_speed/Transfer Fcn

State -1

State -2

_jdle_speed/Transfer Fcn1

State -1

State - 2

_jdle_speed/Transfer Fch2

State -1

State - 2

Import... | Clear All |

Select the tabbed panels to configure the transient data set

s L L




Specify Known Initial States

To specify the initial condition of a state for the engine_idle speed model:

1 Select the Data cell associated with the state.

2 Enter the initial conditions. In this example, enter -0.2 for State - 1 of
the engine_idle_speed/Transfer Fen. For State - 2, enter 0.

«): Control and Estimation Tools Manager ;lﬂlll

File Wiew Help

ot 0|2 3 [[E

. viorkepace Input Deta | Output Detes - Stete Data |
EG Project - engine_idle_speed
B3] Estimation Task

~&asigh data to stats

Transient Data Block Mame | Sample Time I Data
1] M Dt ine_idle_speedTransfer Fcn
% Variakles State - 1 [ 0 | 02
Estimation State - 2 ‘ il |
=L valiation engine_idle_speed/Transfer Fcnl
State -1 | 0 |
State - 2 | 0 |
_idle_speed/Transfer Fcn2
State -1 I 0 |
State - 2 | 0 |

mport... | Clear Al |
Kl I»]

L

Select the tabbed panels to configure the transient data set
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Progress Plots

In this section...

“Types of Plots” on page 2-22

“Basic Steps for Creating Plots” on page 2-22

Types of Plots

You can choose the plot type from the Plot Type drop-down list. The following
types of plots are available for viewing and evaluating the estimation:

® Cost function — Plot the cost function values.

® Measured and simulated — Plot empirical data against simulated data.

® Parameter sensitivity — Plot the rate of change of the cost function as a
function of the change in the parameter. That is, plot the derivative of the
cost function with respect to the parameter being varied.

® Parameter trajectory — Plot the parameter values as they change.

® Residuals — Plot the error between the experimental data and the
simulated output.

Basic Steps for Creating Plots

Before you begin estimating the parameters, you must create the plots for
viewing the progress of the estimation.

Note An estimation must be created before creating views. Otherwise, the
Options table will be empty. To learn more, see “Creating an Estimation
Task” on page 2-3.

To create plots for viewing the estimation progress, follow the steps below:

1 Right-click the Views node in the Control and Estimation Tools Manager
and select New.
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2 In the Workspace tree, select New View to open the View Setup pane.

E! Control and Estimation Tools Manager

File Wiew Help

I [=[ 3]

o D= HE
*l Wiorkspace Wiew Setup I
=g oject - engine_idle_speed ~Select plat type:
=5 - Estimation Task :
[ Transient Data Flat Mumber Flat Type Flat Title
[j{sj] Mew Daka Plot 1 (nane)
Wariables Flat 2 (none)
Estimation Flat 3 (none)
E@ Mew Estimation Plot 4 (none)
=8 Ea Views Flot 5 (none)
Lo Flot & (none)
Ea Walidation
~Ciption:

Estimation
Mew Estimation

Shovy Plats |

Iteration 4 complete
Estimation completed.

Configure dynamic views,

IR0
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3 In the Select plot types table, select the Plot Type from the drop-down
list. In this example, select Cost function.

E! Control and Estimation Tools Manager =] 3]

File Wiew Help

ot O | = 3 [[E

ﬂ Workspace View Setup I
=gl Project - engine_idle_speed

~Select plat bype:
=-E) Estimation Task
- [ Transient Data Plat tumber | Plot Type | Flot Title
: [5\:,3] Mew Data Flok 1 {none) =l
Yariables Plot 2
= (i} Estimation Flak 3 Measured and simulated
o R Mew Estimation Plok 4 Parameter sensitivity
=t Ea Wigws Flat 5 Parameter trajectory
Lo e View Plot & Residuals
=-[Ig validation (none)
~Ciption:

Estimation
Mew Estimation

Shovy Plats |

Iteration 4 complete
Estimation completed.

Configure dynamic views,

IR0

4 Select Measured and simulated as the Plot Type for Plot 2. Use this
plot to validated the estimated parameters.

5 In the Options area, select the check-box for both Plot 1 and Plot 2.

6 Click Show Plots. This displays an empty cost function plot and a plot of
the measured data.




Progress Plots

New View - Plot 2 (Measured and simulated) :

D de | | RO DE L

When you perform the estimation, the plot updates automatically.

2-25



2 Parameter Estimation

Estimation and Simulation Options

In this section...

“Estimation Options” on page 2-26

“Simulation Options” on page 2-32

Estimation Options

® “Accessing Estimation Options” on page 2-26

® “Supported Estimation Methods” on page 2-28

¢ “Selecting Optimization Termination Options” on page 2-30

¢ “Selecting Additional Optimization Options” on page 2-30

® “Specifying Goodness of Fit Criteria (Cost Function)” on page 2-31
¢ “How to Specify Estimation Options in the GUI” on page 2-31

Accessing Estimation Options
In the New Estimation node in the Workspace tree, click the Estimation
tab.
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E Control and Estimation Tools Manager EI@

File View Help

e 0| &S | |ED
w« Workspace
BE Project - engine_idle_speed
t2] Estimation Task
([ Transient Data Tteration Function C... Cost Functi.. Step Size Procedure Estimation Options...
: Ea Variables
BE Estimation Display Options...
Ea Views

g validation

| Data Se’rsl Parametersl States| Estimation

Estimation progress

Start

[7] Show progress views

Configure your estimation here.

Click Estimation Options. This action opens the Options- New Estimation
dialog box where you can specify the estimation method, algorithm options
and cost function for the estimation.
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4\ Options - New Estimation EI = @
| Simulation Options |} Optimization Options | Parallel Options
Optimization method
Method: | Nonlinear least squares ) Algorithm: | Trust-Region-Reflective - |
Optimization options
Diff max change: 01 Maximum fun evals: 400
Diff min change: 1e-08 Maximum iterations: | 100
Parameter tolerance: | 0.001 Function tolerance: 0,001
Display level: | Off x| Gradient type:  Basic x|
Cost function: S5E Use robust cost
l QK J I Cancel I I Help ‘ I Apply ‘

The following sections describe the estimation method settings and cost
function:

® “Supported Estimation Methods” on page 2-28

e “Selecting Optimization Termination Options” on page 2-30

o “Selecting Additional Optimization Options” on page 2-30

® “Specifying Goodness of Fit Criteria (Cost Function)” on page 2-31

Supported Estimation Methods

Both the Method and Algorithm options define the optimization method.
Use the Optimization method area of the Options dialog box to set the
estimation method and its algorithm.

Optimization method

Method: | Monlinear least squares - Algorithm: | Trust-Region-Reflective ]

For the Method option, the four choices are:

® Nonlinear least squares (default) — Uses the Optimization Toolbox™
nonlinear least squares function 1sqnonlin.

® Gradient descent — Uses the Optimization Toolbox function fmincon.
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e Pattern search — Uses the pattern search method patternsearch. This

option requires Global Optimization Toolbox software.

e Simplex search — Uses the Optimization Toolbox function fminsearch,

which is a direct search method. Simplex search is most useful for simple

problems and is sometimes faster than fmincon for models that contain

discontinuities.

The following table summarizes the Algorithm options for the Nonlinear
least squares and Gradient descent estimation methods:

Method

Algorithm Option

Learn More

Nonlinear
least squares

® Trust-Region-Reflective
(default)

® |evenberg-Marquardt

In the Optimization
Toolbox
documentation,

see:

Least Squares
Algorithm”

Method”

Gradient
descent

e Active-Set (default)
® Interior-Point
® Trust-Region-Reflective

® Sequential Quadratic
Programming

In the Optimization
Toolbox
documentation,

see:

e “fmincon Active
Set Algorithm”

e “fmincon Interior
Point Algorithm”

® “fmincon Trust
Region Reflective
Algorithm”

* “fmincon SQP
Algorithm”

® “Trust-Region-Reflective

® “Levenberg-Marquardt
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Selecting Optimization Termination Options
Specify termination options in the Optimization options area.

Optimization options

Diff max change: 01 Maximum fun evals: 400
Diff min change: 1e-08 Maximum iterations: | 100
Parameter tolerance: | 0.001 Function tolerance:  |0.001

Several options define when the optimization terminates:

¢ Diff max change — The maximum allowable change in variables
for finite-difference derivatives. See fmincon in the Optimization
Toolboxdocumentation for details.

¢ Diff min change — The minimum allowable change in variables for
finite-difference derivatives. See fmincon in the Optimization Toolbox
documentation for details.

e Parameter tolerance — Optimization terminates when successive
parameter values change by less than this number.

* Maximum fun evals — The maximum number of cost function
evaluations allowed. The optimization terminates when the number of
function evaluations exceeds this value.

® Maximum iterations — The maximum number of iterations allowed. The
optimization terminates when the number of iterations exceeds this value.

* Function tolerance — The optimization terminates when successive
function values are less than this value.

By varying these parameters, you can force the optimization to continue

searching for a solution or to continue searching for a more accurate solution.

Selecting Additional Optimization Options

At the bottom of the Optimization options pane is a group of additional
optimization options.

Display level: Off - Gradient type: Basic hd
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Additional options for optimization include:

¢ Display level — Specifies the form of the output that appears in the
MATLAB command window. The options are Iteration, which displays
information after each iteration, None, which turns off all output, Notify,
which displays output only if the function does not converge, and Final,
which only displays the final output. Refer to the Optimization Toolbox
documentation for more information on what type of iterative output each
method displays.

¢ Gradient type — When using Gradient Descent or Nonlinear least
squares as the Method, the gradients are calculated based on finite
difference methods. The Refined method offers a more robust and less
noisy gradient calculation method than Basic, although it does take longer
to run optimizations using the Refined method.

Specifying Goodness of Fit Criteria (Cost Function)

The cost function is a function that estimation methods attempt to minimize.
You can specify the cost function at the bottom of the Optimization options
area.

Cost function; iSSE P w Usze robust cost

You have the following options when selecting a cost function:
e Cost function — The default is SSE (sum of squared errors), which uses a
least-squares approach. You can also use SAE, the sum of absolute errors.

¢ Use robust cost — Makes the optimizer use a robust cost function instead
of the default least-squares cost. This is useful if the experimental data has
many outliers, or if your data is noisy.

How to Specify Estimation Options in the GUI
You can set several options to tune the results of the estimation. These
options include the optimization methods and their tolerances.

To set options for estimation:
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1 Select the New Estimation node in the Workspace tree.
2 Click the Estimation tab.
3 Click Estimation Options to open the Options dialog box.

4 (Click the Optimization Options tab and specify the options.

4\ Options - New Estimation EI = @

| Simulation Optiens | Optimization Options || Parallel Optionsl

Optimization method

Method: | Nonlinear least squares ) Algorithm: | Trust-Region-Reflective - |
Optimization options

Diff max change: 01 Maximum fun evals: 400

Diff min change: 1e-08 Maximum iterations: | 100

Parameter tolerance: | 0.001 Function tolerance: 0,001

Display level: | Off x| Gradient type:  Basic x|
Cost function: S5E Use robust cost

l QK J I Cancel I I Help ‘ I Apply ‘

Simulation Options

® “Accessing Simulation Options” on page 2-32
e “Selecting Simulation Time” on page 2-33

e “Selecting Solvers” on page 2-35

Accessing Simulation Options

To estimate parameters of a model, Simulink Design Optimization software
runs simulations of the model.

To set options for simulation:

1 Select the New Estimation node in the Workspace tree.

2-32



Estimation and Simulation Options

2 Click the Estimation tab.

3 Click Estimation Options to open the Options dialog box.

) Options - New Estimation =100

I Optimization Dpﬁonsl Parallel Dpﬁonsl

~Simulation time

Start time: Iaub: Stop time: Iaub:
~Solver options
Type: | Auto - Solvers | Use model settings ﬂ
ok | conced | b | appy |

4 Click the Simulation Options tab and specify the options, as described in
the following sections:

e “Selecting Simulation Time” on page 2-33

® “Selecting Solvers” on page 2-35

Selecting Simulation Time
You can specify the simulation start and stop times in the Simulation time
area of the Simulation Options tab.

Sirmulation tine
’751&1 titre: Iauto Stop titne: Iautu:u

By default, Start time and Stop time are automatically computed based on
the start and stop times specified in the Simulink model.
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To set alternative start and stop times for the optimization, enter the new
times under Simulation time. This action overwrites the simulation start
and stop times specified in the Simulink model.

Simulation Time for Data Sets with Different Time Lengths. Simulink
Design Optimization software can simulate models containing empirical
data sets of different time lengths. You can use experimental data sets for
estimation that contain I/O samples collected at different time points.

The following example shows a single-input, two-output model for which
you want to estimate the parameters.

y1(?)

u(t)
y2(1)

The model uses two output data sets containing transient data samples for
parameter estimation:

e Qutput yI(t) at time points ¢1 = {tll,t%,....t,ll}.

e Output y2(t) at time points 2 = {t%,t%, ..... tm}.

The simulation time ¢ is computed as:

This new set ranges from tmin to tmax. The values tmin and tmax represent
the minimum and maximum time points in ¢ respectively.

When you run the estimation, the model is simulated over the time range .
Simulink extracts the simulated data for each output based on the following
criteria:
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e Start time — Typically, the start time in the Simulink model is set to 0.
For a nonzero start time, the simulated data corresponding to time points

before tll for y1(t) and t12 for y2(t) are discarded.

* Stop time — If the stop time ty,, .y, the simulated data
corresponding to time points in ¢I are extracted for yI(¢). Similarly, the
simulated data for time points in ¢2 are extracted for y2(t).

If the stop time tg,, <tmax, the data spanning time points >y, are
discarded for both yI(z) and y2(¢).

Selecting Solvers

When running the estimation, the software solves the dynamic system using
one of several Simulink solvers.

Specify the solver type and its options in the Solver options area of the
Simulation Options tab of the Options dialog box.

Solver options

Type: v Saolver: | Use model settings vl

The solver can be one of the following Type:

¢ Auto (default) — Uses the simulation settings specified in the Simulink
model.

® Variable-step — Variable-step solvers keep the error within specified
tolerances by adjusting the step size the solver uses. For example, if the
states of your model are likely to vary rapidly, you can use a variable-step
solver for faster simulation. For more information on the variable-step
solver options, see “Variable-Step Solver Options” on page 2-36.

® Fixed-step — Fixed-step solvers use a constant step-size. For more
information on the fixed-step solver options, see “Fixed-Step Solver
Options” on page 2-37.

See “Choose a Solver” in the Simulink documentation for information about
solvers.
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Note To obtain faster simulations during estimation, you can change the
solver Type to Variable-step or Fixed-step. However, the estimated
parameter values apply only for the chosen solver type, and may differ from
values you obtain using settings specified in the Simulink model.

Variable-Step Solver Options. When you select Variable-step as the
solver Type, you can choose one of the following as the Solver:

® Discrete (no continuous states)

® ode45 (Dormand-Prince)

® 0de23 (Bogacki-Shampine)

® ode113 (Adams)

® odel15s (stiff/NDF)

® 0de23s (stiff/Mod. Rosenbrock)

® 0de23t (Mod. stiff/Trapezoidal)

® 0de23tb (stiff/TR-BDF2)

~Solver options
Type: I Variable-step LI Solver: I ode45 (Dormand-Prince) ;I
Maximum step size: Iauh:u Relative tolerance: Ile-3
Minimum step size: Iautc- Absolute tolerance: Iautu:||
Initial step size: Iautc- Zero crossing control: I On ;I

You can also specify the following parameters that affect the step-size of the
simulation:

* Maximum step size — The largest step-size the solver can use during a
simulation.

* Minimum step size — The smallest step-size the solver can use during a
simulation.

* Initial step size — The step-size the solver uses to begin the simulation.
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* Relative tolerance — The largest allowable relative error at any step in
the simulation.

® Absolute tolerance — The largest allowable absolute error at any step in
the simulation.

e Zero crossing control — Set to on for the solver to compute exactly where
the signal crosses the x-axis. This option is useful when using functions
that are nonsmooth and the output depends on when a signal crosses the
x-axis, such as absolute values.

By default, the software automatically chooses the values for these options.
To specify your own values, enter them in the appropriate fields. For more
information, see “Solver Pane” in the Simulink documentation.

Fixed-Step Solver Options. When you select Fixed-step as the solver
Type, you can choose one of the following as the Solver:

Discrete (no continuous states)
® ode5 (Dormand-Prince)

® ode4 (Runge-Kutta)

® ode3 (Bogacki-Shanpine)

® ode2 (Heun)

® odel (Euler)

Solver options

Type: (IREGLE] Solver: I Discreke (no conkinuous states) LI

Fixed step size: Iauto

You can also specify the Fixed step size value, which determines the

step size the solver uses during the simulation. By default, the software
automatically chooses a value for this option. For more information, see
“Fixed-step size (fundamental sample time)” in the Simulink documentation.
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Progress Display Options

You can specify the display options by clicking Display Options in the
Estimation tab in the Control and Estimation tools Manager. This opens the
following dialog box.

x|
¥ Function count
[ lcomtiinetion [ Step size — | Bydefault, all boxes are checked. Uncheck any
I Procecure feature that you don't want to view during the
esfimation process.
Ok | Cancel | Help | Apply |

Clearing a check box implies that feature will not appear in the display table
as the estimation progresses. To learn more about the display table, see
“Iterative Display” in the Optimization Toolbox documentation.

2-38



Run Estimation

Run Estimation

Before you begin estimating the parameters, you must have configured the
estimation data and parameters, and specified estimation and simulation
options, as described in “Specify Estimation Data” on page 2-3 and “Specify
Parameters to Estimate” on page 2-7.

To start the estimation, select the New Estimation node in the Control and
Estimation Tools Manager and select the Estimation tab.

Click Start to begin the estimation process. At the end of the iterations, the
window should resemble the following:

=) Control and Estimation Tools Manager = 3]
File view Help
= z
o OS  |
4:\ Workspace Data Sets | Parameters | States  Estimation I
EG Project - engine_idle_speed | | “Ectimation progress
-, | Estimation Task
Transient Data Iteration Function Count | Cost Function Step Size Procedure Estimation Options... |
: 1] New Data o 1 1.5981e+008 |1 =
Variahles 1 2 1.3725=+008 |10 Display Options...
Estimation 2 3 5.7536e+007 |20
R New Estimation 3 4 3.9731e+007 |40
=03 views 4 5 5.6148e+006  |71.238
0 New View
Ea Validation
I~ show progress views
=
Performing transient estimation... ]
Active experiments: New Data
Estimated parameters: gainl. gain?, gain3, mean_speed
Local minimum found.
Optimization completed because the size of the gradient is less than the
selected value of the function tolerance.
(=
Tteration 4 complete ;I
Estimation completed.
5
Select the tab panels to configure your estimation. &

Usually, a lower cost function value indicates a successful estimation,
meaning that the experimental data matches the model simulation with the
estimated parameters.
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For information on types of problems you may encounter using optimization
solvers, see the following topics in the Optimization Toolbox documentation:

* “When the Solver Fails”
* “When the Solver Might Have Succeeded”
* “When the Solver Succeeds”

The Estimation pane displays each iteration of the optimization methods. To
see the final values for the parameters, click the Parameters tab.

E! ‘Control and Estimation Tools Manager =] 3]

File View Help

i il == W e

. Workspace Data Sets Parameters | States | Estmation |
EG Project - engine_idle_speed | | _Eetimation parameters
(=B Estimation Task
£ Transient Data MName Value Estimate Initial Guess Minimum Maximum | Typical Value
[t NewData freql 3 ] freql -Inf +Inf freql
Variables freq2 3 ] freq2 -Inf +Inf freq2
1[5 Estimation freq3 3 ] freg3 -Inf +Inf freq3
i % New Estimation gain1 124.56 v gainl -Inf +Inf gainl
=g views gain2 23.89 v gain2 -Inf +Inf gain2
A0 New View 0ain3 20,312 v gain3 -Inf +Inf gain3
Ea validation mean_speed 730.84 v mean_speed -Inf +Inf mean_speed
Use Value &z Initisl Guess Reset to Default Settings Save as Default Settings |
Iteration 4 complete ;I
Estimation completed.
-
Select the tab panels to configure your estimation. 4

The values of these parameters are also updated in the MATLAB workspace.
If you specify the variable name in the Initial Guess column, you can restart
the estimation from where you left off at the end of a previous estimation.
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After the estimation process completes, the cost function minimization plot
appears as shown in the following figure.

) New View - Plot 1 (Cost function) : - 1Ol x|
File Edit Wiew Insert Tools Desktop Window Help "
EEF RN R
Cost Function
10° : : : : : : : : :
Lo 4
10" b 4
107 I I I I I I I I I
o 1 2 a 4 5 5] 7 & 8 10
Iterations

If the optimization went well, you should see your cost function converge on a
minimum value. The lower the cost, the more successful is the estimation.

You can also examine the measured versus simulated data plot to see how
closely the simulated data matches the measured estimation data. The next

figure shows the measured versus simulated data plot generated by running
the estimation of the engine_idle speed model.
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) New ¥iew - Plot 1 (Measured and simulated) : - |EI|1|
File Edit Wew Insert Tools Desktop ‘Window Help "

DSed& hRaMe (€08 8O

easured v, Simulated Responseas
QE0 T T

i’

A plitucize

Engine Spaac

Al i

—

EEQ | |

Time [sec)
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Model Validation

Related
Examples

After you complete estimating the parameters, as described in “Run
Estimation” on page 2-39, you must validate the results against another set
of data.

The steps to validate a model using the Control and Estimation Tools
Manager are:

1 Import the validation data set to the Transient Data node.
2 Add a new validation task in the Validation node in the Workspace tree.

3 Configure the validation settings by selecting the plot types and the
validation data set from the Validation Setup pane.

4 Click Show Plots in the Validation Setup pane and view the results
in the plot window.

5 Compare the validation plots to the corresponding view plots to see if they
match.

The basic difference between the validation and views features is that you
can run validation after the estimation is complete. All views should be set
up before an estimation, and you can watch the views update in real time.
Validations can use other validation data sets for comparison with the model
response. Also, validations appear after you have completed an estimation
and do not update.

You can validate your data by comparing measured vs. simulated data for
your estimation data and validation data sets. Also, it is often useful to
compare residuals in the same way.

¢ “Load and Import Validation Data” on page 2-44

® “Compare Measured and Simulated Responses” on page 2-47
¢ “Compare Residuals” on page 2-51
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Load and Import Validation Data

To validate the estimated parameters computed in “Run Estimation” on page
2-39, you must first import the data into the Control and Estimation Tools
Manager GUI.

To load the validation data, type

load iodataval

at the MATLAB prompt. This loads the data into the MATLAB workspace.
The next step is to import this data into the Control and Estimation Tools
Manager. See “Import Data (GUI)” on page 1-4 for information on importing
data, but the quickest way is to follow these steps:

1 Right-click the Transient Data node in the Workspace tree in the
Control and Estimation Tools Manager and select New.

2 Select New Data (2) from the Transient Data pane.

3 Right-click the New Data (2) node in the Workspace tree and select
Rename. Change the name of the data to Validation Data.

4 In the Input Data pane, select the Data cell associated with Channel
- 1 and click Import. In the Data Import dialog box, select iodataval
and assign column 1 to the selected channel by entering 1 in the Assign
columns field. Click Import to import the input data.
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X
Import from: IWorkspace vI
“ariahle Mame | Size | Biytes I Class I
@iudataval 7a01x2 120016 double 2
@mean_speed 11 8 double
HH tesep T 605 double I
H tespz BT 528 double |

% Assign the Following columns to selected channel(s): |1

™ Assign the Fallowing rows to selected channel(s): I[l:?SDl:

Close I Help |

5 Select the Time/Ts cell and import time using the Data Import dialog box.
6 Similarly, in the Output Data pane, select Time/T's and import time.

7 In the Output Data pane, select the Data cell associated with Channel
- 1 and click Import. Import the second column of data in iodataval by
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selecting it from the list in the Import Data dialog box and entering 2 in the
Assign columns field. Click Import to import the output data.

The Control and Estimation Tools Manager should resemble the next

figure.

« ) Control and Estimation Tools Manager

=100 =]
File Wiew Help
e = = R
‘Workspace Input Data Qutput Data | State Data
G Project - engine_idle_speed ~Azsion datato block
Expetimertsl Data
Block Narme
Data [ tmerts | Wilght | Length
engine_idle_speed/Engine Speed
Chanmel - 1 [ odstavaic ] titmed: 1] I 1 [ TE01/7501
Import.... Pre-process... Plot Data Clear &ll |
| | 2]
=l

Select the tabbed panels to configure the transient data set

N

Related ¢ “Compare Measured and Simulated Responses” on page 2-47
Exqmples ¢ “Compare Residuals” on page 2-51
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Compare Measured and Simulated Responses

After you import the validation data, as described in “Load and Import
Validation Data” on page 2-44, right-click the Validation node and select

New. This creates a New Validation node in the Control and Estimation
Tools Manager.

« ) Control and Estimation Tools Manager

=10 x|
File Wiew Help
ot 0| & [[E
Wiorkspace W alidation:
Project - engine_jdle_speed Marme Properties I
=+ Estimation Task Y- A
= lﬁ Transient Data
4] New Data
4] valiclation Data
‘___ “ariahles
=L} Estimation
e Ectirnation
Views
0 M i
[ alidstion ;I
Drescription:
A
(=
Iy | Delete | Edit... |
Kl (3|
- New View node has been added to Wiews. ﬂ
[
“Walidation node. A

To perform the validation:

1 Select the New Validation node in the Workspace tree to open the
Validation Setup pane.
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E! Control and Estimation Tools Manager
Fila Wiew Help

I [=[ 3]

¢t 0| &[5

ﬂ Workspace ‘alidation Setup I

-] Project - engine_idle_speed ~Select plot bype:

[=1-f3]) Estimation Task

ransient Data Plot Number Fiok Type Plat: Title
Mew Data Plat 1 Measured and simulated =
1] Walidation Data Plat 2 (none)
Variables Plat 3 (nane)
Estimation Plat 4 (none)
- Ep Mew Estimation Piat 5 (none)
Ea Views Plat & (none)
. 1 Mew Yiew
E||_=_a Walidation
o ~Optian:
Validation data set: I Walidation Data ;I
Estimation I Plot 1 I
Mewvs Estimation | W |

Show Plats |

Estimation con leted.

— New Walidation node has been added to Validation.

Configure walidation plats.

NI

2 Click the Plot Type cell for Plot 1 and select Measured and simulated
from the drop-down menu.

3 In the Options area, select Validation Data in the Validation data set
drop-down list.

4 Click Show Plots to open a plot figure window as shown next.
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) Mew ¥alidation - Plot 1 {Measured and simulated} : : - |EI|1|
File Edit Wew Insert Tools Desktop ‘Window Help "

DSed& hRaMe (€08 8O

eazured v, Simulated Responsas

“alickation Data
QE0 T T

WA

A plitucize
-l
2

Engine Spaac

g

furl
&

8

Time [sec)

Measured Versus Simulated Data Plot for Validation Data

5 Compare this plot with the plot of Measured and simulated data for
the validation data. For more information on how to create this plot, see
“Progress Plots” on page 2-22.
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Related
Examples

) New ¥iew - Plot 2 (Measured and simulated) : - |EI|1|
File Edit Wew Insert Tools Desktop ‘Window Help "

Ded& b Qame /|08 =0
Meazured v=. Simulated Responzes

Iy Dats
950 T T

a00 [ IIM |

850 -

800 -

750 -

Amplitude
Engine Speed

700

650 -

550 L L
1] al 100 1a0

Time [=ec)

Measured and Simulated Data Views Plot

Tip Examine the residuals compare the difference between the simulated
response and measured data, as described in “Compare Residuals” on page
2-51.

® “Load and Import Validation Data” on page 2-44
® “Compare Residuals” on page 2-51
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Compare Residuals

The residuals plot shows the difference between the simulated response and
measured data. To indicate a good fit between the simulated output and
measured data, the residuals:

e Should lie within a small percent of the maximum output variation

¢ Should not display any systematic patterns

After you have compared the measured and simulated responses for an
estimation, as described in “Compare Measured and Simulated Responses”
on page 2-47, examine the residuals. Select Residuals as the Plot Type for
Plot 2in the New Validation pane. In the Options area, select the Plot 2
check box and click Show Plots. The following figure shows the resulting
residuals plot.

=} New validation - Plot 2 {Residuals) : -0 |
File Edit ‘iew Insert Tools Deskbop ‘Window Help k'l

Ded& K RAN® £ 06 00

Residuals
Walication Data

Errar
Engine Spead
g

Tirne [sac)

Plot of Residuals Using the Validation Data
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Compare the validation data residuals with the original data set residuals
from the Views node in the Workspace tree. To create the plot of residuals
for the original data set, select the New View node and choose Residuals as
the Plot Type.

) New ¥iew - Plot 2 (Residuals) : o [ 4]
File Edit Wew Insert Tools Desktop ‘Window Help "
Deds khfaaMe €08 =0
Residuals
Mew Data (2]
hlos] T T
a0 i
m - -
40k i
i= .
g o
2
g
ook i
40k i
_m - -
&0 1 1 1 1
] [=a] pleed 150 O =] L] 180
Time [sec)

Plot of Residuals Using the Test Data
The plot on the left agrees with the plot of the residuals for the validation

data. The right side has no plot because residuals were not calculated for the
validation data during the original estimation process.

Related ¢ “Load and Import Validation Data” on page 2-44
Exqmples ® “Compare Measured and Simulated Responses” on page 2-47
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Accelerating Model Simulations During Estimation

In this section...

“About Accelerating Model Simulations During Estimation” on page 2-53

“Limitations” on page 2-53

“Setting the Accelerator Mode for Parameter Estimation” on page 2-53

About Accelerating Model Simulations During
Estimation

You can accelerate the parameter estimation computations by changing the
simulation mode of your Simulink model. Simulink Design Optimization
software supports Normal and Accelerator simulation modes. For more
information about these modes, see “How Acceleration Modes Work” in the
Simulink documentation.

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

In the Accelerator mode, Simulink Design Optimization software runs
simulations during estimation with compiled C code. Using compiled C code
speeds up the simulations and reduces the time to estimate parameters.

Limitations

You cannot use the Accelerator mode if your model contains algebraic loops.
If the model contains MATLAB function blocks, you must either remove them
or replace them with Fen blocks.

Setting the Accelerator Mode for Parameter
Estimation

To set the simulation mode to Accelerator, open the Simulink model window
and perform one of the following actions:

e Select Simulation > Mode > Accelerator.

® Choose Accelerator from the drop-down list as shown in the next figure.
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*i engine_idle_speed EIE
File Edit View Display Diagram Simulation Analysis Code Tools Help
-8 & o8 4o P ORIt Normal | @~

Mormal
engine_idle_speed
Rapid Accelerator
® |[Palengine_idle_speed

Software-in-the-Loop (SIL)
Processor-in-the-Loop (PIL)

i External
@ Idle Speed Engine Model

Tip To obtain the maximum performance from the Accelerator mode, close
all Scope blocks in your model.
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Speedup Using Parallel Computing

In this section...

“When to Use Parallel Computing for Parameter Estimation” on page 2-55

“How Parallel Computing Speeds Up Estimation” on page 2-55

When to Use Parallel Computing for Parameter
Estimation

You can use Simulink Design Optimization software with Parallel Computing
Toolbox™ software to speed up parameter estimation of Simulink models.
Using parallel computing may reduce the estimation time in the following
cases:

® The model contains a large number parameters to estimate, and the
estimation method is specified as either Nonlinear least squares or
Gradient descent.

e The Pattern search method is selected as the estimation method.

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

When you use parallel computing, the software distributes independent
simulations to run them in parallel on multiple MATLAB sessions, also
known as workers. The time required to simulate the model dominates the
total estimation time. Therefore, distributing the simulations significantly
reduces the estimation time.

For information on how the software distributes the simulations and the
expected speedup, see “How Parallel Computing Speeds Up Estimation” on
page 2-55.

For information on configuring your system and using parallel computing,
see “How to Use Parallel Computing” on page 2-59.

How Parallel Computing Speeds Up Estimation

You can enable parallel computing with the Nonlinear least squares,
Gradient descent and Pattern search estimation methods. The following
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sections describes the potential speedup using parallel computing for
estimation:

¢ “Parallel Computing with Nonlinear least squares and Gradient descent
Methods” on page 2-56
e “Parallel Computing with the Pattern search Method” on page 2-57

Parallel Computing with Nonlinear least squares and Gradient
descent Methods

When you select Gradient descent as the estimation method, the model is
simulated during the following computations:

® Objective value computation — One simulation per iteration

® Objective gradient computations — Two simulations for every tuned
parameter per iteration

® Line search computations — Multiple simulations per iteration

The total time, Ttotal , taken per iteration to perform these simulations is
given by the following equation:

Ttotal = T+(Np><2><T)+(le><T) = TX(1+(2><Np)+le)
where T is the time taken to simulate the model and is assumed to be equal
for all simulations, Np is the number of parameters to estimate, and Nis is

the number of line searches. Nis is difficult to estimate and you generally
assume it to be equal to one, two, or three.

When you use parallel computing, the software distributes the simulations
required for objective gradient computations. The simulation time taken per

iteration when the gradient computations are performed in parallel, TtotalP ,
s approximately given by the following equation:

w w

TtotalP =T + (ceil(% )x 2xT)+(NisxT)=Tx(1+2x ceil(%)+ Nis)

where Nw is the number of MATLAB workers.
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Note The equation does not include the time overheads associated with
configuring the system for parallel computing and loading Simulink software
on the remote MATLAB workers.

The expected reduction of the total estimation time is given by the following
equation:

1+2x ceil(Np)-F Nis
TtotalP _ Nuw
Ttotal 1+ (2% Np) + Nis

For example, for a model with N,=3, N,=4, and N, =3, the expected reduction of

1+2><ceil(i)+ 3
the total estimation time equals =0.6.
1+(2x3)+3

Parallel Computing with the Pattern search Method

The Pattern search method uses search and poll sets to create and compute
a set of candidate solutions at each estimation iteration.

The total time, Ttotal , taken per iteration to perform these simulations, is
given by the following equation:

Ttotal = (T'x NpX Nss)+ (T'x Npx Nps) = T x Np X (Nss + Nps)
where T is the time taken to simulate the model and is assumed to be equal
for all simulations, Np is the number of parameters to estimate, Nss is a
factor for the search set size, and Nps is a factor for the poll set size. Nss and

Nps are typically proportional to Np.

When you use parallel computing, Simulink Design Optimization software
distributes the simulations required for the search and poll set computations,
which are evaluated in separate parfor loops. The simulation time taken per
iteration when the search and poll sets are computed in parallel, TtotalP

is given by the following equation:
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]]\\77 s:» + (T x ceil(Npx ]]\\f;’; )
= T x (ceil(Np x %) + ceil(Np x %ps»

w

TtotalP = (T x cetl(Np x

where Nw is the number of MATLAB workers.

Note The equation does not include the time overheads associated with
configuring the system for parallel computing and loading Simulink software
on the remote MATLAB workers.

The expected speed up for the total estimation time is given by the following

equation:
. Nss . Nps
TtotalP _ ceil(Npx Nw) + ceil(Npx Nw)
Ttotal Np x(Nss + Nps)

For example, for a model with N,=3, N,=4, N, =15, and Nos=2, the expected

cetl(3x E) + ceil(3x g)

speedup equals 4 4 _0.27.
3x(15+2)

Using the Pattern search method with parallel computing may not speed
up the estimation time. When you do not use parallel computing, the method
stops searching for a candidate solution at each iteration as soon as it finds a
solution better than the current solution. When you use parallel computing,
the candidate solution search is more comprehensive. Although the number
of iterations may be larger, the estimation without using parallel computing
may be faster.

Related e “How to Use Parallel Computing” on page 2-59
Examples
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How to Use Parallel Computing

In this section...

“Configure Your System for Parallel Computing” on page 2-59

“Model Dependencies” on page 2-60

“Estimate Parameters Using Parallel Computing (GUI)” on page 2-61
“Estimate Parameters Using Parallel Computing (Code)” on page 2-65

“Troubleshooting” on page 2-66

Configure Your System for Parallel Computing

To estimate model parameters using parallel computing, you must first
configure your system, and open a MATLAB worker pool. Then, you use
either the user interface or the command-line functions to estimate the model
parameters. Using the worker pool speeds up the optimization. You can use
parallel computing on multicore processors or multiprocessor networks.

Configuring Parallel Computing on Multicore Processors

Using a MATLAB session (the client) running on a multicore processor,
you can establish a pool of MATLAB workers. To do so requires a Parallel
Computing Toolbox license.

To open a pool of MATLAB workers, at the MATLAB prompt, type:

matlabpool open

To learn more, see matlabpool in the Parallel Computing Toolbox
documentation.

Configuring Parallel Computing on Multiprocessor Networks

A multiprocessor network comprises multiple machines or nodes. You use

a MATLAB session, the client, to establish a worker pool that uses the
multiprocessor network. To do so requires both a Parallel Computing Toolbox
and a MATLAB Distributed Computing Server™ license.
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2-60

Note The client and the workers must be on the same operating system and
have the same type of file system (for example, NTFS or FAT).

To configure a multiprocessor network for parallel computing, complete the
following steps in the client:

1 Create a cluster profile, as described in “Create and Modify Cluster
Profiles” in the Parallel Computing Toolbox documentation.

2 Specify any model file and path dependencies in the Files and Folders
section of the cluster profile.

3 Open a pool of MATLAB workers using the cluster profile. For example:

matlabpool open MyProfile

MyProfile is the name of a cluster profile.

Opening the pool using the cluster profile allows the remote workers to
access the file and path dependencies included in the cluster profile.

For more information, see “Apply Cluster Profiles in Client Code” in the
Parallel Computing Toolbox documentation.

Model Dependencies

Models dependencies are any referenced models, data (model variables etc.),
S-functions, and additional files necessary to run the model. Before starting
the optimization, you must verify that all the remote workers can access the
model dependencies. Otherwise, you may get unexpected results.

Making File Dependencies Accessible to Remote Workers

When you use parallel computing, the Simulink Design Optimization software
helps you identify model path dependencies. To do so, the software uses the
Simulink Manifest Tools. However, the dependency analysis may not find all
the files required by your model. For example, folders containing code for your
model or block callbacks may not be detected. To learn more, see “Scope of
Dependency Analysis” in the Simulink documentation.
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If your model has undetected file dependencies, then specify them in the Files
and Folders section of the cluster profile.

If your model has path dependencies that are undetected or inaccessible by
the remote workers, then add them to the list of model path dependencies.
For more information, see:

e “Estimate Parameters Using Parallel Computing (GUI)” on page 2-61
e “Estimate Parameters Using Parallel Computing (Code)” on page 2-65

Making Data Dependencies Accessible to Remote Workers

You can check whether a model has access to all its data dependencies, such
as variables required for model initialization, on a remote worker. On your
local machine, complete the following steps:

1 Close the model, and clear the MATLAB workspace.

2 Load the model. Verify that only the specified dependencies are accessible
to the model.

3 Simulate the model.

If a simulation error occurs because a variable is not defined, you can
correct the problem in one of the following ways:

e Add the variable to the model workspace.

® Create a MATLAB script that creates the variable, and add the file to
the list of dependencies. Modify the PreLoadFcn callback of the model to
add a call to the MATLAB script.

Estimate Parameters Using Parallel Computing (GUI)

To estimate model parameters using parallel computing in the GUI:

1 Open a pool of workers.

For more information, see “Configure Your System for Parallel Computing”
on page 2-59

2 Open the Simulink model.
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Options.

4 Open the Parallel Options tab.

3 Configure the estimation data, estimation parameters and states, and,
optionally, estimation settings.

For more information, see “Import Data (GUI)” on page 1-4, “Specify

Parameters to Estimate” on page 2-7, and “Estimation Options” on page
2-26.

a In the Estimation tab of the New Estimation node, click Estimation

E Control and Estimation Tools Manager

File View Help

g0 | S dI|E

o o=

ﬂ Workspace
EIE Project - engine_idle_spee
E} Estimation Task
“ Transient Data
'[a Variables
E‘@ Estimation

E@ Views

+--Ea Validation

| Data Setsl Parametersl States| Estimation

Estimation progress

Iteration Function C... Cost Functi.. Step Size

Procedure

Estimation Options..t
Display Opticns...

[] Show progress views

b When the Options dialog box opens, click the Parallel Options tab.
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5 Select the Use the matlabpool during optimization check box.

This option checks for model path dependencies in your Simulink model and
displays the path dependencies in the Model path dependencies list box.

Note The automatic path dependencies check may not detect all the path
dependencies in your model.

For more information, see “Model Dependencies” on page 2-60.

4\ Options - New Estimation EI = @

| Simulation Options | Optimization Options| Parallel Options

Use the matlabpool during optimizatior

Model path dependencies

Mo model path dependencies,

[ Add path dependency... ] [ Sync path dependencies from model

[ ok || cancel || Help || Apply |

6 (Optional) Add the path dependencies that the automatic check does not
detect.

a Specify the paths in the Model path dependencies list box.

You can specify the paths separated with a semicolons or on a new line.
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4\ Options - New Estimation EI = @

| Simulation Options | Optimization Options| Parallel Options

Use the matlabpool during optimization

Model path dependencies

Cihmyprojectl; Chmyproject2
C:\estim_common_dependencies|

’ Add path dependency... ] ’ Sync path dependencies from model

[ ok || Cancel || Help || Apply |

b Click Apply to include the new paths.

Alternatively, you can click Add path dependency to open a dialog box,
and select the folder to add.

7 (Optional) In the Model path dependencies list box, update the paths
on local drives to make them accessible to remote workers. For example,
change C:\ to \\\\hostname\\C$\\.

8 (Optional) If you modify the Simulink model such that it introduces a new
path dependency, then resync the path dependencies. Click Sync path
dependencies from model in the Parallel Options tab to rerun the
automatic dependency check for your model.

This action updates the Model path dependencies list box with any new
path dependency found in the model.

9 Click OK.

10 In the Estimation tab, click Start to estimate the model parameters using
parallel computing.

For information on troubleshooting problems related to estimation using
parallel computing, see “Troubleshooting” on page 2-66.
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Estimate Parameters Using Parallel Computing (Code)
To use parallel computing for parameter estimation at the command line:

1 Open a pool of workers.

For more information, see “Configure Your System for Parallel Computing”
on page 2-59.

2 Open the model.
3 Configure an estimation experiment.
4 Enable parallel computing using an optimization option set.

opt = sdo.OptimizeOptions;
opt.UseParallel = 'always';

5 Find the model path dependencies.

dirs = sdo.getModelDependencies(modelname)

Note sdo.getModelDependencies may not detect all the path
dependencies in your model.

For more information, see “Model Dependencies” on page 2-60.

6 (Optional) Modify dirs to include the path dependencies that
sdo.getModelDependencies does not detect.

dirs = vertcat(dirs,'\\hostname\C$\matlab\work")

7 (Optional) Modify dirs to make paths on local drives accessible to remote
workers.

dirs = regexprep(dirs,'C:/"','"\\\\hostname\\C$\\")

8 Add the path dependencies for optimization.

opt.ParallelPathDependencies = dirs;
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9 Run the optimization.

[pOpt,opt_info] = sdo.optimize(opt_fcn,param,opt);

For information on troubleshooting problems related to estimation using
parallel computing, see “Troubleshooting” on page 2-66.

Troubleshooting

“Why are the estimation results with and without using parallel computing
different?” on page 2-66

“Why do I not see the estimation speedup I expected using parallel
computing?” on page 2-67

“Why does the estimation using parallel computing not make any
progress?” on page 2-67

“Why do I receive an error "Cannot save model
tpe5468ch55_910c_4275_94ef 305e2eeeeef4"?” on page 2-68

“Why does the estimation using parallel computing not stop when I click
Stop?” on page 2-68

Why are the estimation results with and without using parallel
computing different?

Different numerical precision on the client and worker machines can
produce marginally different simulation results. Thus, the optimization
method takes a completely different solution path and produces a different
result.

The client and worker machines must have models in identical states. For
example, you must verify that the model running on the client uses exactly
the same variable values as the workers. You must also verify that the
client and workers are accessing model dependencies in identical states.

When you use parallel computing with the Pattern search method, the
search 1s more comprehensive and can result in a different solution.

To learn more, see “Parallel Computing with the Pattern search Method”
on page 2-57.
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Why do | not see the estimation speedup | expected using
parallel computing?

¢ When you estimate a small number of model parameters or when the
model does not take long to simulate, you might not see a speedup in the
estimation time. In such cases, the overhead associated with creating
and distributing the parallel tasks outweighs the benefits of running the
estimation in parallel.

e Using the Pattern search method with parallel computing might not
speed up the optimization time. Without parallel computing, the method
stops the search at each iteration as soon as it finds a solution better than
the current solution. The candidate solution search is more comprehensive
when you use parallel computing. Although the number of iterations might
be larger, the optimization without using parallel computing might be
faster.

To learn more about the expected speedup, see “Parallel Computing with
the Pattern search Method” on page 2-57.

Why does the estimation using parallel computing not make
any progress?

In some cases, the gradient computations on the remote worker machines
may silently error out when you use parallel computing. In such cases, the
Estimation progress table shows that the f (x) values do not change, and
the optimization terminates after two iterations.

To troubleshoot the problem:

1 Run the optimization for a few iterations without parallel computing to
see 1if the optimization progresses.

2 Check whether the remote workers have access to all model dependencies.
Model dependencies include data variables and files required by the model
to run.

To learn more, see “Model Dependencies” on page 2-60.
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Why do | receive an error "Cannot save model
tpe5468c55 910c_4275 94ef 305e2eeeeefd"?

When you specify the Gradient type as Refined, the software may error out
when it attempts to save a temporary model to a nonwriteable folder. To clear
this error, change the Gradient type to Basic. To learn more, see “Selecting
Additional Optimization Options” on page 2-30.

Why does the estimation using parallel computing not stop
when I click Stop?

When you use parallel computing, the software must wait until the current
optimization iteration completes before it notifies the workers to stop the
optimization. The optimization does not terminate immediately when you
click Stop, and, instead, appears to continue running.

See Also sdo.optimizesdo.OptimizeOptions | | sdo.getModelDependencies |
matlabpool
Concepts ® “Speedup Using Parallel Computing” on page 2-55
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Estimating Initial Conditions for Blocks with External
Initial Conditions

When an integrator block uses an initial-condition port, which you specify by
an IC block, you cannot estimate the initial conditions (ICs) of the integrator
using Simulink Design Optimization software. Estimation is not possible
because external ICs have priority over the ICs of a specific block to maintain
the integrity of the model.

To tune the ICs of an integrator block with external ICs, you must modify the
model to make the external signal into a tunable parameter. For example,
you can set the IC block that feeds into the integrator to be a tunable variable
and estimate it.
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Estimate Model Parameters and Initial States (GUI)

In this section...

“Loading the Example” on page 2-70
“Model Parameters” on page 2-71
“Setting Up the Estimation Project” on page 2-72

“Importing Transient Data and Selecting Parameters for Estimation” on
page 2-73

“Selecting Parameters and Initial Conditions for Estimation” on page 2-75
“Creating the Estimation Task” on page 2-77

“Running the Estimation and Viewing Results” on page 2-79

“Related Examples” on page 2-80

This example shows how to estimate the initial states and parameters of
a model.

Loading the Example

To open the Simulink model of a mass-spring-damper system, type:
msd_system

at the MATLAB prompt.

This action also loads the two sets of measured data with differing initial
conditions.




Estimate Model Parameters and Initial States (GUI)

Mass-Spring-Damper System

» L
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[texp yexp1]

Experimental
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[tescp2 yexpZ]

Experimental
Paosition Data 2

[mbk

Medel
Parameters
{from model workspace)

Mas s/Spring/Damper
Values

GUl to run an estimaticn.

Model Parameters

The output of the Simulink model, msd_system, is the position of the mass in

a mass-spring-damper system. The model is subject to a constant force F, and
an initial condition, x0, for the mass displacement. x0 is the initial condition

of the integrator block, Position.

The model parameters of interest are the mass, m, the viscous damping, b,
and the spring constant, k. For more information about physical modeling of
mass-spring-damper systems, see any book on mathematical modeling or on
automatic control systems.

For estimating the model parameters m, b, and k, this model uses two
experimental data sets. The data sets contain output data measured using
two different initial positions, x0=0.1 and x0=0.3, and additive noise.

In the Simulink editor window, select Simulation > Run to run a simulation.

The simulation generates the following plots, as shown in the next figure:

¢ Simulated response of the model for x0=-0.1 and parameter values, m=8,
k=500, and b=100

e Experimental data sets
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nposi'tfons EI@
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The magenta and cyan lines show experimental data with different initial
conditions. The yellow line is the model response to a constant force.

Setting Up the Estimation Project

To set up the estimation of initial conditions and then transient state space
data, select Analysis > Parameter Estimation in the msd_system model
window.
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=] Control and Estimation Tools Manager i ] ]
File View Help
=il -
| A R=R= N
i,\ Workspace ~Task settings
= lgh| Project - med_system Title: I
E}-- Estimation Task
[/ Transient Data | ||| Subject: I
Variables Author: I
Estimation
Ea Validation Company: I
Description: :I
|
Maodel: msd_system Cpen Model Update Task |
-
-
Select the nodes below to configure and run estimations. A

Importing Transient Data and Selecting Parameters
for Estimation

To import data for initial state estimation:

1 In the Control and Estimation Tools Manager, select Transient Data
under the Estimation Task node.

2 Right-click Transient Data, and select New to create a New Data node.

3 Select New Data under the Transient Data node.

4 In the Output Data tab of the New Data node, select the Data column
of msd_system/Position, and click Import. The Data Import dialog box

opens.

Select yexp1, and click Import to assign the data yexp1 to the model.

2-73



2 Parameter Estimation

2-74

5 In the Output Data pane, select the Time/Ts column of

msd_system/Position. In the Data Import dialog box, select texp1, and
click Import to assign the time vector texp1 to the model.

set #1.

data set to Data set #2.

6 Right-click New Data in the Workspace tree, and rename it to Data

7 Repeat steps 2-5 to add a second data set, yexp2 and texp2. Rename the

The Control and Estimation Tools Manager GUI now resembles the next

figure.

«): Control and Estimation Tools Manager

File  wiew Help

=10 x|

s =2 = W)

Workspace
Project - mzd_system
) Estimation Task

Wariables
LB Estimation
“alidation

Input Data Cuthut Data | State Data |

~&zsign Data to Block:

Experimertal Data

Elock Mame
Data | Tite: 1 Ts | WWeinht Lercth
msd_system/Position
Charnel - 1 yexpl (1) [ temicn [ 1 7676
msd_system/Velocity
Channel - 1 I [ 1 0
Irport.... Pre-process... Cleat Al |

~ New Data node has been added to Transient Data.

Select the tabbed panels to configure the transient data set.

E
[
4

For more information on importing data, see “Import Data (GUI)” on page 1-4.
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Selecting Parameters and Initial Conditions for
Estimation

To select the parameters and initial states you want to estimate for the
Simulink model msd_system:

1 Select the Variables node in the Workspace tree of the Control and
Estimation Tools Manager GUI.

2 In the Estimated Parameters pane, click Add to open the Select
Parameters dialog box.

3 Select the parameters b, k, and m, and then click OK. The selected

parameters now appear in the Selected parameters area of the
Estimated Parameters pane.
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4 In the Estimated States pane, click Add.

The Select States dialog box opens, which displays all the available states
of the msd_system model. Select msd_system/Position, and click OK.

x

—5elect additional states to estimate

Block Mame Length

Select states with initial
conditions that you want
to estimate.

Hold down Shift, and use
your mouse to select
groups of adjacent states.
Hold down Ctrl, and use
your mouse to select
non-adjacent states.

K Ca... Help | Apply |




Estimate Model Parameters and Initial States (GUI)

Note For states that you do not estimate, the software uses the initial
condition value specified in the Simulink model. In this example, the value
of initial velocity, as specified in the model is 0.

The selected state appears in the Selected states area of the Estimated
States pane, as shown in the next figure.

=] control and Estimation Tools Manager -0l x|
File View Help
=
== N )
@. Workspace Estimated Parameters Estimated States I
& Project - msd_system rSelected states ) Defaultsettngs

E-- Estimation Task
=-[[ Transient Data
f {| Data set #1 EaE el

1+i] Data set #2 Iritial quess: I-Ul—
i Variables B

+ % Estimation Minimum: I-Inf

Ea Validation T T— I_an—
Typical value: I-D. 1

Sample time: 0

Mame: Position

Defined in block:

LI med_system/Position d
Add... Delete | |
Rl |+
- Mew Data node has been added to Transient Data. -
- Mew Data node has been added to Transient Data. -
Select the tab panels to configure your estimation parameters and states. i

For more information on selecting parameters to estimate, see “Specify
Parameters to Estimate” on page 2-7.

Creating the Estimation Task

To create an estimation task in the Control and Estimation Tools Manager
GUI, select the Estimation node in the Workspace tree, and click New.
This action creates a New Estimation node.
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In the New Estimation node, select the following check boxes:

® Data Set #1 and Data Set #2 in the Data Sets pane.

e Estimate for b, k, and m in the Parameters pane.

¢ Estimate for Position in the States pane. Make sure to select this check
box for both Data Set #1 and Data Set #2 to estimate the initial position

for the spring.

Data Sets | Parameters States I Estimation |

Estimation states

States for data set: Data set #2 ;I
Data set #1 |
State Minimum Maxdimum Typical Value
msd_systemPosition v -Inf +Inf 0.1

=] Control and Estimation Tools Manager

Although the initial positions for the two data sets differ, specify the initial

state guesses for both data sets as -0.1. The Control and Estimation Tools
Manager GUI now resembles the following figure.

=lal x|
File View Help
=
=R aNI=R=NE)
-\, Workspace Data Sets | Parameters States | Estimation
=1 Project - msd_system e
=-3] Estimation Task
. — States for data set: I Data set #1 LI
State Value Estimate Initial Guess Minimum Maximum Typical Value

Variables
Estimation
E@ Mew Estimatior
Ea Views

Ea Validation

4 | ]

Use Value as Initial Guess

Reset to Default Settings Save as Default Settings |

- New Estimation node has been added to Estimation.

Select the tab panels to configure your estimation.

4
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Running the Estimation and Viewing Results

Click Start in the Estimation pane to run the estimation.

As the estimation proceeds, the most current estimation of the position
response (yellow curve) updates in the Scope. The curve toggles between

the two experimental data sets because the software uses the two data sets
successively to update the estimates of the parameter values. The software
converges to the correct parameter values, within the scope of experimental
noise and optimization options settings. The closeness of the estimated
response (yellow) to the experimental data (magenta) indicates that simulated
data is a good match to the measured data.

uPositl'ons E@ﬁ
AB|Askh DRKREE S o

i oy e

0.05L
0

Time offset: 0

View the initial position estimates for Data Set #1 and Data Set #2in the
Value column of the States tab. The estimated values match closely with
the known values, 0.1 and 0.3 of initial position.
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Data SetslParameters States | Estimation

Estimation states
States for data set:

State Value Estimate Initial Guess Minimum Maximum | Typical Value

med_system,/Fosition 0.29945 v 0.1 -Inf +Inf

View the estimated parameter values in the Value column of the Parameters
tab.

Data Sets Parameters | states | Estimation |

Estimation parameters

Mame Value Estimate Initial Guess Minimum Maximum | Typical Value
b 57.957 [ b -Inf +Inf b
ke 400,27 I k -Inf +Inf k
m 9.7862 I m -Inf +Inf m

The estimation of initial states is important for obtaining the correct
estimates of the model parameters. You do not set the initial states (x0 in this
case) as parameters because the initial states do not represent fixed physical
properties of the system. For different experimental data or operating
conditions, these states need not be unique.

In this example, you use two data sets with distinct initial positions together
for a single estimation of model parameters. While the estimates of the

model parameters are unique, the initial state (position) is different, and you
estimate them individually for each data set.

Related Examples

¢ “Estimate Model Parameters and Initial States (GUI)”



Estimation Projects

Estimation Projects

In this section...

“Structure of an Estimation Project” on page 2-81
“Managing Multiple Projects and Tasks” on page 2-82
“Adding, Deleting and Renaming an Estimation Project” on page 2-83

“Saving Control and Estimation Tools Manager Projects” on page 2-84

“Loading Control and Estimation Tools Manager Projects” on page 2-85

Structure of an Estimation Project

The Control and Estimation Tools Manager, which 1s a graphical user
interface (GUI) for performing parameter estimation, stores and organizes all
data from a given Simulink model inside a project. To open the Control and
Estimation Tools Manager GUI, select Analysis > Parameter Estimation
in the Simulink model window.

When using the Control and Estimation Tools Manager for parameter
estimation, you can

e Manage estimation projects.

¢ Select parameters and initial conditions to configure the estimation.
® Specify cost functions.

¢ Import experimental data (to be matched by the output of your Simulink
model).

¢ Specify the initial conditions of your model.
Each estimation task can include

® One or more data sets
e Parameter information

® One or more sets of estimation settings, or configurations
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The default project name is the same as the Simulink model name. The
project name is shown in the Workspace tree of the Control and Estimation
Tools Manager.

You can also add tasks from Simulink Control Design™ and Model Predictive
Control Toolbox™ software to the current project, if these products are
installed on your system.

Managing Multiple Projects and Tasks

The Control and Estimation Tools Manager works seamlessly with products
in the Controls and Estimation family. In particular, if you have licenses for
Simulink Control Design or Model Predictive Control Toolbox software, you

can use these products to perform tasks on projects that you have created in
Simulink Design Optimization software, and vice versa.

This figure shows a tools manager with multiple projects and multiple tasks.


http://www.mathworks.com/products/simcontrol/
http://www.mathworks.com/products/mpc/
http://www.mathworks.com/products/mpc/

Estimation Projects
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0
sk
Data
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[
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-
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You can save projects individually, or group multiple projects together in
one saved file, as described in:

® “Saving Control and Estimation Tools Manager Projects” on page 2-84

® “Loading Control and Estimation Tools Manager Projects” on page 2-85

Adding, Deleting and Renaming an Estimation Project

To add, delete, or rename the project or task:

1 Right-click the project or task node in the Workspace tree.

2 Select the appropriate command from the shortcut menu.
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Saving Control and Estimation Tools Manager
Projects

A Control and Estimation Tools Manager project can consist of tasks from
products such as Simulink Control Design, Simulink Design Optimization,
and Model Predictive Control Toolbox software. Each task contains data,
objects, and results for the analysis of a particular model.

To save your project as a MAT-file, select File > Save in the Control and
Estimation Tools Manager window.

«} Save Projects =] |

Projects:

Project t14 ||

=

034 | Cann::ell Helg |

To save multiple projects within one file:

1 In the Save Projects dialog box, select the projects that you want to save.
2 Click OK.

3 Choose a folder and name for your project file by either browsing for a file
or typing the full path and filename in the Save as field. Click Save.
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Loading Control and Estimation Tools Manager
Projects

To open previously saved projects, select File > Load in the Control and
Estimation Tools Manager window.

+} Load Projects =] |

Projects:

Project t14 ||

[

Load from: I’E|"DESH:Dp".F'rDjEC‘t -f1dmat .. |

034 | Cann::ell Helg |

In the Load Projects dialog box, choose a project file by either browsing for
the folder and file, or by typing the full path and filename in the Load from
field. Project files are always MAT-files. The projects within this file appear
in the Projects list.

Select the projects that you want to load, then click OK. When a file contains
multiple projects, you can choose to load them all or just a few.
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How the Software Formulates Parameter Estimation as an
Optimization Problem

In this section...

“Overview of Parameter Estimation as an Optimization Problem” on page
2-86

“Cost Function” on page 2-86

“Bounds and Constraints” on page 2-89

“Optimization Methods and Problem Formulations” on page 2-90

Overview of Parameter Estimation as an
Optimization Problem

When you perform parameter estimation, the software formulates an
optimization problem. The optimization problem solution is the estimated
parameter values set. This optimization problem consists of:

® x — Design variables. The model parameters and initial states to be
estimated.

® F(x) — Objective function. A function that calculates a measure of the
difference between the simulated and measured responses. Also called cost
function or estimation error.

¢ (Optional) XSXSX _ Bounds. Limits on the estimated parameter values.
¢ (Optional) C(x) — Constraint function. A function that specifies restrictions

on the design variables.

The optimization solver tunes the values of the design variables to satisfy the
specified objectives and constraints. The exact formulation of the optimization
depends on the optimization method that you use.

Cost Function

* “Types” on page 2-87

¢ “Time Base” on page 2-88
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The software tunes the model parameters to obtain a simulated response
(,;,) that tracks the measured response or reference signal (yref). To do so,
the solver minimizes the cost function or estimation error, a measure of the
difference between the simulated and measured responses. The cost function,
F(x), is the objective function of the optimization problem.

Types

The raw estimation error, e(?), is defined as:

e(t) = Yyof () = Ysim @)

e(t) 1s also referred to as the error residuals or, simply, residuals.

Simulink Design Optimization software provides you the following cost
functions to process e(t):

Cost Function Formulation Option Name in GUI
or Command Line
Sum squared error 'SSE'
(default) ty
F(x) =) e(t)xelt)
=0

N is the number of
samples.

Sum absolute error 'SAE'

Iy
F(x)=) @ |

t=0

N is the number of
samples.
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Cost Function Formulation Option Name in GUI
or Command Line

Raw error 'Residuals'This
e(0) option is available
only at the command
w line.

F(x) =

Custom function N/A This option is available
only at the command
line.

Time Base

The software evaluates the cost function for a specific time interval. This
interval is dependent on the measured signal time base and the simulated
signal time base.

® The measured signal time base consists of all the time points for which the
measured signal is specified. In case of multiple measured signals, this
time base is the union of the time points of all the measured signals.

® The simulated signal time base consists of all the time points for which the
model is simulated.

If the model uses a variable-step solver, then the simulated signal time base
can change from one optimization iteration to another. The simulated and
measured signal time bases can be different. The software evaluates the
cost function for only the time interval that is common to both. By default,
the software uses only the time points specified by the measured signal in
the common time interval.

¢ In the GUI, you can specify the simulation start and stop times in the
Simulation time area of the Simulation Options dialog box.

® At the command line, the software specifies the simulation stop time as the
last point of the measured signal time base. For example, the following
code simulates the model until the end time of the longest running output
signal of exp, an sdo.Experiment object:

sim_obj = createSimulator(exp);
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sim_obj = sim(sim_obj);
sim_obj contains the simulated response for the model associated with exp.

Bounds and Constraints

You can specify bounds for the design variables (estimated model parameters),
based on your knowledge of the system. Bounds are expressed as:

x<x<X

x and X are the lower and upper bounds for the design variables.

For example, in a battery discharging experiment, the estimated battery
initial charge must be greater than zero and less than Inf. These bounds
are expressed as:

O<x<w

For an example of how to specify these types of bounds, see “Estimate Model
Parameters and Initial States (Code)” on page 2-116.

You can also specify other constraints, C(x), on the design variables at the
command line. C(x) can be linear or nonlinear and can describe equalities or
inequalities. C(x) can also specify multiparameter constraints. For example,
for a simple friction model, C(x) can specify that the static friction coefficient
must be greater than or equal to the dynamic friction coefficient. One way of
expressing this constraint is:

C(x) : %7 —x9
Cx)<0

x, and x, are the dynamic and static friction coefficients, respectively.

For an example of how to specify a constraint, see “Estimate Model
Parameters with Parameter Constraints (Code)” on page 2-155.
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Optimization Methods and Problem Formulations
An optimization problem can be one of the following types:

e Minimization problem — Minimizes an objective function, F(x). You specify
the measured signal that you want the model output to track. You can
optionally specify bounds for the estimated parameters.

¢ Mixed minimization and feasibility problem — Minimizes an objective
function, F(x), subject to specified bounds and constraints,C(x). You specify
the measured signal that you want the model to track and bounds and
constraints for the estimated parameters.

¢ Feasibility problem — Finds a solution that satisfies the specified
constraints, C(x). You specify only bounds and constraints for the estimated
parameters. This type of problem is not common in parameter estimation.

The optimization method that you specify determines the formulation of
the estimation problem. The software provides the following optimization

methods:

Optimization Method | Description Optimization

Name Problem Formulation

e User interface: Minimizes the squares
Nonlinear Least of the residuals, Minimization
Squares recommended method | Problem

¢ Command line: foi.partgmeter ) 9 ) 9 9
'1sgnonlin’ estimation. min|F(x)s = mzn(fl(x) + fo(x) -

X X

This method requires

st. x<x<Xx
a vector of error =

residuals, computed f10), f(x),....f (%)
using a fixed time represent residuals.
base. Do not use this n is the number of

approach if you have a | samples.

scalar cost function or . L.
if the number of error | Mixed Minimization

residuals can change and Feasibility
from one iteration to Problem

another. Not supported.
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Optimization Method
Name

Description

Optimization

Problem Formulation

This method uses the
Optimization Toolbox
function, 1sqnonlin.

Feasibility Problem
Not supported.

e User interface:
Gradient Descent

e Command line:
"fmincon'

General nonlinear
solver, uses the cost
function gradient.

Use this approach if
you want to specify one
or any combination of
the following:

e Custom cost
functions

® Parameter-based
constraints

® Signal-based
constraints

This method uses the
Optimization Toolbox
function, fmincon.

For information on
how the gradient
1s computed,

see “Gradient
Computations” on
page 2-103.

Minimization
Problem

Mixed Minimization
and Feasibility
Problem

min F(x)
X

st. Cx)<0
x<x<Xx

Note When tracking
a reference signal, the
software ignores the
maximally feasible
solution option.

Feasibility Problem

® If you select the
maximally feasible
solution option (i.e.,
the optimization
continues after
an 1nitial feasible
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Optimization Method
Name

Description

Optimization
Problem Formulation

solution is found),
the software uses the
following problem
formulation:

gl

st. Clx)<y
x<x<X
y <0

y 1s a slack variable
that permits a
feasible solution
with C(x) <y rather
than C(x) < 0.

¢ If you do not select
the maximally
feasible solution
option (i.e., the
optimization
terminates as soon as
a feasible solution is
found), the software
uses the following
problem formulation:

min 0
X

st. C(x)<0
x<x<Xx
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Optimization Method
Name

Description

Optimization
Problem Formulation

e User interface:
Simplex Search

¢ Command line:
'fminsearch'

Based on the
Nelder-Mead
algorithm, this
approach does not
use the cost function
gradient.

Use this approach
if your cost function
or constraints are
not continuous or
differentiable.

This method uses the
Optimization Toolbox
functions, fminsearch
and fminbnd. fminbnd
1s used if one scalar
parameter is being
optimized. Otherwise,
fminsearch is used.
You cannot specify
parameter bounds,

x<x<Xx, with
fminsearch.

Minimization
Problem

min F(x)
X

Mixed Minimization
and Feasibility
Problem

The software
formulates the problem
in two steps:

1 Finds a feasible
solution.

min max(C(x))

2 Minimizes the
objective. The
software uses the
results from step 1
as initial guesses. It
maintains feasibility
by introducing
a discontinuous
barrier in the
optimization
objective.
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Optimization Method
Name

Description

Optimization
Problem Formulation

min TI'(x)

where

Fx) { inf if max(C(.x)) > (
F(x) otherwise

Feasibility Problem

min max(C(x))

e User interface:
Pattern Search

¢ Command line:
‘patternsearch’

Direct search

method, based on

the generalized pattern
search algorithm, this
method does not use the
cost function gradient.

Use this approach
if your cost function
or constraints are
not continuous or
differentiable.

This method uses the
Global Optimization
Toolbox function,
patternsearch.

Minimization
Problem

min F(x)
X

st. x<x<Xx

Mixed Minimization
and Feasibility
Problem

The software
formulates the problem
in two steps:

1 Finds a feasible
solution.

min max(C(x))

st. x<x<Xx

2 Minimizes the
objective. The
software uses the
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Optimization Method | Description Optimization
Name Problem Formulation

results from step 1
as initial guesses. It
maintains feasibility
by introducing

a discontinuous
barrier in the
optimization
objective.

inf if max(C(x))>
| F(x) otherwise

Feasibility Problem

min max(C(x))

st. x<x<Xx

See Also sdo.SimulationTest | sdo.Experiment |
sdo.requirements.SignalTracking | sdo.requirements.SignalTracking
| 1sgnonlin | fmincon | fminsearch | fminbnd | patternsearch

Related ¢ “Estimate Model Parameter Values (Code)” on page 2-104

Exqmples ¢ “Estimate Model Parameters with Parameter Constraints (Code)” on page
2-155
e “Estimate Parameters from Measured Data (GUI)”

Concepts e “Writing a Cost Function” on page 2-96
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Writing a Cost Function

2-96

In this section...

“Cost Function Overview” on page 2-96
“Convenience Objects” on page 2-97
“Inputs” on page 2-98

“Evaluate Requirements” on page 2-99

“Outputs” on page 2-100

Cost Function Overview

When you use sdo.optimize to optimize model parameters (design variables),
you must provide a MATLAB function as an input to sdo.optimize. This
function, also called a cost function, must evaluate the cost and constraint
values for the design variable values for an iteration. (The cost and constraint
functions are collectively referred to as requirements.) sdo.optimize calls
this function at every optimization iteration and use the function output to
decide the optimization direction. The function must have:

e Input — params , a vector of the design variables (param.Continuous
objects) to be optimized.
® Qutput:

= (Required) vals , a structure with one or more fields that specify the
values of the cost and constraint violations.

= (Optional) derivs, a structure with one or more fields that specify the
values of the gradients of the cost and constraint violations.

You perform the following tasks within the function:

e Extract the current design variable values from params.

¢ [fthe simulated response is required for evaluating the requirements, then
simulate the model using the current design variable values.

¢ Evaluate the requirements.

® Specify the requirement values as fields of vals.



Writing a Cost Function

To use a cost function with sdo.optimize, enter:
[param_opt,opt_info] = sdo.optimize(@myCostFunc,param)

Here, myCostFunc is the name of the MATLAB function and param is a vector
of the design variables.

Convenience Obijects

The software provides you with the following convenience objects that can you
can use in the cost function:

Class Name Description

sdo.SimulationTest Use an sdo.SimulationTest object,
also referred to as a simulator, to
simulate a model. The simulator
allows you to simulate the model
using alternative inputs, model
parameter and initial-state values,
without modifying the model.

You configure the simulator to

log the signals needed to evaluate
requirements and use the sim
method to simulate the model. Then,
you extract the model response
from the object and evaluate the
requirements.

Use these requirements objects to
Requirements obijects: specify time- and frequency-domain
costs or constraints on the design

Time-domain requirements: :
variables.

e sdo.requirements.SignalBound | You configure the properties of the
obgéelft and then use the object’s

o sdo.r‘equir‘ements.StepResponseE%\(, (h%%uir‘ement method to
e sdo.requirements.SignalTrackingvaluate how closely the current

Frequency-domain requirements:
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Class Name

Description

® sdo.requirements.
® sdo.requirements.
® sdo.requirements.
® sdo.requirements.
® sdo.requirements.
® sdo.requirements.
® sdo.requirements.
® sdo.requirements.

® sdo.requirements.

design variables satisfy your design

GainPhaseMargiequirement.

BodeMagnitude

ClosedLoopPeakGain

PZDampingRatio

PZNaturalFrequency

PZSettlingTime
SignalTracking

StepResponseknvelope

OpenLoopGainPhase

sdo.Experiment

Use an sdo.Experiment object, also
referred to as simply an experiment,
to specify the input/output data,
model parameter and initial-state
values for parameter estimation.

You update the design

variable values associated

with the experiment using the
setEstimatedValues method.
Then, you create a simulator, using
the createSimulator method,

to simulate the model using the
updated model configuration.

Inputs

® “Model Parameters and States” on page 2-99

e “Multiple Inputs” on page 2-99
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Model Parameters and States

The function must take as input a vector of model parameter objects
(param.Continuous objects) and, optionally, initial-state objects (param.State
objects). These objects represent the design variables of the optimization
problem. You obtain these objects by using the sdo.getParameterFromModel
and sdo.getStateFromModel commands.

To access a design variable value, use:
param_val = p(1).Value;

Here, p is a vector of param.Continuous objects and p(1) is either a model
parameter or an initial-state object.

Multiple Inputs

sdo.optimize requires that the cost function accept only one input argument,
params. However, you might want to use additional inputs. For instance, you
could make the model name an input argument and configure the function to
be used for multiple models. To call sdo.optimize and use a function that
accepts more than one input argument, you use an anonymous function. For
example, suppose myCostFunc_mult_inputs is a cost function that takes
param, arg1, and arg2 as inputs. Then, assuming that all input arguments
are variables in the workspace, you enter:

myCostFunc = @(param) myCostFunc_mult_inputs(param,argi,arg2);
[param_opt,opt_info] = sdo.optimize(@myCostFunc,param);

Additional inputs can also help reduce code redundancy and computation
cost, given that the function is called repeatedly by sdo.optimize during
optimization. For instance, if you use a convenience object in your function,
you can create it once, before calling sdo.optimize. Then, you can modify
the convenience object’s properties as required within the function for each
iteration.

Evaluate Requirements

The core of the function is where you evaluate how well the current design
variables satisfy the design requirements. You can use MATLAB functions
to do so. You can also use the requirements objects that the Simulink

Design Optimization software provides. These objects enable you to specify
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requirements such as step-response characteristics, gain/phase margin
bounds, Bode magnitude bounds, etc.

® Parameter-only requirements — Extract the design variable values and
compute the requirement values.

For example, you can minimize the cylinder cross-sectional area, a design
variable, in a hydraulic cylinder. See “Design Optimization to Meet a
Custom Objective (Code)” on page 3-141.

® Model response-based requirements — Simulate the model using the
current design variable values, extract the model response, and compute
the requirement values.

There are multiple ways to simulate the model, including:

= Using an sdo.SimulationTest object. You update the model parameter
values using the simulator’s Parameters property. Then, you use the sim
method to simulate the model and extract the logged signals from the
simulator that are of interest. For an example, see “Design Optimization
to Meet a Custom Objective (Code)” on page 3-141.

In parameter estimation, you can use the createSimulator method of
the sdo.Experiment object to create the simulator. Before creating the
simulator, you update the experiment with the current design variable
values using the setEstimatedValues method. For an example, see
“Estimate Model Parameters Per Experiment (Code)” on page 2-140

= Using sdo.setValueInModel to update the model and then calling sim
to simulate the model.

® Linear model-based requirements — Update the model with the current
design variable values, linearize the model, and compute the requirement
values.

Use sdo.setValueInModel to update the model and functions such as
linmod or linearize to linearize the model. linearize requires a
Simulink Control Design license.

Outputs

¢ “Cost and Constraint Values” on page 2-101
® “Multiple Objectives” on page 2-101
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Cost and Constraint Values

Your function must return a structure containing the cost and constraint
values for the current design variables. This structure must have one or more
of the following fields, as required by your optimization problem:

e F — Cost value.

® Cleq, Ceq — Nonlinear constraint values. The solver satisfies Cleq <
0 and Ceq = 0.

® leq, eq — Linear constraint values. The solver satisfies leq<0and eq = 0.

If you have multiple constraints of one type, concatenate the values into a
vector, and specify this vector as the corresponding field value. For instance,
if you have a hydraulic cylinder, you can specify nonlinear inequality
constraints on the piston position (Cleq1) and cylinder pressure (Cleg2). In
this case, specify the Cleq field of the output structure, vals, as:

vals.Cleq = [Cleql; Cleq2];

For an example, see “Design Optimization to Meet a Custom Objective (Code)”
on page 3-141.

By default, the software computes the cost and constraint gradients using
numeric perturbation. However, you can specify the gradients and return
them as an additional output. This output must be a structure with one or
more of the following fields, as required by your optimization problem:

e F — Cost derivatives.

® Cleq — Nonlinear inequality constraints derivatives.

® Ceq — Nonlinear equality constraints derivatives.

You must also set the GradFcn property of the optimization option set to 'on'.

Multiple Objectives

Simulink Design Optimization does not support multi-objective optimization.
However, you can return the cost value (F) as a vector, representing the
multiple objective values. Using this approach does not halt the optimization.
Instead, the software sums the elements of the vector and minimizes this sum.

2-101



2 Parameter Estimation

See Also

Related
Examples

Concepts

2-102

The exception to this behavior is if you are using the nonlinear least squares
(1sgnonlin) optimization method. The nonlinear least squares method, used
for parameter estimation, requires that you return the error residuals as a
vector. In this case, the software minimizes the sum square of this vector.

If you are tracking multiple signals and using 1sqnonlin, then you must
concatenate the error residuals for the different signals into one vector.
Specify this vector as the F field value.

For an example of single objective optimization using the gradient descent
method, see “Design Optimization to Meet a Custom Objective (Code)” on
page 3-141.

For an example of multiple objective optimization using the nonlinear least
squares method, see “Estimate Model Parameters Per Experiment (Code)” on
page 2-140.

sdo.optimizesdo.OptimizeOptions | |
sdo.setValueInModelparam.Continuous | sdo.SimulationTest
sdo.Experiment |

® “Design Optimization to Meet a Custom Objective (Code)” on page 3-141
* “Estimate Model Parameter Values (Code)” on page 2-104

® “How the Optimization Algorithm Formulates Minimization Problems”
on page 3-4

® “How the Software Formulates Parameter Estimation as an Optimization
Problem” on page 2-86



Gradient Computations

Gradient Computations

For the Gradient descent (fmincon) optimization solver, the gradients are
computed using numerical perturbation:

1
dx =3 Jeps x max(l x| ,Extypicalj

dL = max(x — dx, %, )
dR =min (x +dx, %,y )
Fy, =opt _ fen(dL)

Fp =opt_ fen(dR)

dF _(F-Fg)

dx (dL-dR)

® xis a scalar design variable.

® x,.,1s the lower bound of x.

X,,qc 18 the upper bound of x.

. .
Xpypical 1 the scaled value of x.

® opt_fen is the objective function.
dx is relatively large to accommodate simulation solver tolerances.
If you want to compute the gradients in any other way, you can do so in the cost

function you write for performing design optimization programmatically. See
sdo.optimize and GradFcn of sdo.OptimizeOptions for more information.

See Also fmincon
Concepts * “How the Software Formulates Parameter Estimation as an Optimization
Problem” on page 2-86

¢ “How the Optimization Algorithm Formulates Minimization Problems”
on page 3-4
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Estimate Model Parameter Values (Code)

This example shows how to use experimental data to estimate model
parameter values. You estimate flight control actuator parameters for an
aircraft.

We collect experiment data from the model, modify the model actuator
parameters, and use optimization to estimate the original model parameter
values.

Open the Model and Get Experimental Data

The Simulink model sdoAircraftEstimation models the longitudinal flight
control system of an aircraft. It includes a flight control actuator model
with three tunable parameters that are to be estimated using measured
experimental data.

open_system('sdoAircraftEstimation')
close(findall(0, 'Type', 'figure', 'Tag', 'SIMULINK_SIMSCOPE_FIGURE'))

Aircraft Longitudinal Flight Control
This demonstration madek a flight cortral algarithm
of an aircr aft,
Group 2
%p Signal 1 P Stick, in - 5
1 wdot, fifsec” W ud ot, fhizec”
— —™ q. radfseciemd, deg — w5, deg
o Tas+1
|, rad
Actuator - . |
Controller Mol adot, radisec »lqdet  NzPilot, g W:
= Pilat, g
—b}—b wizust, ftisec
q, radEec
q, radizec ¥, radizec
wiGust N Filot G-force
g P Mofy qust, radfsec e radl caleulation
qGust "

94
Dryden Wind rer aft
Gust Madels bynamics

”s L Mq Modal apha.r=d
(1)

alpha, rad

Copyright 12890-2012 The hdathinforks, Ine.
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Obtain experimental data from the model.

[time,iodata] = sdoAircraftEstimation_Experiment;

The sdoAircraftEstimation Experiment function simulates the model and
modifies the model parameter values from their experimental values. For
more information, type edit sdoAircraftEstimation_Experiment at the
MATLAB command prompt.

Define the Estimation Experiment

Create an experiment object to store the measured experimental input/output
data.

Exp = sdo.Experiment('sdoAircraftEstimation');

Create an object to store the measured pilot G-Force output.

PilotG = Simulink.SimulationData.Signal;
PilotG.Name 'PilotG';
PilotG.BlockPath
PilotG.PortType = 'outport';

PilotG.PortIndex = 1;

PilotG.Values timeseries(iodata(:,2),time);

Create an object to store the measured angle of attack (alpha) output.

AOA = Simulink.SimulationData.Signal;
AoA.Name = 'AngleOfAttack’;
AoA.BlockPath = 'sdoAircraftEstimation/Aircraft Dynamics Model';

AOA.PortType = 'outport';
AoA.PortIndex = 4;
AoA.Values = timeseries(iodata(:,1),time);

Add the measured pilot G-Force and angle of attack data to the experiment
as the expected output data.

Exp.OutputData = [...
PilotG;
AOA];

'sdoAircraftEstimation/Pilot G-force calculation';
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Add the 1nitial state for the Actuator Model block to the experiment. Set its
Free field to true so that it is estimated.

Exp.InitialStates = sdo.getStateFromModel('sdoAircraftEstimation’, 'Actuator
Exp.InitialStates.Minimum = 0;
Exp.InitialStates.Free = true;

Compare the Measured Output and the Initial Simulated Output

Create a simulation scenario using the experiment and obtain the simulated

output.
Simulator = createSimulator (Exp);
Simulator = sim(Simulator);

Search for the pilot G-Force and angle of attack signals in the logged
simulation data.

SimLog = find(Simulator.LoggedData,get_param('sdoAircraftEstimation’,
PilotGSignal = find(SimLog, 'PilotG');
AoASignal = find(SimLog, 'AngleOfAttack');

Plot the measured and simulated data.

plot(time, iodata,
AoASignal.Values.Time,AoASignal.Values.Data,'--', ...
PilotGSignal.Values.Time,PilotGSignal.Values.Data,'-.");
title('Simulated and Measured Responses Before Estimation')
legend('Measured angle of attack', ‘'Measured pilot g force',
'Simulated angle of attack', 'Simulated pilot g force');
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Simulated and Measured Responses Before Estimation
B T T T T T

Measured angle of attack
hieasured pilat g force

— — — Simulated angle of attack
—-— - Sirmulated pilat g force
i | i

Ir

1] 10 20 30 40 50 G0

As expected, the model response does not match the experimental output data.

Specify Parameters to Estimate

Select the model parameters that describe the flight control actuation
system. Specify bounds for the estimated parameter values based on our
understanding of the actuation system.

= sdo.getParameterFromModel('sdoAircraftEstimation',{'Ta','Md',"'Zd"'});
(1) .Minimum = 0.01; %Ta

(1) .Maximum = 1;

(2) .Minimum = -10; %Md

(2) .Maximum = 0;
(3)
(3)

.Minimum = -100; %zd
.Maximum = 0;
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Get the actuator initial state value that is to be estimated from the
experiment.

s = getValuesToEstimate (Exp);

Group the model parameters and initial states to be estimated together.

v = [p;s]
v(1,1) =
Name: 'Ta’'
Value: 0.5000
Minimum: 0.0100
Maximum: 1
Free: 1
Scale: 0.5000
Info: [1x1 struct]
v(2,1) =
Name: 'Md’
Value: -1

Minimum: -10
Maximum: O
Free: 1
Scale: 1
Info: [1x1 struct]

v(3,1) =

Name: 'Zd'
Value: -80
Minimum: -100

Maximum: O
Free: 1
Scale: 128
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Info: [1x1 struct]

v(4,1) =

Name: 'sdoAircraftEstimation/Actuator
Model'

Value: O
Minimum: O
Maximum: Inf
Free: 1

Scale: 1
dxValue: O
dxFree: 1

[

Info: [1x1 struct]

4x1 param.Continuous

Define the Estimation Objective.

Create an estimation objective function to evaluate how closely the simulation
output, generated using the estimated parameter values, matches the
measured data.

Use an anonymous function with one input argument that calls the
sdoAircraftEstimation_Objective function. We pass the anonymous
function to sdo.optimize, which evaluates the function at each optimization
iteration.

estFcn = @(v) sdoAircraftEstimation_Objective(v,Exp);
The sdoAircraftEstimation_Objective function:

® Has one input argument that specifies the actuator parameter values and
the actuator initial state.

® Has one input argument that specifies the experiment object containing
the measured data.
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e Returns a vector of errors between simulated and experimental outputs.

The sdoAircraftEstimation Objective function requires two inputs, but
sdo.optimize requires a function with one input argument. To work around
this, estFcn is an anonymous function with one input argument, v, but it calls
sdoAircraftEstimation_Objective using two input arguments, v and Exp.

For more information regarding anonymous functions, see "Anonymous
Functions".

The sdo.optimize command minimizes the return argument of the
anonymous function estFcn, that is, the residual errors returned by
sdoAircraftEstimation_Objective. For more details on how to write an
objective/constraint function to use with the sdo.optimize command, type
help sdoExampleCostFunction at the MATLAB command prompt.

To examine the estimation objective function in more detail, type edit
sdoAircraftEstimation_Objective at the MATLAB command prompt.

type sdoAircraftEstimation_Objective

function vals = sdoAircraftEstimation_Objective(v,Exp)
%SDOAIRCRAFTESTIMATION_OBJECTIVE

o°

o°

The sdoAircraftEstimation_Objective function is used to compare model
outputs against experimental data.

o® o°

o°

vals = sdoAircraftEstimation_Objective(v,Exp)

o°

o°

The |v| input argument is a vector of estimated model parameter values
and initial states.

o® o°

o°

The |Exp| input argument contains the estimation experiment data.

o°

o°

The |vals| return argument contains information about how well the
model simulation results match the experimental data and is used by
the |sdo.optimize| function to estimate the model parameters.

o® o° o°

o°

See also sdo.optimize, sdoExampleCostFunction,
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o°

sdoAircraftEstimation_cmddemo

o°

o°

Copyright 2012 The MathWorks, Inc.
% $Revision: 1.1.8.1 $ $Date: 2012/10/24 05:03:15 $

o°

Define a signal tracking requirement to compute how well the model output
matches the experiment data. Configure the tracking requirement so that
it returns the tracking error residuals (rather than the
sum-squared-error) and does not normalize the errors.

o° o° o° o°

o°

r = sdo.requirements.SignalTracking;
r.Type = ‘'=='y

r.Method = 'Residuals’;
r.Normalize = 'off';

o°

o
)

% Update the experiments with the estimated parameter values.

o°

Exp = setEstimatedValues(Exp,vV);

o°

% Simulate the model and compare model outputs with measured experiment
data.

o°

o°

Simulator = createSimulator(Exp);
Simulator = sim(Simulator);

SimLog find(Simulator.LoggedData,get param('sdoAircraftEstimation’,
PilotGSignal = find(SimLog, 'PilotG');
A0ASignal find(SimLog, 'AngleOfAttack');

PilotGError = evalRequirement(r,PilotGSignal.Values,Exp.OutputData(1).Value
AOAError evalRequirement(r,AoASignal.Values,Exp.OutputData(2).Values);

o°

o
)

% Return the residual errors to the optimization solver.

o°

vals.F = [PilotGError(:); AoOAError(:)];
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end
Estimate the Parameters

Use the sdo.optimize function to estimate the actuator parameter values
and initial state.

Specify the optimization options. The estimation function
sdoAircraftEstimation_Objective returns the error residuals between
simulated and experimental data and does not include any constraints,
making this problem ideal for the 'Isqnonlin’ solver.

opt = sdo.OptimizeOptions;
opt.Method = 'lsqgnonlin';

Estimate the parameters.

vOpt = sdo.optimize(estFcn,v,opt)

Optimization started 17-Jdan-2013 16:43:25

Step-size First-order

Iter F-count f(Xx) optimality
0 9 27972.2 1

1 18 10124.8 0.4744 5.69e+04
2 27 3128.33 0.3847 1.24e+04
3 36 872.877 0.4289 2.81e+03
4 45 238.706 0.5152 618
5 54 71.6871 0.4939 147
6 63 16.9835 0.4263 43.3
7 72 1.74969 0.301 11
8 81 0.0401885 0.1324 1.32
9 90 0.000967161 0.02558 0.234
10 99 0.000208485 0.00795 0.00911

Local minimum possible.

Isgnonlin stopped because the final change in the sum of squares relative t
its initial value is less than the selected value of the function tolerance
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vopt(1,1) =

Name :
Value:
Minimum:
Maximum:
Free:
Scale:
Info:

vOopt(2,1) =

Name :
Value:
Minimum:
Maximum:
Free:
Scale:
Info:

vOopt(3,1) =

Name :
Value:
Minimum:
Maximum:
Free:
Scale:
Info:

vopt(4,1) =

Name:

Model'

Value:
Minimum:
Maximum:

ITaI
.0500
.0100

.5000
1x1 struct]

—_, O = 24 OO0

IMdI
-6.8848

-10

0

1

1

[1x1 struct]

IZdI
-63.9977
-100

0

1

128

[1x1 struct]

'sdoAircraftEstimation/Actuator

1.2164¢e-04
0
Inf
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Free:
Scale:
dxValue:
dxFree:
Info:

—_——_ O = -

1x1 struct]

4x1 param.Continuous

Compare the Measured Output and the Final Simulated Output
Update the experiments with the estimated parameter values.
Exp = setEstimatedValues(Exp,vOpt);

Simulate the model using the updated experiment and compare the simulated
output with the experimental data.

It can be seen that the model response using the estimated parameter values
nicely matches the experiment output data.

Simulator = createSimulator (Exp);

Simulator = sim(Simulator);

SimLog = find(Simulator.LoggedData,get_param('sdoAircraftEstimation’,
PilotGSignal = find(SimLog, 'PilotG');

AoASignal find(SimLog, 'AngleOfAttack');

plot(time, iodata,
AoASignal.Values.Time,AoASignal.Values.Data,'-."', ...
PilotGSignal.Values.Time,PilotGSignal.Values.Data,'--")

title('Simulated and Measured Responses After Estimation')

legend('Measured angle of attack', 'Measured pilot g force',
'Simulated angle of attack', 'Simulated pilot g force');
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Simulated and Measured Responses After Estimation
B T T T T T

Measured angle of attack
hieasured pilat g force

—-—--Simulated angle of attack
— — — Sirmulated pilat g force

I”

1] 10 20 30 40 50 G0

Update the Model Parameter Values
Update the model with the estimated actuator parameter values. Do not

update the model actuator initial state (fourth element of vOpt) as it is
dependent on the experiment.

sdo.setValueInModel('sdoAircraftEstimation',vOpt(1:3));

Close the model

bdclose('sdoAircraftEstimation')
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Estimate Model Parameters and Initial States (Code)

2-116

This example shows how to estimate the initial state and parameters of a
model. You estimate the capacitance and capacitor initial voltage of a simple
RC circuit.

This example requires Simscape.
Open the Model and Get Experimental Data

This example uses the sdoRCCircuit model that models a simple
resistor-capacitor (RC) circuit.

open_system('sdoRCCircuit');

a AN o 4
i Ny @ Wolage
1‘ Senzor
fx1=10 ] | L FS 5 ! » |:|
—= | Wiblage
Siohrar F5-Simulink Scope
Configuration — @&round Conwerter

Copyright 2011 The M athif orks, Inc.

Load the RC-circuit experiment data.

load sdoRCCircuit_ExperimentData

The variables time and data are loaded into the workspace, where data is the
measured capacitor voltage for times time.

Compare the Measured Output and the Initial Simulated Output
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Simulate the model with the current parameter and initial state values.
SimLog = sim('sdoRCCircuit');

Search for the voltage signal in the logged simulation data.

Voltage = find(find(SimLog, 'logsout'), 'Voltage');

Plot the measured and simulated data.

plot(time,data, 'ro',Voltage.Values.Time,Voltage.Values.Data,'b"')
title('Simulated and Measured Responses Before Estimation')
legend('Measured Voltage', 'Simulated Voltage')

Simulated and Measured Responses Before Estimation

E T T T T T T T T T
2 Measured Vaoltage
Simulated Yoltage
o [ =i 9
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The model response does not match the experimental output data.

Define the Estimation Experiment
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Create an experiment object to store the experimental voltage data.

Exp = sdo.Experiment('sdoRCCircuit’');

Specify the expected output data (capacitor voltage).

Voltage.Values = timeseries(data,time);
Exp.OutputData = Voltage;

Specify Parameters to Estimate

Select the capacitance parameter from the model. Specify an initial guess for
the capacitance value (460 uF) and a minimum bound (0 F).

p = sdo.getParameterFromModel('sdoRCCircuit','C1');
p.Value = 460e-6;
p.Minimum = O;

Define the Estimation Objective

Create an estimation objective function to evaluate how closely the simulation
output, generated using the estimated parameter value, matches the
measured data.

Use an anonymous function with one input argument that calls the

sdoRCCircuit_Objective function. We pass the anonymous function to
sdo.optimize, which evaluates the function at each optimization iteration.

estFcn = @(v) sdoRCCircuit_Objective(v,Exp);
The sdoRCCircuit Objective function:

¢ Has one input argument that specifies the estimated circuit capacitance
value.

® Has one input argument that specifies the experiment object containing
the measured data.

e Returns a vector of errors between simulated and experimental outputs.
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The sdoRCCircuit Objective function requires two inputs, but
sdo.optimize requires a function with one input argument. To work around
this, estFcn is an anonymous function with one input argument, v, but it calls
sdoRCCircuit_Objective using two input arguments, v and Exp.

For more information regarding anonymous functions, see "Anonymous
Functions".

The optimization solver minimizes the residual errors. For more details on
how to write an objective/constraint function to use with the sdo.optimize
command, type help sdoExampleCostFunction at the MATLAB command
prompt.

To examine the estimation object function in more detail, type edit
sdoRCCircuit_Objective at the MATLAB command prompt.

type sdoRCCircuit_Objective

function vals = sdoRCCircuit_Objective(v,Exp)
%SDORCCIRCUIT_OBJECTIVE

o°

o°

The sdoRCCircuit_Objective function is used to compare model
outputs against experimental data.

o® o°

o°

vals = sdoRCCircuit_Objective(v,Exp)

o°

o°

and initial states.

o® o° 0% ° o° o°

o°

the |sdo.optimize| function to estimate the model parameters

o® o°

o°

o°

Copyright 2012 The MathWorks, Inc.

The |v| input argument is a vector of estimated model parameter values

The |Exp| input argument contains the estimation experiment data.

The |vals| return argument contains information about how well the
model simulation results match the experimental data and is used by

See also sdo.optimize, sdoExampleCostFunction, sdoRCCircuit_cmddemo
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% $Revision: 1.1.8.2 $ $Date: 2012/04/14 04:44:00 $

o°

Define a signal tracking requirement to compute how well the model output
matches the experiment data. Configure the tracking requirement so that
it returns the tracking error residuals (rather than the
sum-squared-error) and does not normalize the errors.

o° o° o° o°

o°

r = sdo.requirements.SignalTracking;
r.Type = ‘'=='y

r.Method = 'Residuals’;
r.Normalize = 'off';

o°

)
)

Update the experiments with the estimated parameter values.

o°

o°

Exp = setEstimatedValues(Exp,V);

o°

% Simulate the model and compare model outputs with measured experiment
data.

o°

o°

Simulator = createSimulator(Exp);
Simulator sim(Simulator);

SimLog = find(Simulator.LoggedData,get param('sdoRCCircuit', 'SignallLogging
Voltage find(SimLog, 'Voltage');

VoltageError = evalRequirement(r,Voltage.Values,Exp.OutputData(1).Values);

o°

)
)

% Return the residual errors to the optimization solver.

o°

vals.F = VoltageError(:);
end

Estimate the Parameters

Use the sdo.optimize function to estimate the capacitance value.
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Specify the optimization options. The estimation function
sdoRCCircuit_Objective returns the error residuals between simulated and
experimental data and does not include any constraints, making this problem
1deal for the ’lsqnonlin’ solver.

opt = sdo.OptimizeOptions;
opt.Method = 'lsqnonlin';

Estimate the parameters.

pOpt = sdo.optimize(estFcn,p,opt)

Optimization started 17-Jan-2013 16:44:44

Step-size First-order

Iter F-count f(X) optimality
0 3 54.999 1
1 6 21.0094 0.2124 17.3
2 9 11.5162 0.1273 5.9
3 12 9.59875 0.06504 1.93
4 15 9.32857 0.02715 0.645
5 18 9.28738 0.01003 0.143
6 21 9.28455 0.002316 0.0219

Local minimum possible.

1sgnonlin stopped because the final change in the sum of squares relative t
its initial value is less than the selected value of the function tolerance

pOpt =

Name: 'C1'
Value: 1.1128e-04
Minimum: O
Maximum: Inf
Free: 1
Scale: 0.0020
Info: [1x1 struct]
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1x1 param.Continuous

Compare the Measured Output and the Simulated Output
Update the experiment with the estimated capacitance value.
Exp = setEstimatedValues (Exp,pOpt);

Create a simulation scenario using the experiment and obtain the simulated
output.

Simulator = createSimulator (Exp);
Simulator = sim(Simulator);

Search for the voltage signal in the logged simulation data.

SimLog
Voltage

find(Simulator.LoggedData,get_param('sdoRCCircuit', 'SignallLogging
find(SimLog, 'Voltage');

Plot the measured and simulated data.

The simulated and measured signals match fairly well except for near time
zero. This mismatch is because the capacitor initial voltage defined in the
model does not match the initial voltage from the experiment.

plot(time,data, 'ro',Voltage.Values.Time,Voltage.Values.Data,'b"')
title('Simulated and Measured Responses After Estimation')
legend('Measured Voltage', 'Simulated Voltage')
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Simulated and Measured Responses After Estimation
E T T T T T T T T T

2 Measured Vaoltage

Simulated Yoltage
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Estimate the Initial State

Add the capacitor initial voltage for the C1 block to the experiment. Set its
initial guess value to 1 V.

Exp.InitialStates = sdo.getStateFromModel('sdoRCCircuit', 'C1');
Exp.InitialStates.Value = 1;

Recreate the estimation function to use the experiment with initial state
estimation

estFcn = @(v) sdoRCCircuit_Objective(v,Exp);
Get the initial state value that is to be estimated from the experiment.

s = getValuesToEstimate (Exp);
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Group the model parameters and initial states to be estimated together.
v = [pOpt;s];
Estimate the parameters.

vOpt = sdo.optimize(estFcn,v,opt)

Optimization started 17-Jdan-2013 16:44:55

Step-size First-order

Iter F-count f(x) optimality
0 7 4.82677 1
1 14 2.19679 1.57 23.6
2 21 1.34958 0.1596 0.0883
3 28 1.34358 0.05594 0.135
4 35 1.34355 0.001457 0.00085
Local minimum found

Optimization completed because the size of the gradient is less than
the selected value of the function tolerance.

vopt(1,1) =

Name: 'C1'
Value: 1.1128e-04
Minimum: O
Maximum: Inf
Free: 1
Scale: 0.0020
Info: [1x1 struct]

vopt(2,1) =
Name: 'sdoRCCircuit/C1:sdoRCCircuit.C1.vc'
Value: 2.3592

Minimum: -Inf
Maximum: Inf
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Free:
Scale:
dxValue:
dxFree:
Info:

—_——_ O = -

1x1 struct]

vopt(3,1) =

Name: 'C1'
Value: 2.2663e-04
Minimum: O
Maximum: Inf
Free: 1
Scale: 0.0020
Info: [1x1 struct]

3x1 param.Continuous

Compare the Measured Output and the Final Simulated Output

Update the experiment with the estimated capacitance and capacitor initial
voltage values.

Exp = setEstimatedValues(Exp,vOpt);

Simulate the model with the estimated initial state and parameter values and
compare the simulated output with the experiment data.

Simulator = createSimulator (Exp);

Simulator = sim(Simulator);

SimLog = find(Simulator.LoggedData,get_param('sdoRCCircuit', 'Signalloggi
Voltage = find(SimLog, 'Voltage');

plot(time,data, 'ro',Voltage.Values.Time,Voltage.Values.Data,'b")

title('Simulated and Measured Responses After Initial State and Model Param
legend('Measured Voltage', 'Simulated Voltage')
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Simulated and Measured Responses After Initial State and Model Parameter Estimation
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2 Measured Vaoltage
Simulated Yoltage
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Update the Model Parameter Values

Update the model with the estimated capacitance value. Do not update the
model capacitor initial voltage (second element of vOpt) as it is dependent on
the experiment.

sdo.setValueInModel('sdoRCCircuit',vOpt(1));

Close the model

bdclose('sdoRCCircuit')
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Estimate Model Parameters using Multiple Experiments

(Code)

This example shows how to estimate model parameters from multiple sets of
experimental data. You estimate the parameters of a mass-spring-damper

system.

Open the Model and Get Experimental Data

This example uses the sdoMassSpringDamper model. The model includes
two integrators to model the velocity and position of a mass in a
mass-spring-damper system.

open_system('sdoMassSpringDamper');

Wa locihy Position
F [+ 1 1
- — ™ — ™
Force »- S T s [pes — 1
Mas= =
0 =-0.1 Fositions
[texp1 wexp1]
@J Ex=perim ental
P oz tion [ ata 1
Cramper
..-/kJL [texpZ wexp2]
\‘K_K“J Experimental
Spring Fosition [ ata 2
[m b k] L
hdodel Copyright 2002-2012 The MathWorks, Inc.
P arameters

(from model workspace)

M=z SpringsCramper
Walues

Load the experiment data.

load sdoMassSpringDamper_ExperimentData
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The variables texp1, yexp1, texp2, and yexp2 are loaded into the workspace.
yexp1 and yexp2 describe the mass position for times texp1 and texp2
respectively.

Define the Estimation Experiments

Create a 2-element array of experiment objects to store the measured data for
the two experiments.

Create an experiment object for the first experiment.

Exp = sdo.Experiment('sdoMassSpringDamper');

Create an object to store the measured mass position output.

MeasuredPos
MeasuredPos.Values
MeasuredPos.BlockPath

Simulink.SimulationData.Signal;
timeseries(yexpl,texpi);
'sdoMassSpringDamper/Position';

MeasuredPos.PortType = 'outport';
MeasuredPos.PortIndex = 1;
MeasuredPos.Name = 'Position’;

Add the measured mass position data to the experiment as the expected
output data.

Exp.OutputData = MeasuredPos;

Create an object to specify the initial state for the Velocity block. The initial
velocity of the mass i1s 0 m/s.

sVel = sdo.getStateFromModel('sdoMassSpringDamper', 'Velocity');
sVel.Value = 0;
sVel.Free = false;

sVel.Free is set to false because the initial velocity is known and does not
need to be estimated.

Create an object to specify the initial state for the Position block. Specify a

guess for the initial mass position. Set the Free field of the initial position
object to true so that it is estimated.
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sPos
sPos.Free
sPos.Value

= sdo.getStateFromModel('sdoMassSpringDamper', 'Position');
true;
-0.1;

Add the initial states to the experiment.

Exp.InitialStates = [sVel;sPos];

Create a 2-element array of experiments. As the two experiments are
1dentical except for the expected output data, copy the first experiment twice.

Exp = [Exp;

Expl;

Modify the expected output data of the second experiment object in Exp.

Exp(2).0OutputData.Values = timeseries(yexp2,texp2);

Compare the Measured Output and the Initial Simulated Output

Create a simulation scenario using the first experiment and obtain the
simulated output.

Simulator =
Simulator =

createSimulator (Exp(1));
sim(Simulator);

Search for the position signal in the logged simulation data.

SimLog =
Position

find(Simulator.LoggedData,get_param('sdoMassSpringDamper', 'Signa
find(SimLog, 'Position');

Obtain the simulated position signal for the second experiment.

Simulator
Simulator
SimLog
Position(2)

= createSimulator(Exp(2));

= sim(Simulator);
find(Simulator.LoggedData,get_param('sdoMassSpringDamper', 'Si
find(SimLog, 'Position');

Plot the measured and simulated data.

The model response does not match the experimental output data.
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subplot(211)

plot(...
Position(1).Values.Time,Position(1).Values.Data,
Exp(1).OutputData.Values.Time, Exp(1).OutputData.Values.Data,'--")

title('Experiment 1: Simulated and Measured Responses Before Estimation')
ylabel('Position')
legend('Measured Position', 'Simulated Position', 'Location', 'SouthEast')

subplot(212)

plot(...
Position(2).Values.Time,Position(2).Values.Data,
Exp(2).0utputData.Values.Time, Exp(2).OutputData.Values.Data,'--")

title('Experiment 2: Simulated and Measured Responses Before Estimation')
xlabel('Time (seconds)')

ylabel('Position')

legend('Measured Position', 'Simulated Position', 'Location', 'SouthEast')

Experiment 1: Simulated and Measured Responses Before Estimation
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Specify Parameters to Estimate

Select the mass m, spring constant k, and damping coefficient b parameters
from the model. Specify that the estimated values for these parameters must
be positive.

p = sdo.getParameterFromModel('sdoMassSpringDamper', {'b', 'k', 'm'});
p(1).Minimum = 0;
p(2).Minimum = O;
p(3).Minimum = O;

Get the position initial state values to be estimated from the experiment.

s = getValuesToEstimate (Exp);

s contains two initial state objects, both for the Position block. Each object
corresponds to an experiment in Exp.

Group the model parameters and initial states to be estimated together.

v = [p;s]
v(1,1) =
Name: 'b'
Value: 100

Minimum: O
Maximum: Inf
Free: 1
Scale: 128
Info: [1x1 struct]

v(2,1) =

Name: 'k'

Value: 500
Minimum: O

Maximum: Inf
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Free:
Scale:
Info:

v(3,1) =

Name :
Value:
Minimum:
Maximum:
Free:
Scale:
Info:

v(4,1) =

Name :
Value:
Minimum:
Maximum:
Free:
Scale:
dxValue:
dxFree:
Info:

v(5,1) =

Name :
Value:
Minimum:
Maximum:
Free:
Scale:
dxValue:
dxFree:
Info:

1
512
[1x1 struct]

[1x1 struct]

'sdoMassSpringDamper/Position'
-0.1000

-Inf

Inf

1

0.1250

0

1

[1x1 struct]

'sdoMassSpringDamper/Position'
-0.1000

-Inf

Inf

1

0.1250

0

1

[1x1 struct]
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5x1 param.Continuous

Define the Estimation Objective

Create an estimation objective function to evaluate how closely the simulation
output, generated using the estimated parameter values, matches the
measured data.

Use an anonymous function with one input argument that calls the
sdoMassSpringDamper_Objective function. We pass the anonymous function
to sdo.optimize, which evaluates the function at each optimization iteration.

estFcn = @(v) sdoMassSpringDamper_Objective(v,Exp);
The sdoMassSpringDamper_Objective function:

¢ Has one input argument that specifies the mass, spring constant and
damper values as well as the initial mass position.

® Has one input argument that specifies the experiment object containing
the measured data.

e Returns a vector of errors between simulated and experimental outputs.

The sdoMassSpringDamper_Objective function requires two inputs, but
sdo.optimize requires a function with one input argument. To work around
this, estFcn is an anonymous function with one input argument, v, but it calls
sdoMassSpringDamper_Objective using two input arguments, v and Exp.

For more information regarding anonymous functions, see "Anonymous
Functions".

The sdo.optimize command minimizes the return argument of the
anonymous function estFcn, that is, the residual errors returned by
sdoMassSpringDamper_Objective. For more details on how to write an
objective/constraint function to use with the sdo.optimize command, type
help sdoExampleCostFunction at the MATLAB command prompt.
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To examine the estimation objective function in more detail, type edit
sdoMassSpringDamper_Objective at the MATLAB command prompt.

type sdoMassSpringDamper_Objective

function vals = sdoMassSpringDamper_Objective(v,Exp)
%SDOMASSSPRINGDAMPER_OBJECTIVE

o°

o°

The sdoMassSpringDamper_Objective function is used to compare model
outputs against experimental data.

o® o°

o°

vals = sdoMassSpringDamper_Objective(v,Exp)

o°

o°

The |v| input argument is a vector of estimated model parameter values
and initial states.

o® o°

o°

The |Exp| input argument contains the estimation experiment data.

o°

o°

The |vals| return argument contains information about how well the
model simulation results match the experimental data and is used by
the |sdo.optimize| function to estimate the model parameters.

o® o° o°

o°

see also sdo.optimize, sdoExampleCostFunction

o°

o°

Copyright 2012 The MathWorks, Inc.
% $Revision: 1.1.8.2 $ $Date: 2012/04/14 04:43:58 $

o°

)
-

o°

Define a signal tracking requirement to compute how well the model output
matches the experiment data. Configure the tracking requirement so that
it returns the tracking error residuals (rather than the
sum-squared-error) and does not normalize the errors.

o° o° o°

o°

r = sdo.requirements.SignalTracking;
r.Type = '==";

r.Method = 'Residuals';
r.Normalize = 'off';
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o®

)
)

Update the experiments with the estimated parameter values.

o°

o°

Exp = setEstimatedValues(Exp,V);

o

Simulate the model and compare model outputs with measured experiment
data.

o® o°

o°

Error = [];
for ct=1:numel(Exp)

Simulator = createSimulator(Exp(ct));
Simulator sim(Simulator);

SimLog = find(Simulator.LoggedData,get param('sdoMassSpringDamper','Si
Position = find(SimLog, 'Position');

PositionError = evalRequirement(r,Position.Values,Exp(ct).OutputData.Va

Error = [Error; PositionError(:)];
end

o

)
)

% Return the residual errors to the optimization solver.

o°

vals.F = Error(:);
end

Estimate the Parameters

Use the sdo.optimize function to estimate the actuator parameter values
and initial state.

Specify the optimization options. The estimation function
sdoMassSpringDamper_Objective returns the error residuals between
simulated and experimental data and does not include any constraints,
making this problem ideal for the 'Isqnonlin’ solver.

opt = sdo.OptimizeOptions;
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opt.Method = 'lsgnonlin';

Estimate the parameters. Notice that the initial mass position is estimated
twice, once for each experiment.

vOpt = sdo.optimize(estFcn,v,opt)

Optimization started 17-Jdan-2013 16:45:41

Step-size First-order
Iter F-count f(x) optimality
0 11 0.777696 1
1 22 0.00413099 3.696 0.00648
2 33 0.00118327 0.3194 0.00243
3 44 0.0011106 0.06718 5.09e-05

Local minimum found.

Optimization completed because the size of the gradient is less than
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the selected value of the function tolerance.

vopt(1,1) =

Name :
Value:
Minimum:
Maximum:
Free:
Scale:
Info:

vopt(2,1) =

Name :
Value:
Minimum:
Maximum:
Free:
Scale:

Y
58.1959

0

Inf

1

128

[1x1 struct]

Ikl
399.9452
0
Inf
1
512
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Info:

vOopt(3,1) =

Name :
Value:
Minimum:
Maximum:
Free:
Scale:
Info:

vOpt(4,1) =

Name :
Value:
Minimum:
Maximum:
Free:
Scale:
dxValue:
dxFree:
Info:

vopt(5,1) =

Name :
Value:
Minimum:
Maximum:
Free:
Scale:
dxValue:
dxFree:
Info:

[1x1 struct]

[1x1 struct]

'sdoMassSpringDamper/Position'
0.2995

-Inf

Inf

1

0.1250

0

1

[1x1 struct]

'sdoMassSpringDamper/Position'
0.0994

-Inf

Inf

1

0.1250

0

1

[1x1 struct]
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5x1 param.Continuous

Compare the Measured Output and the Final Simulated Output

Update the experiments with the estimated parameter values.

Exp = setEstimatedValues(Exp,vOpt);

Obtain the simulated output for the first experiment.

Simulator = createSimulator(Exp(1));
Simulator = sim(Simulator);
SimLog = find(Simulator.LoggedData,get_param('sdoMassSpringDamper', 'Si

Position(1) find(SimLog, 'Position');

Obtain the simulated output for the second experiment.

Simulator createSimulator(Exp(2));

Simulator = sim(Simulator);

SimLog find(Simulator.LoggedData,get_param('sdoMassSpringDamper', 'Si
Position(2) find(SimLog, 'Position');

Plot the measured and simulated data.

The model response using the estimated parameter values nicely matches
the output data for the experiments.

subplot(211)

plot(...
Position(1).Values.Time,Position(1).Values.Data,
Exp(1).OutputData.Values.Time, Exp(1).OutputData.Values.Data,'--")

title('Experiment 1: Simulated and Measured Responses After Estimation')
ylabel('Position')
legend('Measured Position', 'Simulated Position', 'Location', 'NorthEast')

subplot(212)

plot(...
Position(2).Values.Time,Position(2).Values.Data,
Exp(2).0utputData.Values.Time, Exp(2).OutputData.Values.Data,'--")

title('Experiment 2: Simulated and Measured Responses After Estimation')
xlabel('Time (seconds)')
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ylabel('Voltage')
legend('Measured Position', 'Simulated Position', 'Location', 'SouthEast')

Experiment 1: Simulated and Measured Responses After Estimation

Measured Position
— — — Simulated Position [
S
E . -
o LA - - —"‘. “\h— — '\llr"\ o=
022 1 1 | | | 1 1
1 2 3 4 5 5 7 B
Experiment 2: Simulated and Measured Responses After Estimation
Dd T T T T T T
03r =
k)
=
= 02}¢ i
)
=
01F Measured Position H
— — — Simulated Position
E' | 1 | 1 I |
0 1 2 3 4 5 B 7

Time (seconds)

Update the Model Parameter Values

Update the model m, k, and b parameter values. Do not update the model
initial position value as this is dependent on the experiment.

sdo.setValueInModel('sdoMassSpringDamper',vOpt(1:3));

Close the model

bdclose('sdoMassSpringDamper')
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This example shows how to use multiple experiments to estimate a mix of
model parameter values; some that are estimated using all the experiments
and others that are estimated using individual experiments. The example
also shows how to configure the model with experiment dependent parameter
values.

You estimate the parameters of a rechargeable battery based on data collected
in experiments that discharge and charge the battery.

Open the Model and Get Experimental Data

This example estimates parameters of a simple, rechargeable battery model,
sdoBattery. The model input is the battery current and the model output,
the battery terminal voltage, is computed from the battery state-of-charge.

open_system('sdoBattery');

Simple Battery Model

CO—— > [ soc
Current “wiltage —b|§|

A= Ah (AR @500

Currert

Woltage (W)

S0C -> Vaoltage

Copyright 2012 The hathilfotes, Inc.

The model is based on the equation

l1-s
8

E=(1-Loss) sV — K +Qpua. +

Where:
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® F is the battery terminal voltage in Volts.
® 717 1is the battery constant voltage in Volts.
® J is the battery polarization resistance in Ohms.

® (}..-1s the maximum battery capacity in Ampere-Hour.

® . 1is the battery charge state, with 1 being fully charged and 0 zero
charge.The battery state-of-charge is computed from the integral of the
battery current with a +ve current indicating discharge and a -ve current
indicating charging. The battery initial state-of-charge is specified by g
in Ampere-Hour.

® [nssis the voltage drop when charging, expressed as a fraction of the
battery constant voltage. When the battery is discharging this value is zero.

V, K, Qmax, Q0, and Loss are variables defined in the model workspace.

Load the experiment data. A 1.2V (6500mAh) battery was subjected to a
discharge experiment and a charging experiment.

load sdoBattery_ ExperimentData

The variables Charge Data and DCharge_Data are loaded into the workspace.
The first column of Charge Data contains time data. The second and third
columns of Charge_Data describe the current and voltage during a battery
charging experiment. DCharge Data is similarly structured and contains data
for a battery discharging experiment.

Plot the Experiment Data

subplot(221),
plot(DCharge_Data(:,1)/3600,DCharge_Data(:,2))
title('Experiment: Discharge')

xlabel('Time (hours)')

ylabel('Current (A)"')

subplot(223)
plot(DCharge_Data(:,1)/3600,DCharge_Data(:,3))
xlabel('Time (hours)"')
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ylabel('Voltage (V)')

subplot(222),

plot(Charge Data(:,1)/3600,Charge_Data(:,2))
title('Experiment: Charge')

xlabel('Time (hours)"')

ylabel('Current (A)')

subplot(224)

plot(Charge Data(:,1)/3600,Charge Data(:,3))
xlabel('Time (hours)"')

ylabel('Voltage (V)')

Experiment: Discharge Experiment: Charge
15 0.5
< 1 < 0
|5 |5
S o0s S 05
n -1
1] 2 4 G g n 2 4 B g
Time (hours) Time (hours)
1.5 1.5
= 1 = 1
ai] ai]
[=2) pa2)
= Z
2 05 £ 05
n a
1] 2 4 G g n 2 4 B g
Time (hours) Time (hours)

Define the Estimation Experiments

Create a 2-element array of experiment objects to specify the measured data
for the two experiments.
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Create an experiment object for the battery discharge experiment. The
measured current data is specified as a timeseries in the experiment object.

DCharge_Exp = sdo.Experiment('sdoBattery');

Specify the input data (current) as a timeseries object.

DCharge_Exp.InputData = timeseries(DCharge_Data(:,2),DCharge_Data(:,1));
Create an object to specify the measured voltage output data.

VoltageSig = Simulink.SimulationData.Signal;

VoltageSig.Name 'Voltage';

VoltageSig.BlockPath ‘sdoBattery/SOC -> Voltage';

VoltageSig.PortType = 'outport';

VoltageSig.PortIndex 1;

VoltageSig.Values timeseries(DCharge_Data(:,3),DCharge_Data(:,1));

Add the voltage signal to the discharge experiment as the expected output
data.

DCharge_Exp.OutputData = VoltageSig;

Specify the battery initial charge state for the experiment. The battery charge
state 1s modeled by the Q (Ah) block and it’s initial value is specified by the
variable Q0. Create a parameter for the Q0 variable and add the parameter to
the experiment. QO is experiment dependent and assumes different values in
the discharging and charging experiments.

Q0 = sdo.getParameterFromModel('sdoBattery','Q0");
Q0.Value = 6.5;
Q0.Free = false;

QO0.Free 1s set to false because the initial battery charge is known and does
not need to be estimated.

Add the Q0 parameter to the experiment.

DCharge_Exp.Parameters = QO;
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Create an experiment object to store the charging experiment data. Add the
measured current input and measured voltage output data to the object.

Charge_Exp = sdo.Experiment('sdoBattery');

Charge_Exp.InputData = timeseries(Charge_Data(:,2),Charge_Data(:,1));
VoltageSig.Values = timeseries(Charge_Data(:,3),Charge_Data(:,1));
Charge_Exp.OutputData = VoltageSig;

Add the battery initial charge and charging loss fraction parameters to the
experiment. For this experiment, the initial charge (Q0) is known (0 Ah), but
the value of the charging loss fraction (Loss) is not known.

Q0.Value = 0;

Loss = sdo.getParameterFromModel('sdoBattery', 'Loss');
Loss.Free = true;

Loss.Minimum = 0;

Loss.Maximum 0.5;

Charge_Exp.Parameters = [QO0;Loss];

Loss.Free is set to true so that the value of Loss is estimated
Collect both experiments into one vector.

Exp = [DCharge_Exp; Charge_Exp];

Compare the Measured Output and the Initial Simulated Output

Create a simulation scenario using the first (discharging) experiment and
obtain the simulated output.

Simulator = createSimulator(Exp(1));
Simulator = sim(Simulator);

Search for the voltage signal in the logged simulation data.

SimLog = find(Simulator.LoggedData,get_param('sdoBattery', 'SignallLoggin
Voltage(1) find(SimLog, 'Voltage');

Obtain the simulated voltage signal for the second (charging) experiment.
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Simulator = createSimulator(Exp(2));
Simulator = sim(Simulator);
SimLog = find(Simulator.LoggedData,get_param('sdoBattery', 'SignallLoggin

Voltage(2) find(SimLog, 'Voltage');

Plot the measured and simulated data.

The model response does not match the experimental output data.

subplot(211)
plot(...
Voltage(1).Values.Time/3600,Voltage(1).Values.Data,
Exp(1).OutputData.Values.Time/3600, Exp(1).OutputData.Values.Data,'-.")
title('Discharging Experiment: Simulated and Measured Responses Before Esti
ylabel('Voltage (V)')
legend('Simulated Voltage', 'Measured Voltage', 'Location', 'SouthWest')
subplot(212)
plot(...
Voltage(2).Values.Time/3600,Voltage(2).Values.Data,
Exp(2).0utputData.Values.Time/3600, Exp(2).OutputData.Values.Data,'-.")
title('Charging Experiment: Simulated and Measured Responses Before Estimat
xlabel('Time (hours)')
ylabel('Voltage (V)')
legend('Simulated Voltage', 'Measured Voltage', 'Location', 'SouthEast')
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Discharging Experiment: Simulated and Measured Responses Before Estimation
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Specify Parameters to Estimate

Estimate the values of the battery voltage V, the battery polarization
resistance K, and the charging loss fraction Loss. The V and K parameters
are estimated using all the experiment data while the Loss parameter is
estimated using only the charging data.

Select the battery voltage V and the battery polarization resistance K
parameters from the model. Specify minimum and maximum bounds for
these parameters.

p = sdo.getParameterFromModel('sdoBattery',{'V','K'});
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p(2).Maximum = 1e-1;
Get the experiment-specific Loss parameter from the experiment.
s = getValuesToEstimate (Exp);

Group all the parameters to be estimated.

v = [p;s]
v(1,1) =
Name: 'V'

Value: 1.2000
Minimum: O
Maximum: 2

Free: 1
Scale: 2
Info: [1x1 struct]
v(2,1) =
Name: 'K'

Value: 1.0000e-03
Minimum: 1.0000e-06
Maximum: 0.1000

Free: 1
Scale: 0.0020
Info: [1x1 struct]
v(3,1) =
Name: 'Loss'

Value: 0.0100
Minimum: O
Maximum: 0.5000

Free: 1
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Scale: 0.0156
Info: [1x1 struct]

3x1 param.Continuous

Define the Estimation Objective

Create an estimation objective function to evaluate how closely the simulation
output, generated using the estimated parameter values, matches the
measured data.

Use an anonymous function with one input argument that calls the
sdoBattery Objective function. We pass the anonymous function to
sdo.optimize, which evaluates the function at each optimization iteration.

estFcn = @(v) sdoBattery_Objective(v,Exp);
The sdoBattery Objective function:

® Has one input argument that specifies the estimated battery parameter
values.

® Has one input argument that specifies the experiment object containing
the measured data.

e Returns a vector of errors between simulated and experimental outputs.

The sdoBattery Objective function requires two inputs, but sdo.optimize
requires a function with one input argument. To work around this,

estFcn is an anonymous function with one input argument, v, but it calls
sdoBattery Objective using two input arguments, v and Exp.

For more information regarding anonymous functions, see "Anonymous
Functions".

The sdo.optimize command minimizes the return argument of the
anonymous function estFcn, that is, the residual errors returned
by sdoBattery Objective. For more details on how to write an
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objective/constraint function to use with the sdo.optimize command, type
help sdoExampleCostFunction at the MATLAB command prompt.

To examine the estimation objective function in more detail, type edit
sdoBattery Objective at the MATLAB command prompt.

type sdoBattery_Objective

function vals = sdoBattery_Objective(v,Exp)
%SDOBATTERY_OBJECTIVE

0 ° 0% ° 0° 0% ° A% O° O° O° O° O° O° O° o°

o°

o°

o°

o® o° 0% ° o° o

R ]

The sdoBattery_Objective function is used to compare model
outputs against experimental data.

vals = sdoBattery_Objective(v,Exp)

The |v| input argument is a vector of estimated model parameter values
and initial states.

The |Exp| input argument contains the estimation experiment data.
The |vals| return argument contains information about how well the
model simulation results match the experimental data and is used by
the |sdo.optimize| function to estimate the model parameters.

See also sdo.optimize, sdoExampleCostFunction, sdoBattery_cmddemo

Copyright 2012 The MathWorks, Inc.
$Revision: 1.1.8.2 $ $Date: 2012/04/14 04:43:51 $

Define a signal tracking requirement to compute how well the model output
matches the experiment data. Configure the tracking requirement so that
it returns the tracking error residuals (rather than the
sum-squared-error) and does not normalize the errors.

= sdo.requirements.SignalTracking;

.Type = '==";
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r.Method = 'Residuals';
r.Normalize "off';

o®

)
)

Update the experiments with the estimated parameter values.

o°

o°

Exp = setEstimatedValues(Exp,vV);

o®

Simulate the model and compare model outputs with measured experiment
data.

o® o°

o°

Error = [];
for ct=1:numel(Exp)

Simulator = createSimulator(Exp(ct));
Simulator sim(Simulator);

SimLog = find(Simulator.LoggedData,get param('sdoBattery', 'Signalloggi
Voltage find(SimLog, 'Voltage');

VoltageError = evalRequirement(r,Voltage.Values,Exp(ct).OutputData(1).V

Error = [Error; VoltageError(:)];
end

o

)
)

% Return the residual errors to the optimization solver.

o°

vals.F = Error(:);
end

Estimate the Parameters

Use the sdo.optimize function to estimate the battery parameter values.
Specify the optimization options. The estimation function
sdoBattery_Objective returns the error residuals between simulated and

experimental data and does not include any constraints, making this problem
ideal for the 'lsqnonlin’ solver.
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opt = sdo.OptimizeOptions;
opt.Method = 'lsgnonlin';

Estimate the parameters.

vOpt = sdo.optimize(estFcn,v,opt)

Optimization started 17-Jdan-2013 16:46:40

Step-size First-order

Iter F-count f(x) optimality
0 7 3272.22 1
1 14 619.356 0.1634 3.15e+05
2 21 411.131 0.2175 28.7
3 28 405.529 0.3838 2.16e+03
4 35 403.727 0.2767 15.2
5 42 403.379 0.1645 1.14e+03

Local minimum possible.

1sgnonlin stopped because the final change in the sum of squares relative t
its initial value is less than the selected value of the function tolerance

vopt(1,1) =

Name: 'V'

Value: 1.3083
Minimum: O
Maximum: 2
Free: 1
Scale: 2

[

Info: [1x1 struct]

vopt(2,1) =

Name: 'K'
Value: 0.0010
Minimum: 1.0000e-06
Maximum: 0.1000
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Free:
Scale:
Info:

vOopt(3,1) =

Name:
Value:
Minimum:
Maximum:
Free:
Scale:
Info:

1
0.0020
[1x1 struct]

"Loss'
.1801e-05

.0156

5
0
0.5000
1
0
[1x1 struct]

3x1 param.Continuous

Compare the Measured Output and the Final Simulated Output

Update the experiments with the estimated parameter values.

Exp = setEstimatedValues(Exp,vOpt);

Obtain the simulated output for the first (discharging) experiment.

Simulator
Simulator
SimLog
Voltage(1)

createSimulator (Exp(1));

sim(Simulator);
find(Simulator.LoggedData,get_param('sdoBattery', 'SignallLoggin
find(SimLog, 'Voltage');

Obtain the simulated output for the second (charging) experiment.

Simulator
Simulator
SimLog
Voltage(2)

createSimulator(Exp(2));

sim(Simulator);
find(Simulator.LoggedData,get_param('sdoBattery', 'SignallLoggin
find(SimLog, 'Voltage');

Plot the measured and simulated data.
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The simulation results match the experimental data well except in the
regions when the battery is fully charged. This is not unexpected as the
simple battery model does not model the exponential voltage drop when the
battery is fully charged.

subplot(211)
plot(...
Voltage(1).Values.Time/3600,Voltage(1).Values.Data,
Exp(1).OutputData.Values.Time/3600, Exp(1).OutputData.Values.Data,'-.")
title('Discharging Experiment: Simulated and Measured Responses After Estinm
ylabel('Voltage (V)')
legend('Simulated Voltage', 'Measured Voltage', 'Location', 'SouthWest')
subplot(212)
plot(...
Voltage(2).Values.Time/3600,Voltage(2).Values.Data,
Exp(2).0utputData.Values.Time/3600, Exp(2).OutputData.Values.Data,'-.")
title('Charging Experiment: Simulated and Measured Responses After Estimati
xlabel('Time (hours)')
ylabel('Voltage (V)')
legend('Simulated Voltage', 'Measured Voltage', 'Location', 'SouthEast')
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Discharging Experiment: Simulated and Measured Responses After Estimation
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Update the Model Parameter Values

Update the model V, K, and Loss parameter values.
sdo.setValueInModel( 'sdoBattery',vOpt);
Close the model

bdclose('sdoBattery')

2-154



Estimate Model Parameters with Parameter Constraints (Code)

Estimate Model Parameters with Parameter Constraints
(Code)

This example shows how to estimate model parameters while imposing
constraints on the parameter values.

You estimate dynamic and static friction coefficients of a simple friction
system.

Open the Model and Get Experimental Data

This example estimates parameters for a simple friction system, sdoFriction.
The model input is the force applied to a mass and the model outputs are the
mass position and velocity.

open_system('sdoFriction');

Friction Model

== 1490108

Copyright 2012 The hathif otes, Inc.

Fositon

oo

A Static Fricton Cynamic Friction

,

&D

Welooihy

m'g

Mormal Force

The model is based on a mass sliding on a surface. The mass is subject to a
static friction that must be overcome before the mass moves and a dynamic
friction once the mass moves. The static friction, u_static, is a fraction of the
mass normal force; similarly the dynamic friction, u_dynamic, is a fraction of
the mass normal force.
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Load the experiment data. The mass was subjected to an applied force and
its position recorded.

load sdoFriction_ExperimentData

The variables AppliedForce, Position, and Velocity are loaded into the
workspace. The first column of each of these variables represents time and
the second column represents the measured data. Because velocity is the first
derivative of position, we only use the position measurements for this example.

Plot the Experiment Data

subplot(211),

plot (AppliedForce(:,1),AppliedForce(:,2))

title('Measured Applied Force Input for Simple Friction System');
ylabel('Applied Force (N)')

subplot(212)

plot(Position(:,1),Position(:,2))

title('Measured Mass Position for Simple Friction System');
xlabel('Time (seconds)')

ylabel('Position (m)"')
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Weasured Applied Force Input for Simple Friction System
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Define the Estimation Experiment

Create an experiment object to specify the experiment data.

Exp = sdo.Experiment('sdoFriction');

Specify the input data (applied force) as a timeseries object.

Exp.InputData = timeseries(AppliedForce(:,2),AppliedForce(:,1));
Create an object to specify the measured mass position output.

PositionSig = Simulink.SimulationData.Signal;

PositionSig.Name = 'Position’;
PositionSig.BlockPath = 'sdoFriction/x';
PositionSig.PortType = 'outport';

PositionSig.PortIndex 1;
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PositionSig.Values = timeseries(Position(:,2),Position(:,1));

Add the measured mass position data to the experiment as the expected
output data.

Exp.OutputData = PositionSig;
Compare the Measured Output and the Initial Simulated Output

Create a simulation scenario using the experiment and obtain the simulated
output.

Simulator = createSimulator (Exp);
Simulator = sim(Simulator);

Search for the position signal in the logged simulation data.

SimLog = find(Simulator.LoggedData,get_param('sdoFriction', 'SignallLoggi
Position find(SimLog, 'Position');

Plot the measured and simulated data.

As expected, the model response does not match the experimental output data.

figure

plot(...
Position.Values.Time,Position.Values.Data,
Exp.OutputData.Values.Time, Exp.OutputData.Values.Data,'-.")

title('Simulated and Measured Responses Before Estimation')
ylabel('Position (m)")

xlabel('Time (seconds)')

legend('Simulated Position', 'Measured Position', 'Location', 'NorthWest')
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300

Simulated and Measured Responses Before Estimation
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Specify Parameters to Estimate

Estimate the u_static and u_dynamic friction coefficients using the
experiment data. These coefficients are used as gains in the Static Friction
and Dynamic Friction blocks, respectively. Physics indicates that friction

Time (seconds)

10

coefficients should be constrained so that u_static = u_dynamic; this

parameter constraint is implemented in the estimation objective function.

Select the u_static and u_dynamic model parameters. Specify bounds for the
estimated parameter values. Both coefficients are limited to the range [0 1].

p = sdo.getParameterFromModel('sdoFriction',{'u_static', 'u_dynamic'});

p(1).Minimum
p(1).Maximum

p(2).Minimum
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p(2).Maximum = 1;
Define the Estimation Objective

Create an estimation objective function to evaluate how closely the simulation
output, generated using the estimated parameter values, matches the
measured data.

Use an anonymous function with one input argument that calls the
sdoFriction_Objective function. We pass the anonymous function to
sdo.optimize, which evaluates the function at each optimization iteration.

estFcn = @(v) sdoFriction_Objective(v,Exp);
The sdoFriction_Objective function:
® Has one input argument that specifies the estimated friction coefficients.

® Has one input argument that specifies the experiment object containing
the measured data.

® Returns the sum-squared-error errors between simulated and experimental
outputs, and returns the parameter constraint.

The sdoFriction_Objective function requires two inputs, but sdo.optimize
requires a function with one input argument. To work around this,

estFcn is an anonymous function with one input argument, v, but it calls
sdoFriction_Objective using two input arguments, v and Exp.

For more information regarding anonymous functions, see "Anonymous
Functions".

The sdo.optimize command minimizes the return argument of the
anonymous function estFcn, that is, the residual errors returned

by sdoFriction Objective. For more details on how to write an
objective/constraint function to use with the sdo.optimize command, type
help sdoExampleCostFunction at the MATLAB command prompt.

To examine the estimation objective function in more detail, type edit
sdoFriction_Objective at the MATLAB command prompt.
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type sdoFriction_Objective

function vals = sdoFriction_Objective(p,Exp)
%SDOFRICTION_OBJECTIVE

o°

o°

The sdoFriction_Objective function is used to compare model
outputs against experimental data and measure how well constraints are
satisfied.

o° o° o°

o°

vals = sdoFriction_Objective(p,Exp)

o°

o°

The |p| input argument is a vector of estimated model parameter values

o°

o°

The |Exp| input argument contains the estimation experiment data.

o°

o°

The |vals| return argument contains information about how well the
model simulation results match the experimental data and how well
constraints are satisfied. The |vals| argument is used by the
|sdo.optimize| function to estimate the model parameters.

d° o° o° o°

o°

See also sdo.optimize, sdoExampleCostFunction, sdoFriction_cmddemo

o°

o°

Copyright 2012 The MathWorks, Inc.
$Revision: 1.1.8.1 $ $Date: 2012/04/14 04:43:56 $

o°

o°

Define a signal tracking requirement to compute how well the model output
matches the experiment data. Configure the tracking requirement so that
it returns the sum-squared-error.

o° o° o°

o°

= sdo.requirements.SignalTracking;
.Type = '==";
.Method = 'SSE';

e R e |

o°

)
-6

% Update the experiments with the estimated parameter values.

o°

Exp = setEstimatedValues(Exp,p);
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o®

Simulate the model and compare model outputs with measured experiment
data.

o® o°

o°

Simulator = createSimulator(Exp);
Simulator = sim(Simulator);

SimLog = find(Simulator.LoggedData,get_param('sdoFriction', 'SignallLoggingN
Position = find(SimLog, 'Position');

PositionError = evalRequirement(r,Position.Values,Exp.OutputData(1).Values)

o®

Measure how well the parameters satisfy the friction coefficient constrai
|u_static| >= |u_dynamic|. Note that constraints are returned to the
optimizer in a ¢ <=0 format. The friction coefficient constraint is
rewritten accordingly.

PConstr = p(2).vValue - p(1).Value; % u_dynamic - u_static <=0

o° o° o°

o°

% Return the sum-squared-error and constraint violation to the optimization
% solver.

vals.F = PositionError(:);
vals.Cleq = PConstr;
end

The friction coefficient constraint, u_static = u_dynamic, is implemented in
the sdoFriction_Objective function as u_dynamic - u_static = 0. This is
because the optimizer requires constraint values in a ¢ = () format. For more
information, type help sdo.optimize at the MATLAB command prompt.

Estimate the Parameters

Use the sdo.optimize function to estimate the friction model parameter
values.

Specify the optimization options. The estimation function
sdoFriction_Objective returns the sum-squared-error between simulated
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and experimental data and includes a parameter constraint. The default

fmincon’ solver 1s ideal for this type of problem.

Estimate the parameters.

pOpt = sdo.optimize(estFcn,p)

Optimization started 17-Jdan-2013 16:48:18

Iter F-count

0 5
1 11
2 15
3 22
4 29
5 34
6 39
7 44
8 49
9 60
10 72
11 91
12 108

O OO O0OOoOo

0.

£ (X)
27.7267
22.5643
17.4771

0.762174
0.40765

0.0254254

.00522001

.00398126

.00120167

.00118106

.00110164

.00110097

00110097

max
constraint
0
0
0
0
0
0
0
0
0
0
0
0
0

Step-size

2.21
0.51
1.33
0.263
0.0897
0.0296
0.0209
0.111
0.0212
0.0262
0.0031
0.00165

Local minimum possible. Constraints satisfied.

First-order

optimality

72.9
16
10.7
3.15
1.22
0.276
0.185
0.17
0.173
0.165
0.174
0.174

fmincon stopped because the size of the current step is less than
the selected value of the step size tolerance and constraints are
satisfied to within the selected value of the constraint tolerance.

popt(1,1) =

Name :
Value:
Minimum:
Maximum:
Free:
Scale:
Info:

|u_

0.7
0
1
1
0.5
[1x

static'
973

000
1 struct]
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pOpt(2,1) =

Name: 'u_dynamic'
Value: 0.4021

Minimum: O
Maximum: 1
Free: 1
Scale: 0.2500
Info: [1x1 struct]

2x1 param.Continuous

Compare the Measured Output and the Final Simulated Output

Update the experiments with the estimated parameter values.

Exp = setEstimatedValues(Exp,pOpt);

Obtain the simulated output for the experiment.

Simulator = createSimulator (Exp);

Simulator = sim(Simulator);

SimLog find(Simulator.LoggedData,get_param('sdoFriction', 'SignallLoggin
Position find(SimLog, 'Position');

Plot the measured and simulated data.

It can be seen that the model response using the estimated parameter values
nicely matches the experiment output data.

plot(...
Position.Values.Time,Position.Values.Data,
Exp.OQutputData.Values.Time, Exp.OQutputData.Values.Data,'-.")

title('Simulated and Measured Responses After Model Parameter Estimation')
ylabel('Position (m)"')
xlabel('Time (seconds)')
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legend('Simulated Position', 'Measured Position', 'Location', 'NorthWest')

Simulated and Measured Responses After Maodel Parameter Estimatian
120 . T

Simulated Position
—-—--Measured Position

100

ao -

60 -

Faosition (rm)

20r

10 15

Time (seconds)

Update the Model Parameter Values

Update the model u_static and u_dynamic parameter values.

sdo.setValueInModel('sdoFriction',pOpt);

Close the model

bdclose('sdoFriction')
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In this section...

“Creating Transient Experiment Data Objects” on page 2-166
“Creating Estimation Objects” on page 2-170

“Parameter Objects” on page 2-177

“State Objects” on page 2-180

“Transient Data Objects” on page 2-183

“State Data Objects” on page 2-189

“How to Use Parallel Computing (Code)” on page 2-192

Note TransientExperiment, Estimation, Parameter, State,
TransientData, and StateData objects will be removed in a future release.
Use sdo.Experiment to specify experiment data and sdo.optimize to
estimate model parameter and initial state values instead.

Creating Transient Experiment Data Obijects

® “What is a Transient Experiment Object?” on page 2-166
® “Constructor” on page 2-167
e “Properties” on page 2-167

¢ “Example: Creating a Transient Experiment Object” on page 2-167

e “Example: Creating an Experiment Object Using Transient Data and State

Data Objects” on page 2-168
e “Modifying Properties” on page 2-169
e “Methods” on page 2-169

What is a Transient Experiment Object?
The TransientExperiment object encapsulates the data measured at the

input and output ports of a system during a single experiment, as well as the
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system’s known initial states. This object belongs to the ParameterEstimator
package.

Note Creating a TransientExperiment object automatically creates
TransientData and StateData objects.

Constructor
The syntax to create a TransientExperiment object is:

exp = ParameterEstimator.TransientExperiment('model');

where model specifies the name of the Simulink model.

Properties
Model Simulink model with which this experiment is
associated.
InputData, TransientData objects associated with appropriate I/0
OutputData blocks in the model. Blocks with unassigned objects
or objects with no data are not used in estimations,
meaning:

¢ For input ports, assign zeros to these ports/channels
during simulation.

¢ For output ports, don’t use these ports/channels in
the cost function.

InitialStates StateData objects associated with dynamic blocks in
the model.

InitFcn Function to configure the model for this particular
experiment.

Example: Creating a Transient Experiment Object
To create an empty TransientExperiment for the f14 model:
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% Open the model.

14;

% Create the transient experiment object.

expl = ParameterEstimator.TransientExperiment('f14"')

—

The TransientExperiment object is shown as follows:

Experimental transient data set for the model 'f14':

OQutput Data
(1) f14/alpha (rad)
(2) f14/Nz Pilot (g)

Input Data
(1) f14/u

Initial States

(1) f14/Actuator Model
2) f14/Aircraft Dynamics Model/Transfer Fcn.1
f14/Aircraft Dynamics Model/Transfer Fcn.2
f14/Controller/Alpha-sensor Low-pass Filter
f14/Controller/Pitch Rate Lead Filter
f14/Controller/Proportional plus integral compensator
f14/Controller/Stick Prefilter
f14/Dryden Wind Gust Models/Q-gust model
f14/Dryden Wind Gust Models/W-gust model

P
~— = — — ~— — ~—

3
4
5
6
7
8
9

The Input Data and Output Data are TransientData object. The Initial
States are StateData objects.

Example: Creating an Experiment Object Using Transient Data
and State Data Objects

To create a transient experiment from TransientData objects for I/Os and
StateData objects for states:

% Open the model.
vdp;

% Create transient data object for the output data.
outl = ParameterEstimator.TransientData('vdp/Outi');
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% Create state data object for the initial state.
ic1 = ParameterEstimator.StateData('vdp/x1');

% Create an experiment using the previously-defined objects.
expl = ParameterEstimator.TransientExperiment...
(gcs, [1, outtl, ic1)

The TransientExperiment object is shown as follows:

Experimental transient data set for the model 'vdp':

Output Data
(1) vdp/Outi

Input Data
(none)

Initial States
(1) vdp/x1

Modifying Properties

The objects in InputData, OutputData, and InitialStates properties can be
modified or removed as necessary. For example, to modify the InputData and
StateData properties of the TransientExperiment object:

expi.InputData(1).Data = [10 20 30]
expl.InputData(1).Time [1 2 3]
expl.InitialStates(1).Data = 0.3

Methods

update Updates the object after the Simulink model has been
modified. The objects in the InputData, OutputData,
and InitialStates properties are also updated.
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Creating Estimation Objects

* “What is an Estimation Object?” on page 2-170

® “Constructor” on page 2-170

® “Properties” on page 2-171

¢ “Example: Creating an Estimation Object” on page 2-175

¢ “Example: Estimating Parameters and States” on page 2-175
e “Modifying Properties” on page 2-176

e “Methods” on page 2-176

What is an Estimation Object?

The Estimation object defines the estimation problem, and is the coordinator
between the model, experiments, parameter objects, and state objects. This
object belongs to the ParameterEstimator package.

Note Creating an Estimation object automatically creates Parameter and
State objects.

Constructor
The syntax to create an estimation object is:

est = ParameterEstimator.Estimation('model');

Alternatively, you can create Parameter and TransientExperiment objects
first and use them construct an Estimation object using one of the following
syntaxes:

est
est

ParameterEstimator.Estimation('model', hParam);
ParameterEstimator.Estimation('model’', hParam, hExps);

hParam is an array of Parameter objects and hExps is an array of
TransientExperiment objects.
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Properties

Model

Experiments

Parameters

States

SimOptions

OptimOptions

Name of the Simulink model associated with this
estimation.

Experiments to be used in estimations. For multiple
experiments, the cost function uses a concatenation of the
output error vectors obtained using each experimental
data set.

Parameters objects to be used in estimations.

States objects to be used in estimations. This is a handle
matrix with as many columns as there are experiments,
and as many rows as there are states in Model.

The handle matrix is created automatically in the
constructor. You can reorganize its rows to specify shared
states between experiments, and set the Estimated flag
of desired states.

If state data is provided in an experiment, the state
objects stored in the columns of this matrix are initialized
from the experiments.

Same as simset structure. This property is initialized to
simget(this.Model).

Estimation options. Has the following fields:

Property

Description Possible Settings

Method

Optimization solver. The | {' 1sqnonlin'}
following solvers are | 'fmincon' |
available: 'patternsearch'
® lsgnonlin — | 'fminsearch'
Optimization Toolbox
function 1sgnonlin

e fmincon —
Optimization Toolbox
function fmincon

® patternsearch —
Global Optimization
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Toolbox function
patternsearch

® fminsearch —
Optimization Toolbox
function fminsearch

Algorithm

The algorithm used by
the optimization method.

For fmincon

optimization method:

e {'active-set'}

® 'trust-region-reflective'

® 'interior-point'

Display

The level of information
that the optimization
displays:

e off — No output

e iter — Output at
each iteration

e final — Final output
only

® notify — Output only
if the function does
not converge

‘off' | {'iter'} |
'final' | 'notify

GradientType

2-172

Method used to calculate

gradients. Use one

of the following finite

difference methods for

gradient calculation:

® basic — Default
method for computing
the gradients

e refined — Offers
a more robust and
less noisy gradient
calculation method
than 'basic'

{'basic'} |
'refined'’
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The refined method
1s sometimes more
expensive, and

does not work with
certain models such as

SimPowerSystems™
models.
MaxIter Maximum number of Positive integer
iterations allowed
TolFun Termination tolerance Positive scalar
on the function value
TolX Termination tolerance Positive scalar
on the parameter values
UseParallel Parallel computing ‘always' |
option for the following | {'never'}

optimization methods:
e 1lsgnonlin

e fmincon

® patternsearch

Note Parallel
Computing Toolbox
software must be
installed to enable
parallel computing
for the optimization
methods.

When set to 'always’,
the methods compute the
following in parallel:

® 1sgnonlin and
fmincon — Compute
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finite difference
gradients

® patternsearch —
Performs population
evaluation

Disable the option by
setting to 'never'.

ParallelPathDeper

d@ptibesto store model
path dependencies when
using parallel computing

Cell array of strings

SearchMethod Search options for use See “Search Options”
with the patternsearch | in the Global
method Optimization Toolbox

documentation.

CostType Cost function that the 'SAE' | {'SSE'}
optimization solver
attempts to minimize.

DiffMaxChange Maximum change Positive scalar
in variables for
finite-difference
gradients

DiffMinChange Minimum change Positive scalar
in variables for
finite-difference
gradients

MaxFunEvals Maximum number of Positive integer
function evaluations
allowed

RobustCost Use a robust cost ‘on' | {'off'}

function instead of

the default least-squares
cost. Useful if the
experimental data has
many outliers, or if your
data is noisy.
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EstimInfo This property is used to store estimation-related
information at each iteration of the optimizer, and is
initialized as

this.EstimInfo = struct( 'Cost', [1,...

'Covariance', [],...
'"FCount', [1,...
'"FirstOrd', [],...
'Gradient', [],...
'"Iteration', [1,...
'"Procedure', [1,...
'StepSize', [],...
'Values', [] );

Example: Creating an Estimation Object
To create an estimation object for the f14 model:

% Open the model, if it is not already open.
14;

% Create estimation object.

est1 = ParameterEstimator.Estimation(gcs)

—

This command returns the following result:

Estimated variables for the model 'fi14':
Estimated Parameters

Using Experiments
(none)

Example: Estimating Parameters and States
Estimate the parameters Ta and Kf and states of the f14 model:

% Open the model, if it is not already open.
14;
% Define experiments.

—
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expl = ParameterEstimator.TransientExperiment(gcs);

% Create estimation object and assign experimental data.
est1 = ParameterEstimator.Estimation(gcs, [], expl);

% Specify parameters to estimate.
esti.Parameters(2).Estimated = true;
est.Parameters(9).Estimated = true;

% Specify states to estimate.

esti1.States(1).Estimated = true;

% Estimate parameters and states.

esti.estimate;

Modifying Properties
After an estimation object is created, you can modify its properties using
this syntax:

est.OptimOptions.Method = 'fmincon'; % Estimation method
est.OptimOptions.Display = 'iter'; % Show estimation information
...1n workspace

est.Parameters(1).Estimated = false; % Do not estimate first
...parameter

est.States(2,3).Estimated = false; % Do not estimate second state
...0f third expression

Methods
compare Compare an experiment and a simulation.
simulate Simulate the model with current parameters and
states.
estimate Run an estimation.
update Update the estimation object after the Simulink

model has been modified.
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Parameter Obijects

¢ “What is a Parameter Object?” on page 2-177

¢ “Constructor” on page 2-177

® “Properties” on page 2-178

e “Example: Creating a Parameter Object Automatically” on page 2-179
¢ “Modifying Properties” on page 2-179

e “Methods” on page 2-180

What is a Parameter Object?

The Parameter object refers to the parameters of the Simulink model.
This object also stores information such as whether the parameter is to be
estimated, initial values, current values, and ranges. This object belongs to
the ParameterEstimator package.

One Parameter object corresponds to each parameter in the Simulink model.
These objects represent parameters represented as scalars, vectors, and
multidimensional arrays.

Constructor

Creating an Estimation object automatically creates Parameter objects
corresponding to each model parameter.

If your model has a large number of parameters, constructing a Parameter
object manually for each parameter that you want to estimate makes handling
of the objects more manageable. For an example, see the F14 Parameter
Estimation at the Command Line example.

To manually construct a Parameter object, type one of the following syntaxes:

h = ParameterEstimator.Parameter('Name');

h ParameterEstimator.Parameter('Name', Value);

h ParameterEstimator.Parameter('Name', Value, Minimum,
Maximum) ;
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Properties

Name

Dimensions

Value

Estimated

InitialGuess

Parameter name. The parameter can be a
multidimensional array of any size.

Dimensions of the value of the parameter. This
is the defining property for the size of other
properties.

The current or estimated value of the parameter.
This is the defining property for size checking
and scalar expansions.

A Boolean array of the same size as that of
Value. Depending on the value of the elements
of the Estimated property, the behavior of the
corresponding elements of Value is as follows:

¢ The elements of Value is estimated if the
corresponding elements in Estimate are set to
true. The result is stored in the Value property.

¢ The elements of Value are not estimated if the
corresponding elements in Estimated are set
to false. However, these elements are used to
reset the corresponding workspace parameter
during estimations.

This property is set to false by default, meaning
that the parameter value is not estimated.

Separate properties are required to hold the
initial and current values of the parameters. So,
when the InitialGuess property is initialized
with a value, both it and the Value property are
assigned the same value.

Depending on the value of the elements of
the Estimated property, the behavior of the
corresponding elements of InitialGuess is as
follows:

e [fany element in Estimated is set to true, then
the corresponding element of InitialGuess
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is used to initialize the workspace parameter
during estimations.

¢ [fanyelementin Estimated is set to false, then
the corresponding element of InitialGuess is
not used in any way.

Minimum, Maximum Parameter range.

Typicalvalue The typical values of the parameters. This
property is used in estimations for scaling
purposes. The default value is 1.

Example: Creating a Parameter Object Automatically
To automatically create parameter objects for the f14 model:

% Open the model.

14;

% Create an estimation object.

est = ParameterEstimator.Estimation('f14")

—+

To view the parameter objects:

est.Parameters

To view the value of a parameter:

est.Parameters(1).Value

Modifying Properties

After a parameter object is created, you can modify its properties. For
example:

pari.Estimated = true; % Estimate this parameter

Most of the properties, for example, Estimated and TypicalValue support
scalar expansion with respect to the size of Value.
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Methods
hiliteBlock Highlights the referenced blocks associated with
parameter objects in the Simulink diagram.
update Updates the parameter object after the Simulink

model has been modified. If the size of the Value
property changes, then the other properties are
reset to their default values.

State Objects

® “What is a State Object?” on page 2-180

® “Constructor” on page 2-180

® “Properties” on page 2-181

¢ “Example: Creating a State Object Automatically” on page 2-182
e “Modifying Properties” on page 2-183

e “Methods” on page 2-183

What is a State Object?

The State object is similar to the Parameter object, and refers to the states of
the Simulink model. This object belongs to the ParameterEstimator package.

One State object corresponds to each block with states in the model.

Constructor

Creating an Estimation object automatically creates State objects.

If your model has a large number of states, constructing a State object
manually for each state that you want to estimate makes handling of the

objects more manageable.

To manually construct a State object, type one of the following syntaxes:

h = ParameterEstimator.State('block');
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h = ParameterEstimator.State('block', Value);

>
I

Properties

Block

StateName

Dimensions

Value

Estimated

ParameterEstimator.State('block', Value, Minimum,
Maximum) ;

Name of the Simulink block whose states are
defined by this object.

Name of a state. This property shows a state name

if your model has:

¢ Blocks, such as integrators, containing states
with unique names

¢ Blocks from Simscape™, SimMechanics™,
SimPowerSystems and SimHydraulics® software

Scalar value to store the number of states of the
relevant block.

Column vector to store the value of the state for the
block specified by this object. The length of this
vector should be consistent with the Dimensions
property.

A Boolean array of the same size as that of
Value. Depending on the value of the elements
of the Estimated property, the behavior of the
corresponding elements of Value is as follows:

¢ The elements of Value are estimated if the
corresponding elements in Estimate are set to
true. The result is stored in the Value property.

¢ The elements of Value are not estimated if the
corresponding elements in Estimated are set to
false. However, these elements are used to reset
the corresponding states during estimations.

This property is set to false by default, meaning
that the state value is not estimated.
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InitialGuess

Minimum, Maximum

TypicalValue

Ts

Separate properties are required to hold the initial
and current values of the states. So, when the
InitialGuess property is initialized with a value,
both it and the Value property are assigned the
same value.

Depending on the value of the elements of

the Estimated property, the behavior of the
corresponding elements of InitialGuess is as
follows:

¢ If any element in Estimated is set to true, then
the corresponding element of InitialGuess is
used to initialize the state during estimations.

¢ [f any element in Estimated is set to false, then
the corresponding element of InitialGuess is
not used in any way.

State vector range.

The typical values of the states. This property
1s used in estimations for scaling purposes. The
default value is 1.

Sampling time of discrete blocks. Set to zero for
continuous blocks. This property is read-only and is
currently used for information only.

Example: Creating a State Object Automatically
To create a state objects for all blocks with states in the f14 model:

% Open the model.
14;

—+

% Create an estimation object.
est = ParameterEstimator.Estimation('f14"')

To view the state objects:

est.States

To view the value of a state:
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est.States(1).Value
Modifying Properties
After a state object is created, you can modify its properties using this syntax:

est.States(1).Estimated = true; % Estimate this state

Most of the properties, for example, Estimated and TypicalValue, support
scalar expansion with respect to the size of Value.

Methods
hiliteBlock Highlights the referenced blocks associated with
state objects in the Simulink diagram.
update Updates the state object after the Simulink model

has been modified. If the size of Value property
changes, then the other properties are reset to their
default values.

Transient Data Objects

® “What is a Transient Data Object?” on page 2-184
e “Constructor” on page 2-184
® “Properties” on page 2-185

¢ “Example: Creating Transient Data Objects from Transient Experiment
Object” on page 2-187

e “Example: Using Transient Data Objects for Creating an Experiment
Object” on page 2-187

* “Modifying Properties” on page 2-188
e “Methods” on page 2-188
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What is a Transient Data Object?

The TransientData object encapsulates the data measured at a single input
or output of a physical system during an experiment. This object belongs to
the ParameterEstimator package.

Transient data objects are associated with three types of Simulink blocks:

¢ Inport blocks
¢ Qutport blocks
* Blocks that have logged signals

Each TransientData object describes the time history of a signal at a
Simulink port. A data set is identified by the Block property of this object
corresponding to a block name in the Simulink model. A PortNumber value
is also necessary for internal blocks to uniquely identify signals within the
block diagram.

Constructor

Creating an TransientExperiment object automatically creates
TransientData objects corresponding to Inport blocks, Outport blocks or
logged signals in the model.

Alternatively, you can also create a TransientData object using the following
constructor syntaxes and assign them to the TransientExperiment object:

% Inport Outport block.
io_ports = ParameterEstimator.TransientData('block');

% Block with logged signal.
logged_signals = ParameterEstimator.TransientData('block',portnumber);

Additional input arguments.

= ParameterEstimator.TransientData('block',data,time);

= ParameterEstimator.TransientData('block',data,Ts);

= ParameterEstimator.TransientData('block',portnumber,data,time);
= ParameterEstimator.TransientData('block',portnumber,data,Ts);

o s s = P
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Properties

Block

PortType

PortNumber

Dimensions

Data

Name of the Simulink block with which the data is
associated. Must be a string.

The type of signal that this object represents is
determined in the constructor from the Block
property, which may be Inport, Outport, or Signal.

For data associated with the outputs of regular blocks
or subsystems, this property specifies the output port
number of interest. The default value is 1.

Dimensions of the data required for this data set.
It is computed from the CompiledPortDimensions
property of the appropriate port of the block, and
it defines the size of other properties. Currently,
Simulink supports scalar, vector, or matrix signals,
so Dimensions is either a scalar or a 1-by-2 array.

Actual experimental data. Its size must be consistent
with the Dimensions property. To conform with
Simulink conventions, the data is stored in the
following formats:

® Scalar or vector-valued data. The data is of the
form Ns m, where Ns is the number of data
samples, and m is the number of channels in the
signal.

® Multidimensional data (matrix and higher
dimensions). The data is of the form m1. .. mn
Ns, where Ns is the number of data samples, and
mi is the number of channels in the ith dimension
of the signal.

¢ For missing or unspecified data, NaNs are used.
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Ts, For uniformly sampled data, Ts is the sample time
Tstart, and Tstart is the start time of the signal. The stop
Tstop time Tstop and the time vector Time are given by

Tstop = Tstart + Ts * (Ns -1)
Time = Tstart : Ts : Tstop

For nonuniform time data, Ts is set to NaN, and the
start and stop times are calculated from the time
vector.

Time The time data in column vector format. The length of
Time must be consistent with the number of samples
in Data.

For a nonuniformly spaced Time vector, its length
should match the length of Data.

Otherwise, Time is automatically adjusted based on
the length of Data.

Modifying Ts resets Time internally. In this case,
Time is a virtual property whose value is computed
from Ts and Tstart when you request it. The rules
for setting time related properties are

® Modifying Time sets

Ts = NaN
Tstart = Time(1)

e [f the time vector is uniformly spaced, a sample
time Ts 1s calculated.

® Modifying Tstart translates time forward or
backward.

® Modifying Ts sets Time = [] internally and
generates it when required by the simulation.
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Weight The weight associated with each channel of this data
set. It 1s used to specify the relative importance of
signals. The default value is 1.

InterSample Interpolation method between samples can be
zero-order hold (zoh) or first-order hold (foh). This
property is used for data preprocessing.

Example: Creating Transient Data Objects from Transient
Experiment Object

To automatically create transient data objects from a transient experiment
object:

% Open the model.

14;

% Create the transient experiment object.

expl = ParameterEstimator.TransientExperiment('f14"')

—+

To view the transient data objects:

class(expl1.InputData)
expl.InputData

These commands return the following results:
ans =

ParameterEstimator.TransientData

(1) Transient data for Inport block f14/u:
Sampling time: 1 sec.

Data set has 0 samples and 1 channels.

Example: Using Transient Data Objects for Creating an
Experiment Object
To create an experiment object using transient data objects:
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% Open the model.
vdp;

% Create transient data object for the output data.
outl = ParameterEstimator.TransientData('vdp/Outl');

% Create an experiment using the previously-defined objects.
expl = ParameterEstimator.TransientExperiment...
(ges, [1, outl);

Modifying Properties
After a transient data object is created, you can modify its properties using
this syntax:

inti.Data = rand(2,1,10); % 10 data values each of size [2 1]
in1.Time 1:10; % Automatically converted to column vector

Some properties (e.g., Weight) support scalar expansion with respect to the
value of the Dimensions property.

Methods

select Extracts a portion of data. The result is returned in a new
transient data object. For example:

in2 = select(int, 'Sample', 10:100); % 91 samples

in3 = select(in1, 'Range', [1 4]); % Samples for 1<t<4

% ... Oor an alternative

in3 = select(int, 'Sample', find(in1.Time > 1 & in1.Time <

To extract data from a subset of available channels, use

in4 = select(ini, 'Channel', [1 3 2]);
% channels 1,3,and 2 in this order
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hiliteBlock Highlights the block associated with this object in the
Simulink diagram.

update Updates the transient data object from the corresponding
Simulink model block.

State Data Objects

® “What is a State Data Object?” on page 2-189
® “Constructor” on page 2-190
® “Properties” on page 2-190

e “Example: Creating State Data Objects from Transient Experiment Object”
on page 2-191

¢ “Example: Using State Data Objects for Creating an Experiment Object”
on page 2-191

e “Modifying Properties” on page 2-192
® “Methods” on page 2-192

What is a State Data Object?

The StateData object defines the known states of a dynamic Simulink block.
It is used in a transient estimation to define known initial conditions of a
model, and in a steady-state estimation context to define the known states of
the model. This object belongs to the ParameterEstimator package.

For example, the Simulink model of a simple mass-spring-damper system
has two integrator blocks to generate velocity and position signals from
acceleration and velocity values, respectively, during simulation. If the
corresponding physical system is known to be at rest at the beginning of an
experiment, the initial states (velocity and position) of these integrators are
zero. So, two StateData objects can be created to describe these known
initial conditions.
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Constructor

Creating an Transient Experiment object automatically creates StateData
objects.

To manually create a StateData object, type one of the following syntaxes:

h = ParameterEstimator.StateData('block');
h ParameterEstimator.StateData('block', data);

In the first constructor, the state vector is initialized from the model
containing the block.

Properties
Block Name of the Simulink block whose states are defined
by this object.
StateName Name of a state. This property shows a state name
if your model has:
® Blocks, such as integrators, containing states with
unique names
¢ Blocks from Simscape, SimMechanics,
SimPowerSystems and SimHydraulics software
Dimensions Scalar value to store the number of states of the
relevant block.
Data Column vector to store the initial value of the state

for the block specified by this object. The length of
this vector should be consistent with the Dimensions
property. Since the underlying Simulink model also
stores an initial state vector for all dynamic blocks,
the following conventions are used to resolve the
initial state values during estimations:

¢ [fData is not empty, use it when forming the state
vector.

¢ [fData is empty, get the state vector for this block
from the model. This behavior is useful when
using helper methods to create an experiment
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object that instantiates empty state data objects
for all dynamic blocks in the Simulink model.

e [f there is no state data object for a dynamic
block in the model, get the state vector of that
block from the model. This behavior is useful for
command-line users, when there are too many
states in the model and only a few of them have to
be set to different initial values.

Ts Sampling time of discrete blocks. Set to 0 for
continuous blocks. This property is read only and is
currently used for information only.

Example: Creating State Data Objects from Transient
Experiment Object

To create transient data objects automatically by creating a transient
experiment object:

% Open the model.

14;

% Create the transient experiment object.

expl = ParameterEstimator.TransientExperiment('f14"')

—+

To view the state data objects:
expl.InitialStates
Example: Using State Data Objects for Creating an Experiment

Object

To create an experiment object using transient data objects:

% Open the model.
vdp;

% Create state data object for the initial state.
ic1 = ParameterEstimator.StateData('vdp/x1');

% Create an experiment using the previously-defined objects.
expl = ParameterEstimator.TransientExperiment...
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(ges, [1, ic1);

Modifying Properties

After a state data object is created, you can modify its properties using this
syntax:

st1.Data = [2 3]; % State vector of size 2

Some properties (e.g., Data) support scalar expansion with respect to the
value of the Dimensions property.

Methods
hiliteBlock Highlights the block associated with this object in
the Simulink diagram.
update Updates the object after the Simulink model has

been modified. If the Dimensions property value
changes, the other properties are reset to their
default values.

How to Use Parallel Computing (Code)

After you configure your system for parallel computing, as described in
“Configure Your System for Parallel Computing” on page 2-59, you can
estimate the model parameters using the command-line functions. To learn
more about parameter estimation using parallel computing, see “Speedup
Using Parallel Computing” on page 2-55.

To use parallel computing for parameter estimation at the command line:

1 Open the Simulink model by typing the model name at the MATLAB
prompt.

2 Configure an estimation project.

3 Enable the parallel computing option in the estimation project by typing
the following command.:
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hEst.OptimOptions.UseParallel="'always';

To view that the UseParallel property has been set, type the following
command:

hEst.OptimOptions
Find the model path dependencies by typing the following command.:
dirs=hEst.finddepend;

This command returns the model path dependencies in your Simulink
model in the dirs cell array.

Note As described in “Model Dependencies” on page 2-60, the finddepend
command may not detect all the path dependencies in your model.

(Optional) Modify dirs to include the model path dependencies that
finddepend does not detect by typing the following command.

dirs=vertcat(dirs;'\\hostname\C$\matlab\work")

Assign the path dependencies to the estimation project by typing the
following command:

hEst.OptimOptions.ParallelPathDependencies=dirs;

Run the estimation by typing the following command.:

estimate(hEst);

For more information on how to troubleshoot estimation results you
obtained using parallel computing, see “Troubleshooting” on page 2-66.
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Estimate Model Parameter Values (GUI)

This example shows how to estimate the parameters of an engine throttle.

Simulink Model of the Engine Throttle System

The Simulink model for the system is shown below.

Engine Throttle Model

Input
o citor
o]
I
Throttle
Faosition
Click onthe Startbutton in the Throtte —.'
GUlto run an estim ation. Pasition

Copyrigit (e 120022004 The Mativibrk s, N,

Throttle Model Description

The throttle controls the air mass flow into the intake manifold of an engine.
The throttle body contains a butterfly valve that opens when the driver
presses down on the accelerator pedal. This lets more air enter the cylinders
and causes the engine to produce more torque.

A DC motor controls the opening angle of the butterfly valve. There is also
a spring attached to the valve to return it to its closed position when the
DC motor is de-energized. The amount of rotation of the valve is limited to
approximately 90 degrees. Therefore, if a large command input is applied to
the motor, the valve hits the hard stops preventing it from rotating further.
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The motor is modeled as a torque gain and a time-delay input with parameters
Kt and input_delay. The butterfly valve is modeled as a mass-spring-damper
system with parameters J, ¢ and k. This system 1s augmented with hard stops
to limit the valve opening to 90 degrees. We know the model components,
however, the parameter values of the system are not known accurately. A look
at the response of this system (shown below) shows that it does not match the
experimental data; hence the parameters need to be estimated for a better fit.

11E| T T T T T T T T T

100 Experimental Data
| — Sirulated Data ]

1 1 | 1 |
1] gos 01 015 02 02 03 035 04 045 05

Estimation Data

Double-click the Parameter Estimation GUI with preloaded data block in
the model to open a pre-configured estimation GUI session.
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A new data set can be created by clicking on the "Transient Data" node and
pressing the "New" button in the right-hand-side panel. These data sets can
then be used for estimation and/or validation.

We have already defined three data sets. The first one will be used for
parameter estimation and the remaining two for validating the response of
the Simulink model with the estimated parameters.

=) Control and Estimation Tools Manager

File  Miew Help
ok D2 J |3
A vorkspace Input Dt | outpust Date | State Deta |
= G DjEL‘.‘t - spe_engine_throttle Assign data to blocks
=) [ Estimation Task
= i Experimental Data
= 'ﬁ 'Il'tianslent Dzt i (sl
ata Dtar TmeTs | weight | Length
spe_enging_throttlefinput
[:] valication Data 2 Charel - 1 [ impwicy [ tmetgty | 1 [ soosoo
Warighles
7] Estirnistion
# m Walidation
-
.V
Select the tabbed panels to configure the transient data set.

These data sets can be imported from various sources including MATLAB
variables, MAT files, Excel files, or comma-separated-value files. Once we
import the data, we can plot them to confirm that we have the right data
sets In our estimation project.

Define Variables
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The next step is to define the variables for the estimation. This establishes
which parameters of the simulation can be adjusted, and any rules governing
their values.

The Estimation variables are selected by clicking on the "Variables" node and
pressing the "Add" button. This opens a "Parameter Selection Dialog" from
which we can select the model parameters that we desire to estimate.

We have already added the four unknown parameters in our model using
the selection dialog. These parameters are the butterfly valve inertia, J; the
damping coefficient, c; the return spring constant, k; and the time lag in
motor response, input_delay.

=) Control and Estimation Tools Manager

File  Miew Help
ok D2 J |3

ﬂ Warkspace Estimated Parameters | Estimated S‘tates.f
a G Project - spe_enaine_throttle

- o [Selected parameters 1 Defautt settings -
(=l [ Estimation Task
iﬁ J ~ Marne: J
2. Yalue 005
Walidation Data input_clelay

Initial guess: | 00s

11| “alidation Data k
Minitriuirn: | 0

Estimation
] m Walidation

aximum: | +nf ‘

Typical value: | 005

Referenced by:

spe_engine_throttle/Throtile

>

- r

Select the tab panels to configure your estimation parameters snd states.
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On the panel to the right of the list of parameters, you can set the initial
guesses for the parameter values, and the minimum and maximum bounds
on these values.

Since we know from our physical insight that all of these parameters have
positive values, we set their lower limits to zero. We also put an upper bound
of 0.1 sec on the time delay parameter. We can also select an initial value
for the parameters. These may come from some quick calculations of some
formulas that determine the parameters.

The Estimation Task

In order to run an estimation, we first need to create an "Estimation" node.
This is done by clicking on the "Estimation" node and pressing the "New"
button in the right-hand-side panel.

In our project, we have already created an estimation node called "New
Estimation". We can click on this node to set up its various options.

The first panel is where we select the data sets to be used in this estimation.
It is possible to use one or more data sets at once in a given estimation. For
this model, we will use the data set called "Estimation Data".

The next panel called "Parameters" is where we select which parameters

to adjust in this estimation. Even though we selected four parameters, in
general, it is not necessary to estimate all of them at once. However, since our
model is simple enough we will estimate all four parameters.
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=) Control and Estimation Tools Manager

File  Miew Help
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“9 ‘aw“pace | Data Sets States || Estimation |
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Select the tab panels to configure your estimation.

Now we are almost ready to start our estimation. However, in order to
monitor the progress of the estimation process, we would like to create a
number of dynamics plots, called "Views".

Viewing the Results

Two plot types are created to view the estimation results. The plot below
shows the experimental data overlaid with the simulated data. The simulated
data come from the model with the estimated parameters. The results of the
estimation appear satisfactory as the estimated (blue) curve closely matches
the measured results.
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J Mew View - Plot 1 (Measured and simulated) : |Z||E|f5__(|
File Edit Wiew Insert Tools Deskbop ‘Window Help "
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Fosition

10 1 I 1 1 1 I 1 1 1
0 oS 01 015 0.2 025 0.3 0.35 0.4 045
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We can also view how the parameters changed in the model. The plot below
shows the trajectory of the parameters at each iteration of the estimation
process. It is shown that the parameters settle to their final values as the
estimation process converges to a solution.
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J Mew View - Plot 2 (Parameter, trajectory): [Z”EN‘S__Q
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Validation

It is important to validate the results against other data sets. A successful
estimation will not only match the experimental data that was used for
estimation, but also the other data sets that were collected in experiments.
A validation was already created for this project. Clicking on this validation
node will create a measured vs. simulation plot that can be used to compare
the simulation response against experimental data.
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Control and Estimation Tools Manager

File  Miew Help
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Configure validation piats.

Using the other two data sets for the validation, we can confirm that our

estimation was successful. This shows that the estimation process is robust
enough to handle a variety of inputs.
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 Mew Validation - Plot 1 (Measured and simulated) : [Z”EN‘S__Q
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It is therefore shown that the parameters in the model were estimated well to
match the experimental data and the estimation was robust enough to be able
to validate the model with additional experimental data.

Conclusion

We conclude the validation of the estimated model is an important step in
determining how robust the estimation was. We could ask why validate when
the estimation data set returned very good results. Without validation of our
model, there is no way of telling if the parameters estimated were over fitted
for a particular data set. Using additional data sets for validation shows
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how the model responds to a variety of different inputs and if our original
estimation was appropriate.

2-205



2 Parameter Estimation

F14 Parameters and Initial State Estimation (Code)

2-206

In this section...

“Objectives” on page 2-206

“Data Description” on page 2-207

“Opening the F14 Aircraft Model” on page 2-207

“Baseline Simulation” on page 2-208

“Specifying Experimental Data” on page 2-210

“Specifying Parameters and States to Estimate” on page 2-211
“Running the Estimation” on page 2-213

“Viewing Estimated Parameter and State Values” on page 2-214

“Rerunning the Estimation Using Estimated Parameter Values” on page
2-216

“Saving and Loading the Estimation Results” on page 2-216

Note This example uses parameter estimation commands that will be
removed in a future release. See “Estimate Model Parameter Values (Code)”
on page 2-104 instead.

Obijectives

This example shows how to estimate model parameters and states using
Simulink Design Optimization objects and commands.

In this example, you estimate the following parameters and state of a F14
aircraft.

Parameters State

® Actuator time constant Ta f14/Actuator Model
e Vertical velocity zd
® Pitch rate gains Md
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Data Description
The f14_estim.mat file contains the following variables:

® time — Time vector.

e iodata — Single-input multi-output data measured for:
= A square wave input applied to the stick.
= Pilot G force output
= Angle of attack output

Opening the F14 Aircraft Model

Open the f14 Simulink model by typing the model name at the MATLAB
prompt:

f14

The model opens, as shown in the following figure.
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F14 Fighter Jet Model

The command also loads the estimation data iodata into the MATLAB
workspace.

Baseline Simulation

Before performing an estimation, run a baseline simulation to compare the
simulated response with initial parameter values and the measured data.

%% Load experimental data.
load f14_estim

%% Initialize unknown parameters.
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% Actuator time constant (ideal Ta=0.05)

Ta = 0.5;

% Aircraft dynamic model parameters (ideal Md=-6.8847,Zd=-63.998)
Md = -1; Zd = -80;

%% Plot measured data and simulation results.

[T,X,Y] = sim('f14"', time, [], [time iodata(:,1)]);

plot(time, iodata(:,2:83), T, Y, '-');

legend( 'Measured angle of attack', 'Measured pilot g force',
‘Simulated angle of attack', 'Simulated pilot g force');

See the sim reference page for information on how to simulate models from
the MATLAB prompt.

The measured and simulated outputs are a poor match, as shown in the
following figure.

al-lolx|
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Next, you estimate values of the model parameters Ta, Zd, and Md to obtain a
better match between the simulated and measured responses.

Specifying Experimental Data

To specify experimental data for parameter estimation:

1 Create a TransientExperiment object using the constructor syntax:

exp_data = ParameterEstimator.TransientExperiment('f14")

This command returns the following information about the f14 model.

Experimental transient data set for the model 'f14':

Qutput Data
(1) ft14/alpha (rad)
(2) f14/Nz Pilot (g9)

Input Data
(1) f14/u

Initial States

(1) f14/Actuator Model
2) f14/Aircraft Dynamics Model/Transfer Fcn.1
f14/Aircraft Dynamics Model/Transfer Fcn.2
f14/Controller/Alpha-sensor Low-pass Filter
f14/Controller/Pitch Rate Lead Filter
f14/Controller/Proportional plus integral compensator
f14/Controller/Stick Prefilter
f14/Dryden Wind Gust Models/Q-gust model
f14/Dryden Wind Gust Models/W-gust model

P
~— = — N ~— ~— ~—

3
4
5
6
7
8
9

2 Assign the experimental I/O data in iodata to the Transient Experiment
object.

%% Assign input data.
set(exp_data.InputbData(1), 'Data', iodata(:,1), 'Time', time);

% Assign output data.
set(exp_data.OutputData(1), 'Data', iodata(:,2), 'Time’,
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time, 'Weight', 5);
set(exp_data.OutputData(2), 'Data', iodata(:,3), 'Time', time);

Note For multi-input, multi-output models:

® Assign separate data object to each input and output port. The data object
can be a vector or matrix that corresponds to that channel.

e Use multiple inport or outport blocks to represent multiple channels.

Specifying Parameters and States to Estimate
To specify parameters and states to estimate:

1 Create an Estimation object.

est = ParameterEstimator.Estimation('f14');

This command creates objects for all parameters and states in the model.
To view the properties of est, type:

get(est)

To view the parameter objects, type:

est.Parameters

To view the state objects, type:

est.States

2 Specify the model parameters Ta, Zd and Md to estimate. These parameters
are located in the F14 aircraft dynamics subsystem.
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% Select Md.
est.Parameters(5).Estimated = true;
% Specify minimum and maximum values.
set(est.Parameters(5), 'Minimum', -10, 'Maximum', 0);

% Select Ta.

est.Parameters(9).Estimated = true;

% Specify minimum and maximum values.
set(est.Parameters(9), 'Minimum', 0.01, 'Maximum', 1);

% Select zd.

est.Parameters(16).Estimated = true;

% Specify minimum and maximum values.
set(est.Parameters(16), 'Minimum', -100, 'Maximum', 0);
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3 Specify the f14//Actuator Model state to estimate.

% Select the state.

est.States(1).Estimated = true;

% Specify the minimum value of the state.
set(est.States(1), 'Minimum', -1, 'Maximum',+1);

Running the Estimation

To run the estimation:
1 Specify the experimental data for the estimation:

est.Experiments = exp_data;

2 Estimate the model parameters and initial state:

% Display the estimation iterations.
est.OptimOptions.Display ='iter';

% Estimate parameters and state.
est.estimate

The estimation runs for a few iterations. After the estimation completes, plot
the measured and simulated responses.

%% Plot measured data and final simulation responses.

[T,X,Y] = sim('f14', time, [], [time iodata(:,1)]);

figure

plot(time, iodata(:,2:3), T, Y, '-');

legend( 'Measured angle of attack', 'Measured pilot g force',
‘Simulated angle of attack', 'Simulated pilot g force');

The measured and simulated outputs now closely match, as shown in the
following figure.
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Viewing Estimated Parameter and State Values

1 To view the estimated parameter values for comparison with the default
values, extract the values from the Estimation object. For example:

% Extract Md.
MdValue = est.Parameters(5).Value

% Extract Ta.
TaValue = est.Parameters(9).Value

% Extract zd.
ZdValue = est.Parameters(16).Value

These command returns the following results:

MdValue =
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-6.8869

TaValue =

0.0501

ZdValue =

-64.0356

2 To view the estimated initial state value, type:

% Extract initial state value.
stateValue = est.State(1)

This command returns the following result:

(1) State data for f14/Actuator Model:
The block has 1 continuous state(s).
State value : 6.977e-006
Initial guess : O
Estimated : true

You can verify that these values match the default values of the f14 model by
clearing your workspace, loading the model, and checking the values.

clear all
f14
whos
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Note You can use find to identify scalar, vector, or matrix parameters.
The dimensions of the Estimated value must match the dimensions of the
parameters you are trying to find. For example, find only scalar estimated
parameters by typing:

find(est.Parameters, 'Estimated', true)
To find only vector estimated parameters with dimensions 1-by-2, type:

find(est.Parameters, 'Estimated', [true;true])

Rerunning the Estimation Using Estimated Parameter
Values
If the measured and simulated responses are not a good match after

estimation, you can rerun the estimation using the estimated parameter
values as initial parameter values.

% Extract all estimated parameter values and assign them
% as initial guesses.
for k=1:length(est.Parameters)
if (est.Parameters(k).Estimated == true)
est.Parameters(k).InitialGuess = est.Parameters(k).Value;
end
end

% Restart the estimation using results from previous estimation.
est.estimate;

Saving and Loading the Estimation Results

You can save the estimation results as a MAT-file by typing:

save filename est

You can specify any value for filename — including a folder path — provided
the filename is supported by your operating system.

To load the file, type:
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load filename

which loads est into the MATLAB workspace.
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Note This example uses parameter estimation commands that will be
removed in a future release. See “Estimate Model Parameters and Initial
States (Code)” on page 2-116 instead.

In this example, you estimate the capacitance value C1 of an RC circuit
modeled in Simulink software using Simscape blocks.

The sldo_rc_circuit.mat file contains experimental I/O data and includes
the following variables:

e data — Voltage across the capacitor when an input of 5V is applied to
the RC circuit

e time — Time vector
To estimate the model parameter (C1) and state (initial capacitor voltage):

1 Open the Simulink model.

model = 'sldo_rc_circuit';
open_system(model)

The following model opens.
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2 Perform a baseline simulation to compare the simulated model response
with initial parameter values and measured data.

% Load experimental data.
load sldo_rc_circuit.mat

% Simulate model and compare response with experimental data.
SimQut = sim(model, 'ReturnWorkspaceOutputs', 'on');
plot(time,data,'ro', SimOut.find('tout'),SimOut.find('yout'),'b")
legend('Measured Voltage', 'Simulated Voltage')

The measured and simulated voltages do not match, as shown in the

following figure.
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3 Create a Transient Experiment object, and assign the I/O data.

% Create data container for the experimental data.
experiment = ParameterEstimator.TransientExperiment(model);
experiment.Description = 'Response to 5V DC voltage';

% Specify measured output data for output voltage accross
% the capacitor.

experiment.OutputData(1).Data = data;
% Specify the time vector.
experiment.OutputData(1).Time = time;

Create an Estimation object for the model.

est = ParameterEstimator.Estimation(model);

This command also creates Parameter and State objects for estimation.
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5 Specify the experimental data to use for this estimation.
est.Experiments = experiment;

6 Estimate the model parameter C1.
a Specify the parameter to estimate.

% Specify the parameter to estimate.
est.Parameters(1).Estimated = true;
% Specify initial guess C1 = 470uF.
est.Parameters(1).InitialGuess = 470e-6;

b Estimate the parameter.

est.OptimOptions.Display = 'iter';
est.estimate

To view the estimated parameter value, type:

est.Parameters(1).Value

7 Simulate the model with the estimated parameters to see how well it
matches the measured data.

SimOut = sim(model, 'ReturnWorkspaceOutputs', 'on');
plot(time,data,'ro', SimOut.find('tout'),SimOut.find('yout'),'b")
legend('Measured Voltage', 'Simulated Voltage')

The measured and simulated voltages match, as shown in the following
figure. Because the software uses the initial capacitor voltage specified
in the model during estimation, the initial voltage does not match the
measured data.
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Next, you estimate the initial capacitor voltage together with the capacitor
value.

8 Estimate the capacitance value together with the initial capacitor voltage.

a Specify initial state (initial capacitor voltage) to estimate.

% Specify initial state to estimate.
est.States(1).Estimated = true;

% Initial guess for C1 voltage 1V
est.States(1).InitialGuess = 1.0;

b Estimate initial state and model parameter.

est.estimate

9 Simulate the model to verify how well the simulated response using the
estimated initial state and parameter matches the measured data.

a Assign initial state value to Simulink state structure before simulation.
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x0 = Simulink.BlockDiagram.getInitialState(model);
x0.signals(1).values = est.States(1).Value;

Simulate the model.

SimOut = sim(model, 'LoadInitialState','on', 'InitialState','x0');
plot(time,data,'ro', SimOut.find('tout'),SimOut.find('yout'),'b")

The simulated voltage now accounts for the initial capacitor voltage,
as shown in the following figure.
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® “Response Optimization Workflow” on page 3-3

¢ “How the Optimization Algorithm Formulates Minimization Problems”
on page 3-4

e “Skip Model Simulation Based on Parameter Constraint Violation” on page
3-14

e “Specify Signals to Log” on page 3-16

® “Specifying Step Response Characteristics” on page 3-17

® “Specifying Custom Requirements” on page 3-21

¢ “Move Constraints” on page 3-25

e “Specify Time-Domain Design Requirements” on page 3-28
e “Edit Design Requirements” on page 3-44

® “Specify Frequency-Domain Design Requirements” on page 3-46
e “Specify Design Variables” on page 3-68

® “Specify Independent Parameters to Optimize” on page 3-70
¢ “Update Model with Design Variables Set” on page 3-74

® “General Options” on page 3-76

® “Optimization Options” on page 3-80

¢ “Create Linearization I/O Sets” on page 3-85

¢ “Linearization Options” on page 3-87

® “Plots in the Design Optimization Tool” on page 3-90

¢ “Compare Requirements and Design Variables Using Spider Plot” on page
3-97
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e “Export Design Variable Values for Specific Iteration” on page 3-101
¢ “Run the Optimization” on page 3-103

® “Design Optimization to Meet Time- and Frequency-Domain Requirements
(GUI)” on page 3-106

® “Design Optimization to Meet a Custom Objective (GUI)” on page 3-123
® “Design Optimization to Meet a Custom Objective (Code)” on page 3-141

® “Design Optimization to Meet Custom Signal Requirements (GUI)” on
page 3-151

® “Design Optimization to Meet Frequency-Domain Requirements (GUI)” on
page 3-156

e “Specify Custom Signal Objective with Uncertain Variable (GUI)” on page
3-174

® “Design Optimization with Uncertain Variables (Code)” on page 3-185

® “Generate MATLAB Code for Design Optimization Problems (GUI)” on
page 3-194

e “Prevent Invalid Model Evaluation (GUI)” on page 3-200

® “Optimizing Parameters for Robustness” on page 3-212

e “Accelerating Model Simulations During Optimization” on page 3-227
e “Speedup Using Parallel Computing” on page 3-229

e “How to Use Parallel Computing” on page 3-234

e “Optimization Does Not Make Progress” on page 3-244

e “Optimization Convergence” on page 3-246

® “Optimization Speed and Parallel Computing” on page 3-249
e “Undesirable Parameter Values” on page 3-252

e “Reverting to Initial Parameter Values” on page 3-254

e “Manage Design Optimization Tool Session” on page 3-255

® “Optimizing Time-Domain Response of Simulink Models Using Parallel
Computing” on page 3-257
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Response Optimization Workflow

The process for optimizing model parameters to meet design requirements
consists of the following tasks:

1 Specify design requirements

2 Specify design variables

3 (Optional) Specify optimization options
4 Optimize the design

Related Examples
® “Design Optimization to Meet Step Response Requirements (GUI)”

® “Design Optimization to Track Reference Signal (GUI)”
® “Design Optimization to Meet Step Response Requirements (Code)”
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How the Optimization Algorithm Formulates Minimization
Problems

When you optimize parameters of a Simulink model to meet design
requirements, Simulink Design Optimization software automatically converts
the requirements into a constrained optimization problem and then solves
the problem using optimization techniques. The constrained optimization
problem iteratively simulates the Simulink model, compares the results of the
simulations with the constraint objectives, and uses optimization methods to
adjust tuned parameters to better meet the objectives.

This topic describes how the software formulates the constrained optimization
problem used by the optimization algorithms. For each optimization
algorithm, the software formulates one of the following types of minimization
problems:

* Feasibility

¢ Tracking

® Mixed feasibility and tracking

For more information on how each optimization algorithm formulates these
problems, see:

e “Gradient Descent Method Problem Formulations” on page 3-8

® “Simplex Search Method Problem Formulations” on page 3-10

e “Pattern Search Method Problem Formulations” on page 3-11

® “Gradient Computations” on page 3-12

Feasibility Problem and Constraint Formulation

Feasibility means that the optimization algorithm finds parameter values that
satisfy all constraints to within specified tolerances but does not minimize
any objective or cost function in doing so.

In the following figure, x,, x,, and x, represent a combination of parameter

values P, and P, and are feasible solutions because they do not violate the
lower bound constraint.
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Bound

In a Simulink model, you constrain a signal by specifying lower and upper
bounds in a Check block (Check Step Response Characteristics, ...) or a
requirement object (sdo.requirements.StepResponseEnvelope, ...), as
shown in the following figure.

Upper Bounds

Lower Bounds

0 10 20 a0 40
Time [sac])

These constraints are piecewise linear bounds. A piecewise linear bound y, ,
with n edges can be represented as:

yl(t) tl <t< t2
Y2 (t) t2 <t< t3

b

Yond (&) =

Vo) t, <t<t,.1

The software computes the signed distance between the simulated response
and the edge. The signed distance for lower bounds is:
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max Ypnd — Ysim
t<t<t,

C=| Max Ypud — VYsim |
t,<t<t,

max  Ypnd ~ Ysim
t <t<t, .,

where y_; is the simulated response and is a function of the parameters
being optimized.

The signed distance for upper bounds is:

max Yem — Ybnd

£ <t<t,
C=| MaX Ygm ~ Ybnd
b, <E<ty
max  Ye¢m ~ Ybnd
£ <t<t ,

At the command line, opt_fcn supplies ¢ directly from the Cleq field of vals.

If all the constraints are met (¢ < 0) for some combination of parameter values,
then that solution is said to be feasible. In the following figure, x, and x,
are feasible solutions.

PoA

Violation

When your model has multiple requirements or vector signals feeding a
requirement, the constraint vector is extended with the constraint violations
for each signal and bound:

C =[c1;c9;75¢, ).
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Tracking Problem

In addition to lower and upper bounds, you can specify a reference signal in

a Check Against Reference block or sdo.requirements.SignalTracking
object, which the Simulink model output can track. The tracking objective is a
sum-squared-error tracking objective.

You specify the reference signal as a sequence of time-amplitude pairs:

Yref (tref ) tref € {TrefO’Trefl""’Tre}‘N}'

The software computes the simulated response as a sequence of
time-amplitude pairs:

Ysim (tsim )7 Lsim € {TsimO > Tsiml P T;imN }a

where some values of {; may match the values of 7.

A new time base, t,,,, is formed from the union of the elements of ¢, and

tn- Elements that are not within the minimum-maximum range of both ¢,
and ¢, are omitted:

bhew = {t: Loim Y tref}

Using linear interpolation, the software computes the values of y, ,and y,, at
the time points in ¢,,, and then computes the scaled error:

(ysim (tnew ) - Yref (tnew ))

IItlaX |y ref |

new

e(tnew) =

Finally, the software computes the weighted, integral square error:

f= jw(t)e(t)Z dt.
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Note The weight w(t) is 1 by default. You can specify a different value of
weight only at the command line.

When your model has requirements or vector signals feeding a requirement,
the tracking objective equals the sum of the individual tracking integral
errors for each signal:

F=>f.

Gradient Descent Method Problem Formulations

The Gradient Descent method uses the Optimization Toolbox function
fmincon to optimize model parameters to meet design requirements.

Problem Type

Problem Formulation

Feasibility Problem

The software formulates the constraint C(x) as described in
“Feasibility Problem and Constraint Formulation” on page 3-4.

e If you select the maximally feasible solution option (i.e., the

optimization continues after an initial feasible solution is found),
the software uses the following problem formulation:

el 7

st. Clx)<y
x<x<Xx
y <0

y is a slack variable that permits a feasible solution with C(x) <
y rather than C(x) <O0.

If you do not select the maximally feasible solution option (i.e.,
the optimization terminates as soon as a feasible solution is
found), the software uses the following problem formulation:
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Problem Type

Problem Formulation

Tracking Problem

The software formulates the tracking objective F(x) as described
in “Tracking Problem” on page 3-7 and minimizes the tracking
objective:
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Problem Type

Problem Formulation

Mixed Feasibility and
Tracking Problem

The software minimizes following problem formulation:

min F(x)

X

st. Cx)<0
x<x<Xx

Note When tracking a reference signal, the software ignores the
maximally feasible solution option.

Simplex Search Method Problem Formulations

The Simplex Search method uses the Optimization Toolbox function
fminsearch and fminbnd to optimize model parameters to meet design
requirements. fminbnd is used if one scalar parameter is being optimized,

otherwise fminsearch is used. You cannot use parameter bounds x <x <x
with fminsearch.

Problem Type

Problem Formulation

Feasibility Problem

The software formulates the constraint C(x) as described in
“Feasibility Problem and Constraint Formulation” on page 3-4 and
then minimizes the maximum constraint violation:

min max(C(x))

Tracking Problem

The software formulates the tracking objective F(x) as described in
“Tracking Problem” on page 3-7 and then minimizes the tracking
objective:
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Problem Type

Problem Formulation

min F(x)
X

Mixed Feasibility and
Tracking Problem

The software formulates the problem in two steps:
1 Finds a feasible solution.

min max(C(x))

2 Minimizes the tracking objective. The software uses the results
from step 1 as initial guesses and maintains feasibility by

introducing a discontinuous barrier in the optimization objective.

min TI'(x)
X

where
_{ inf if max(C(x))>0

F(x) otherwise

Pattern Search Method Problem Formulations

The Pattern Search method uses the Global Optimization Toolbox function
patternsearch to optimize model parameters to meet design requirements.

Problem Type

Problem Formulation

Feasibility Problem

The software formulates the constraint C(x) as described in
“Feasibility Problem and Constraint Formulation” on page 3-4 and
then minimizes the maximum constraint violation:

min max(C(x))

st. x<x<X

Tracking Problem

The software formulates the tracking objective F(x) as described in
“Tracking Problem” on page 3-7 and then minimizes the tracking
objective:
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Problem Type

Problem Formulation

min F(x)
X

st. x<x<Xx

Mixed Feasibility and
Tracking Problem

The software formulates the problem in two steps:
1 Finds a feasible solution.

min max(C(x))

st. x<x<Xx

2 Minimizes the tracking objective. The software uses the results
from step 1 as initial guesses and maintains feasibility by
introducing a discontinuous barrier in the optimization objective.

) = inf if max(C(x))>0
| F(x) otherwise

Gradient Computations

For the Gradient descent (fmincon) optimization solver, the gradients are
computed using numerical perturbation:
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1
dx = 13/eps X max[l X | ,Extypical]

dL = max(x - dx, 2, )
dR =min (x +dx, ., )
Fy, =opt _fen(dL)

Fp = opt _ fen(dR)

dF _(FL-Fg)

dx (dL-dR)

® xis a scalar design variable.
® x,.,1s the lower bound of x.
® X,..1s the upper bound of x.
® ;a1 the scaled value of x.

® opt_fen is the objective function.
dx is relatively large to accommodate simulation solver tolerances.
If you want to compute the gradients in any other way, you can do so in the cost

function you write for performing design optimization programmatically. See
sdo.optimize and GradFcn of sdo.OptimizeOptions for more information.
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Skip Model Simulation Based on Parameter Constraint

Violation

When you optimize parameters of a Simulink model to meet design
requirements, the software converts the requirements into an optimization
problem with objectives and constraints. The model parameters being tuned
become the design variables of the optimization problem. The optimization
solver iteratively simulates the model, evaluates the simulation results
against the constraints and objectives, and uses optimization methods to
adjust the design variables.

During the optimization, the solver may try a design variable set that results
in a model simulation error. Model simulation can be computationally
expensive. When violation of certain parameter-only constraints leads to
model simulation error, you can direct the solver to skip a design variable set
that violates such constraints.

For example, the Thermostat switch block in the Simulink model
sdoThermostat is a Relay block. You tune the Switch off point and Switch
on point of this block. If Switch on point < Switch off point, model
simulation leads to an error.

To prevent the solver from simulating a model using a design variable set that
violates parameter-only constraints, you specify a custom requirement. In the
Create Requirement dialog box, configure the custom requirement to evaluate
whether the design variable set violates the constraints. Do not apply the
custom requirement to any model signal or linearized system. Select the
Error if constraint is violated check box.



Skip Model Simulation Based on Parameter Constraint Violation

Create Requirerpent ...
Custom Requirement

Create a custom requirement. The optimizer evaluates the
specified function during optimization passing a structure with
fields containing the optimized design variable values and logged
simulation results.

Mame: | CustomPeq

w Specify Function
Type: :Constrainfunction output to be <=0 v:

Functicn: | @myCustomRequirement

Error if constraint is violated

b Select Signals and Systems to Bound (Optional)

[¥] Create Plot [ OK ” Cancel ” Help ]

The solver evaluates custom requirements that test parameter-only
constraints before simulating the model and evaluating the remaining
requirements.

If the constraint is violated, the solver does not simulate the model to evaluate

the remaining requirements. Instead, the solver evaluates the terminating
conditions and continues.

If the constraint is violated while the Error if constraint is violated
is cleared, the solver simulates the model to evaluate the remaining
requirements.

Related e “Prevent Invalid Model Evaluation (GUI)” on page 3-200
Examples
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Specify Signals to Log

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

1 In the Design Optimization tool, select Signal in the New drop-down
list. A window opens where you select a signal to log.

2 In the Simulink model window, click the signal to which you want to add
a requirement.

Create Signalet .

Signal set: Siq|

Signal

Mo signals have currently been selected.

Flease go back to the model and dick on oo m
a signal to select it.

| ok || Cancel || Help |

The window updates and displays the name of the block and the port
number where the selected signal is located.

3 Select the signal and click to add it to the signal set.

4 In the Signal set box, enter a name for the selected signal set.

Click OK. A new variable, with the specified name, appears in the Design
Optimization Workspace of the Design Optimization tool window.

See Also

¢ “Design Optimization to Track Reference Signal (GUI)”
® sdo.SimulationTest
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Specifying Step Response Characteristics

Specify Step Response Characteristics

To specify step response characteristics:

1 You can apply this requirement to either a signal or a linearization of
your model.

In the Design Optimization Tool, click New. To apply this requirement to
a signal, select the Step Response Envelope entry in the New Time
Domain Requirement section of the New list. To apply this requirement
to a linearization of your model, select the Step Response Envelope
entry in the New Frequency Domain Requirement section of the New
list. The latter option requires Simulink Control Design software.

A window opens where you specify the step response requirements on
a signal, or system.

2 Specify a requirement name in the Name box.

3 Specify the step response characteristics:
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% Overshoot

L1 Vs % Settling
Final Value \/\\\//\__L -

% Rise

Amplitude

% Undershoot

Initial Value K/ ¢ |

Rise Time Settling Time Time

¢ Initial value: Input level before the step occurs
* Step time: Time at which the step takes place
¢ Final value: Input level after the step occurs

* Rise time: The time taken for the response signal to reach a specified
percentage of the step’s range. The step’s range is the difference between
the final and initial values.

* % Rise: The percentage used in the rise time.

¢ Settling time: The time taken until the response signal settles within a
specified region around the final value. This settling region is defined
as the final step value plus or minus the specified percentage of the
final value.

® % Settling: The percentage used in the settling time.

® % Overshoot: The amount by which the response signal can exceed the
final value. This amount is specified as a percentage of the step’s range.
The step’s range is the difference between the final and initial values.

® % Undershoot: The amount by which the response signal can
undershoot the initial value. This amount is specified as a percentage
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of the step’s range. The step’s range is the difference between the final
and initial values.

4 Specify the signals or systems to be bound.

You can apply this requirement to a model signal or to a linearization of
your Simulink model (requires Simulink Control Design software).

e Apply this requirement to a model signal:

In the Select Signals to Bound area, select a logged signal to which
you will apply the requirement.

If you have already selected a signal to log, as described in “Specify
Signals to Log” on page 3-16, it appears in the list. Select the
corresponding check-box.

If you haven’t selected a signal to log:

a Click . A window opens where you specify the logged signal.

b In the Simulink model window, click the signal to which you want to
add a requirement.

Create 5ignal et

Signal set: Siq|

Signal

Mo signals have currently been selected.
Please go back to the model and dick on oo
a signal to select it.

| ok || cancel |[ He

The window updates and displays the name of the block and the port
number where the selected signal is located.

¢ Select the signal and click to add it to the signal set.

d In the Signal set box, enter a name for the selected signal set.
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Click OK. A new variable, with the specified name, appears in the
Design Optimization Workspace of the Design Optimization tool
window.

® Apply this requirement to a linear system.

Linear systems are defined by snapshot times at which the model is
linearized and sets of linearization I/O points defining the system inputs
and outputs.

a Specify the simulation time at which the model is linearized using
the Snapshot Times box. For multiple simulation snapshot times,
specify a vector.

b Select the linearization input/output set from the Linearization I/0
area.

If you have already created a linearization input/output set, it will
appear in the list. Select the corresponding check box.

If you have not created a linearization input/output set, click lLI
to open the Create linearization I/O set dialog box.

For more information on using this dialog box, see “Create
Linearization I/O Sets” on page 3-85.

For more information on linearization, see “What Is Linearization?”.
5 Click OK.
A variable with the specified requirement name appears in the Design
Optimization Workspace. A graphical display of the requirement also

appears in the Design Optimization tool window.

Alternatively, you can use the Check Step Response Characteristics block to
specify step response bounds for a signal.

See Also

“Design Optimization to Meet Step Response Requirements (GUI)”

Concepts ® “Specify Time-Domain Design Requirements” on page 3-28
® “Specify Frequency-Domain Design Requirements” on page 3-46
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Specifying Custom Requirements
To specify custom requirements, such as minimizing system energy:

1 In the Design Optimization tool, select Custom Requirement in the New
list. A window opens where you specify the custom requirement.

2 Specify a requirement name in the Name box.
3 Specify the requirement type using the Type list.

4 Specify the name of the function that contains the custom requirement in
the Function box. The field must be specified as a function handle using

@. The function must be on the MATLAB path. Click ‘i, to review
or edit the function.

If the function does not exist, clicking ‘i, opens a template MATLAB
file. Use this file to implement the custom requirement. The default
function name is myCustomRequirement.

5 (Optional) If you want to prevent the solver from considering specific
parameter combinations, select the Error if constraint is violated check
box. Use this option for parameter-only constraints.

During an optimization iteration, the solver evaluates requirements with
this option selected first.

e [f the constraint is violated, the solver skips evaluating any remaining
requirements and proceeds to the next iterate.

e If the constraint is not violated, the solver evaluates the remaining
requirements for the current iterate. If any of the remaining
requirements bound signals or systems, then the solver simulates the
model .

For more information, see “Prevent Invalid Model Evaluation (GUI)” on
page 3-200.
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Note If you select this check box, then do not specify signals or systems to
bound. If you do specify signals or systems, then this check box is ignored.

6 (Optional) Specify the signal or system, or both, to be bound.

You can apply this requirement to model signals, or a linearization of your
Simulink model (requires Simulink Control Design software), or both.

Click Select Signals and Systems to Bound (Optional) to view the
signal and linearization I/O selection area.

e Apply this requirement to a model signal:

In the Signal area, select a logged signal to which you will apply the
requirement.

If you have already selected a signal to log, as described in “Specify
Signals to Log” on page 3-16, it appears in the list. Select the
corresponding check box.

If you have not selected a signal to log:

a Click . A window opens where you specify the logged signal.

b In the Simulink model window, click the signal to which you want to
add a requirement.

Create 5ignal et
Signal set: Siq|

Signal

Mo signals have currently been selected.
Please go back to the model and dick on oo
a signal to select it.

| ok || cancel |[ He
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The window updates and displays the name of the block and the port
number where the selected signal is located.

¢ Select the signal and click * “ to add it to the signal set.

d In the Signal set box, enter a name for the selected signal set.

Click OK. A new variable, with the specified name, appears in the
Design Optimization Workspace of the Design Optimization tool
window.

e Apply this requirement to a linear system.

Linear systems are defined by snapshot times at which the model is
linearized and sets of linearization I/0 points defining the system inputs
and outputs.

a Specify the simulation time at which the model is linearized using
the Snapshot Times box. For multiple simulation snapshot times,
specify a vector.

b Select the linearization input/output set from the Linearization I/O
area.

If you have already created a linearization input/output set, it will
appear in the list. Select the corresponding check box.

If you have not created a linearization input/output set, click lLI
to open the Create linearization I/O set dialog box. For more
information on using this dialog box, see “Create Linearization I/O
Sets” on page 3-85.

For more information on linearization, see “What Is Linearization?”.
7 Click OK.

A new variable, with the specified name, appears in the Design
Optimization Workspace of the Design Optimization tool. A graphical
display of the requirement also appears in the Design Optimization tool
window.
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Related ® “Design Optimization to Meet a Custom Objective (GUI)” on page 3-123
Examples ® “Design Optimization to Meet Custom Signal Requirements (GUI)” on
page 3-151

e “Specify Time-Domain Design Requirements” on page 3-28
® “Specify Frequency-Domain Design Requirements” on page 3-46
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Move Constraints

In this section...

“Move Constraints Graphically” on page 3-25

“Position Constraints Exactly” on page 3-26

Constraint-bound edges define time-domain constraints you would like to
place on a particular signal in your model. You can position these edges,
which appear as a yellow shaded region bordered by a black line, graphically
or exactly.

Move Constraints Graphically

Use the mouse to click and drag edges in the amplitude versus time plot, as
shown in the following figure.

sdoRectifierFull-Wave Rectifier:1

o 1 2 | 4 & 5] T 8 el 10
Time (seconds)

® To move a constraint edge boundary or to change the slope of a constraint
edge, position the pointer over a constraint edge endpoint, and press and
hold down the left mouse button. The pointer should change to a hand
symbol. While still holding the button down, drag the pointer to the target
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location, and release the mouse button. Note that the edges on either side
of the boundary might not maintain their slopes.

* To move an entire constraint edge up, down, left, or right, position the
mouse pointer over the edge and press and hold down the left mouse
button. The pointer should change to a four-way arrow. While still holding
the button down, drag the pointer to the target location, and release the
mouse button. Note that the edges on either side of the boundary might
not maintain their slopes.

To move a constraint edge to a perfectly horizontal or vertical position, hold
down the Shift key while clicking and dragging the constraint edge. This
causes the constraint edge to snap to a horizontal or vertical position.

When moving constraint bound edges, it is sometimes helpful to display
gridlines on the axes for careful alignment of the constraint bound edges. To
turn the gridlines on or off, right-click within the axes and select Grid.

Note You can move a lower bound constraint edge above an upper bound
constraint edge, or vice versa, but this produces an error when you attempt to
run the optimization.

Position Constraints Exactly
To position a constraint edge exactly:

1 Position the pointer over the edge you want to move and right-click. Select
Edit to open the Edit Design Requirement dialog box.



Move Constraints

-:_J.‘: Edit Design Requirement

Design reqguiretment:

Loweer tirme response bound from 010 10 sec

—Design requirement parameters

Segrents:
Skark End

Time Amplitude Time Amplitude Slope Wieight
1] -0.01 1 -0.01 ] 1
1 0.9 ] 0.9 ] 1
3 0.99 10 0.99 0 =]
Insert | Delete |

Helg |

2 Specify the position of each constraint edge in the Time and Amplitude
columns.

Concepts o “Specify Time-Domain Design Requirements” on page 3-28

® “Specify Frequency-Domain Design Requirements” on page 3-46
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Specify Time-Domain Design Requirements

In this section...

“Specify Piecewise-Linear Lower and Upper Bounds” on page 4-4
“Specify Signal Property Requirements” on page 3-30

“Specify Step Response Characteristics” on page 4-32

“Track Reference Signals” on page 4-9

“Specify Custom Requirements” on page 4-35

“Edit Design Requirements” on page 4-14

Specify Piecewise-Linear Lower and Upper Bounds
To specify upper and lower bounds on a signal:

1 In the Design Optimization tool, select Signal Bound in the New
drop-down list. A window opens where you specify upper or lower bounds
on a signal.

2 Specify a requirement name in the Name box.
3 Select the requirement type using the Type list.

4 Specify the edge start and end times and corresponding amplitude in the
Time (s) and Amplitude columns.

5 Click L_* | to specify additional bound edges.

Select a row and click lLI to delete a bound edge.

6 In the Select Signals to Bound area, select a logged signal to apply the
requirement to.

If you have already selected signals, as described in “Specify Signals to Log”
on page 3-16, they appear in the list. Select the corresponding check-box.

If you haven’t selected a signal to log:
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a Click . A window opens where you specify the logged signal.

b In the Simulink model window, click the signal to which you want to
add a requirement.

Create Signal%et
Signal set: |Sig|

Signal

Mo signals have currently been selected.
Please go badk to the model and dick on [ |}
a signal to select it

[

| oK || Cancel || Help

The window updates and displays the name of the block and the port
number where the selected signal is located.

¢ Select the signal and click to add it to the signal set.

d In the Signal set box, enter a name for the selected signal set.

Click OK. A new variable, with the specified name, appears in the
Design Optimization Workspace of the Design Optimization tool
window.

7 Click OK.

A variable with the specified requirement name appears in the Design
Optimization Workspace. A graphical display of the requirement also
appears in the Design Optimization tool window.

8 (Optional) In the graphical display, you can:
* “Move Constraints Graphically” on page 3-25

® “Position Constraints Exactly” on page 3-26
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Alternatively, you can add a Check Custom Bounds block to your model to
specify piecewise-linear bounds.

Specify Signal Property Requirements

To specify signal property requirements:

1 In the Design Optimization tool, select Signal Property in the New
drop-down list. The Create Requirement window opens where you specify
signal property requirements.

2 In the Name box, specify a requirement name.

3 In the Specify Property area, specify a signal property requirement using
the Property and Type lists and the Bound box.

Property List

For a signal S(¢y),...,S(¢y) you can specify one of the following properties
using the Property list:

e Signal minimum — min(S)

Signal

Signal
Signal
Signal
Signal
Signal

maximum — max(S)

final value — S(tpy)
mean — mean(S)
median — median(S)
variance — variance(S)

interquartile range — Difference between the 75th and 25th

percentiles of the signal values.

Signal

Signal

In
sum — Z S@)

i=t,

tN
sum square — Z:S(i)2

i=t,



Specify Time-Domain Design Requirements

tN
* Signal sum absolute — Y [SG)|
i=t,

Custom Signal Property
You can add a custom signal property to the Property list by editing the
function sdo.requirements.signalPropertyFcns.

a At the MATLAB command prompt., enter edit
sdo.requirements.signalPropertyFcns.

b Add your signal property function to the FcnData cell array.
Your signal property function must be on the path.

In the Select Signals to Bound area, select the logged signal to which
you want to apply the requirement.

If you have already selected a signal, as described in “Specify Signals to
Log” on page 3-16, the signal appears in the list. Select the corresponding
check box for that signal.

If you have not selected a signal to log:

a Click lLI The Create Signal Set window opens where you specify
the logged signal.

b In the Simulink model window, click the signal to which you want to
add a requirement.
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b

Signal set: |Sig|

Signal

Mo signals have currently been selected.
Please go badk to the model and dick on (=53 imj
a signal to select it

| oK || Cancel || Help

The window updates and displays the name of the block and the port
number where the selected signal is located.

¢ Select the signal and click to add it to the signal set.

d In the Signal set box, enter a name for the selected signal set.
Click OK. A new variable, with the specified name, appears in the

Design Optimization Workspace of the Design Optimization tool
window.

5 Click OK.

A variable with the specified requirement name appears in the Design
Optimization Workspace. An iteration plot depicting the signal property
for each iteration also appears in the Design Optimization tool window.

Specify Step Response Characteristics

To specify step response characteristics:

1 You can apply this requirement to either a signal or a linearization of
your model.

In the Design Optimization Tool, click New. To apply this requirement to
a signal, select the Step Response Envelope entry in the New Time
Domain Requirement section of the New list. To apply this requirement
to a linearization of your model, select the Step Response Envelope
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entry in the New Frequency Domain Requirement section of the New
list. The latter option requires Simulink Control Design software.

A window opens where you specify the step response requirements on
a signal, or system.

2 Specify a requirement name in the Name box.

3 Specify the step response characteristics:

% Overshoot

L1 Vs % Settling
Final Value / \/\\\//\‘_J -

% Rise

Amplitude

% Undershoot
Initial Value K/ $ |

Rise Time Settling Time Time

e Initial value: Input level before the step occurs
e Step time: Time at which the step takes place
¢ Final value: Input level after the step occurs

¢ Rise time: The time taken for the response signal to reach a specified
percentage of the step’s range. The step’s range is the difference between
the final and initial values.

® % Rise: The percentage used in the rise time.
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Settling time: The time taken until the response signal settles within a
specified region around the final value. This settling region is defined
as the final step value plus or minus the specified percentage of the
final value.

% Settling: The percentage used in the settling time.

% Overshoot: The amount by which the response signal can exceed the
final value. This amount is specified as a percentage of the step’s range.
The step’s range is the difference between the final and initial values.

% Undershoot: The amount by which the response signal can
undershoot the initial value. This amount is specified as a percentage
of the step’s range. The step’s range is the difference between the final
and initial values.

4 Specify the signals or systems to be bound.

You can apply this requirement to a model signal or to a linearization of
your Simulink model (requires Simulink Control Design software).

e Apply this requirement to a model signal:

In the Select Signals to Bound area, select a logged signal to which
you will apply the requirement.

If you have already selected a signal to log, as described in “Specify
Signals to Log” on page 3-16, it appears in the list. Select the
corresponding check-box.

If you haven’t selected a signal to log:

a Click lLI A window opens where you specify the logged signal.

b In the Simulink model window, click the signal to which you want to
add a requirement.
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Create Signal et
Signal set: |Sig|

Signal

Mo signals have currently been selected.
Please go badk to the model and dick on [
a signal to select it

| ok || Cancel || He

The window updates and displays the name of the block and the port
number where the selected signal is located.

¢ Select the signal and click = to add it to the signal set.

d In the Signal set box, enter a name for the selected signal set.

Click OK. A new variable, with the specified name, appears in the
Design Optimization Workspace of the Design Optimization tool
window.

® Apply this requirement to a linear system.

Linear systems are defined by snapshot times at which the model is
linearized and sets of linearization I/O points defining the system inputs
and outputs.

a Specify the simulation time at which the model is linearized using
the Snapshot Times box. For multiple simulation snapshot times,
specify a vector.

b Select the linearization input/output set from the Linearization I/0
area.

If you have already created a linearization input/output set, it will
appear in the list. Select the corresponding check box.

If you have not created a linearization input/output set, click
to open the Create linearization I/O set dialog box.
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For more information on using this dialog box, see “Create
Linearization I/O Sets” on page 3-85.

For more information on linearization, see “What Is Linearization?”.

5 Click OK.

A variable with the specified requirement name appears in the Design
Optimization Workspace. A graphical display of the requirement also
appears in the Design Optimization tool window.

Alternatively, you can use the Check Step Response Characteristics block to
specify step response bounds for a signal.

See Also

“Design Optimization to Meet Step Response Requirements (GUI)”

Track Reference Signals

Use reference tracking to force a model signal to match a desired signal.

To track a reference signal:

1 In the Design Optimization tool, select Signal Tracking in the New
drop-down list. A window opens where you specify the reference signal
to track.

2 Specify a requirement name in the Name box.

3 Define the reference signal by entering vectors, or variables from the
workspace, in the Time vector and Amplitude fields.

Click Update reference signal data to use the new amplitude and time
vector as the reference signal.

4 Specify how the optimization solver minimizes the error between the
reference and model signals using the Tracking Method list:

® SSE — Reduces the sum of squared errors

® SAE — Reduces the sum of absolute errors
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5 In the Specify Signal to Track Reference Signal area, select a logged
signal to apply the requirement to.

If you already selected a signal to log, as described in “Specify Signals
to Log” on page 3-16, they appear in the list. Select the corresponding
check-box.

If you haven’t selected a signal to log:

a Click . A window opens where you specify the logged signal.

b In the Simulink model window, click the signal to which you want to
add a requirement.

Create 5ignal et

Signal set: Siq|

Signal

Mo signals have currently been selected.
Please go back to the model and dick on oo i)
a signal to select it.

[

| ok || Cancel || Hep

The window updates and displays the name of the block and the port
number where the selected signal is located.

¢ Select the signal and click to add it to the signal set.

d In the Signal set box, enter a name for the selected signal set.

Click OK. A new variable, with the specified name, appears in the
Design Optimization Workspace of the Design Optimization tool
window.

e Select the check-box corresponding to the signal and click OK.
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A variable with the specified requirement name appears in the Design
Optimization Workspace. A graphical display of the signal bound also
appears in the Design Optimization tool window.

Note When tracking a reference signal, the software ignores the maximally
feasible solution option. For more information on this option, see “Selecting
Optimization Termination Options” on page 3-82.

Alternatively, you can use the Check Against Reference block to specify
a reference signal to track.

See Also

“Design Optimization to Track Reference Signal (GUI)”

Specify Custom Requirements

To specify custom requirements, such as minimizing system energy:

1 In the Design Optimization tool, select Custom Requirement in the New
list. A window opens where you specify the custom requirement.

2 Specify a requirement name in the Name box.
3 Specify the requirement type using the Type list.

4 Specify the name of the function that contains the custom requirement in
the Function box. The field must be specified as a function handle using

@. The function must be on the MATLAB path. Click ‘i’ to review
or edit the function.

If the function does not exist, clicking ‘i, opens a template MATLAB
file. Use this file to implement the custom requirement. The default
function name is myCustomRequirement.

5 (Optional) If you want to prevent the solver from considering specific
parameter combinations, select the Error if constraint is violated check
box. Use this option for parameter-only constraints.
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During an optimization iteration, the solver evaluates requirements with
this option selected first.

e [If the constraint is violated, the solver skips evaluating any remaining
requirements and proceeds to the next iterate.

e [If the constraint is not violated, the solver evaluates the remaining
requirements for the current iterate. If any of the remaining
requirements bound signals or systems, then the solver simulates the
model .

For more information, see “Prevent Invalid Model Evaluation (GUI)” on
page 3-200.

Note If you select this check box, then do not specify signals or systems to
bound. If you do specify signals or systems, then this check box is ignored.

6 (Optional) Specify the signal or system, or both, to be bound.

You can apply this requirement to model signals, or a linearization of your
Simulink model (requires Simulink Control Design software), or both.

Click Select Signals and Systems to Bound (Optional) to view the
signal and linearization I/O selection area.

® Apply this requirement to a model signal:

In the Signal area, select a logged signal to which you will apply the
requirement.

If you have already selected a signal to log, as described in “Specify
Signals to Log” on page 3-16, it appears in the list. Select the
corresponding check box.

If you have not selected a signal to log:

a Click lLI A window opens where you specify the logged signal.

b In the Simulink model window, click the signal to which you want to
add a requirement.
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Create Signal et
Signal set: |Sig|

Signal

Mo signals have currently been selected.
Please go badk to the model and dick on [
a signal to select it

| ok || Cancel || He

The window updates and displays the name of the block and the port
number where the selected signal is located.

¢ Select the signal and click = to add it to the signal set.

d In the Signal set box, enter a name for the selected signal set.

Click OK. A new variable, with the specified name, appears in the
Design Optimization Workspace of the Design Optimization tool
window.

® Apply this requirement to a linear system.

Linear systems are defined by snapshot times at which the model is
linearized and sets of linearization I/O points defining the system inputs
and outputs.

a Specify the simulation time at which the model is linearized using
the Snapshot Times box. For multiple simulation snapshot times,
specify a vector.

b Select the linearization input/output set from the Linearization I/0
area.

If you have already created a linearization input/output set, it will
appear in the list. Select the corresponding check box.

If you have not created a linearization input/output set, click
to open the Create linearization I/0 set dialog box. For more
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information on using this dialog box, see “Create Linearization I/O
Sets” on page 3-85.

For more information on linearization, see “What Is Linearization?”.
7 Click OK.

A new variable, with the specified name, appears in the Design
Optimization Workspace of the Design Optimization tool. A graphical
display of the requirement also appears in the Design Optimization tool
window.

See Also

® “Design Optimization to Meet a Custom Objective (GUI)” on page 3-123
® “Design Optimization to Meet Custom Signal Requirements (GUI)” on
page 3-151

Edit Design Requirements

The Edit Design Requirement dialog box allows you to exactly position
constraint segments and to edit other properties of these constraints. The
dialog box has two main components:

® An upper panel to specify the constraint you are editing

¢ A lower panel to edit the constraint parameters

The upper panel of the Edit Design Requirement dialog box resembles the
image in the following figure.

Design requirement; |Upper time responzse bound from 0to 10 zec ;I

In the context of the SISO Tool in Control System Toolbox™ software, Design
requirement refers to both the particular editor within the SISO Tool

that contains the requirement and the particular requirement within that
editor. To edit other constraints within the SISO Tool, select another design
requirement from the drop-down menu.
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Edit Design Requirement Dialog Box Parameters

The particular parameters shown within the lower panel of the Edit Design
Requirement dialog box depend on the type of constraint/requirement. In
some cases, the lower panel contains a grid with one row for each segment and
one column for each constraint parameter. The following table summarizes
the various constraint parameters.

Edit Design Requirement Dialog Box Parameters

Parameter Found in Description

Time Upper and lower time Defines the time range of a segment
response bounds on step within a constraint/requirement.
and impulse response plots

Amplitude Upper and lower time Defines the beginning and ending
response bounds on step amplitude of a constraint segment.
and impulse response plots

Slope (1/s) Upper and lower time Defines the slope, in 1/s, of a
response bounds constraint segment. It is an

alternative method of specifying the
magnitude values. Entering a new
Slope value changes any previously
defined magnitude values.

Final value Step response bounds Defines the input level after the step
occurs.
Rise time Step response bounds Defines a constraint segment for a

particular rise time.

% Rise Step response bounds The percentage of the step’s range
used to describe the rise time.

Settling time Step response bounds Defines a constraint segment for a
particular settling time.

% Settling Step response bounds The percentage of the final value that
defines the settling region used to
describe the settling time.
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Edit Design Requirement Dialog Box Parameters (Continued)

Parameter

Found in

Description

% Overshoot

Step response bounds

% Undershoot

Step response bounds

Defines the constraint segments for a
particular percent undershoot.
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Edit Design Requirements

The Edit Design Requirement dialog box allows you to exactly position
constraint segments and to edit other properties of these constraints. The
dialog box has two main components:

® An upper panel to specify the constraint you are editing

* A lower panel to edit the constraint parameters

The upper panel of the Edit Design Requirement dialog box resembles the
image in the following figure.

Design requirement; |Upper time responzse bound from 0to 10 zec ;I

In the context of the SISO Tool in Control System Toolbox software, Design
requirement refers to both the particular editor within the SISO Tool
that contains the requirement and the particular requirement within that
editor. To edit other constraints within the SISO Tool, select another design
requirement from the drop-down menu.

Edit Design Requirement Dialog Box Parameters

The particular parameters shown within the lower panel of the Edit Design
Requirement dialog box depend on the type of constraint/requirement. In
some cases, the lower panel contains a grid with one row for each segment and
one column for each constraint parameter. The following table summarizes
the various constraint parameters.

Edit Design Requirement Dialog Box Parameters

Parameter Found in Description

Time Upper and lower time Defines the time range of a segment
response bounds on step within a constraint/requirement.
and impulse response plots

Amplitude Upper and lower time Defines the beginning and ending
response bounds on step amplitude of a constraint segment.

and impulse response plots

3-44



Edit Design Requirements

Edit Design Requirement Dialog Box Parameters (Continued)

Parameter

Found in

Description

Slope (1/s)

Upper and lower time
response bounds

Defines the slope, in 1/s, of a
constraint segment. It is an
alternative method of specifying the
magnitude values. Entering a new
Slope value changes any previously
defined magnitude values.

Final value

Step response bounds

Defines the input level after the step
occurs.

Rise time Step response bounds Defines a constraint segment for a
particular rise time.
% Rise Step response bounds The percentage of the step’s range

used to describe the rise time.

Settling time

Step response bounds

Defines a constraint segment for a
particular settling time.

% Settling

Step response bounds

The percentage of the final value that
defines the settling region used to
describe the settling time.

% Overshoot

Step response bounds

% Undershoot

Step response bounds

Defines the constraint segments for a
particular percent undershoot.
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Specify Frequency-Domain Design Requirements

In this section...

“Specify Lower Bounds on Gain and Phase Margin” on page 4-17

“Specify Piecewise-Linear Lower and Upper Bounds on Frequency
Response” on page 4-19

“Specify Bound on Closed-Loop Peak Gain” on page 4-21

“Specify Lower Bound on Damping Ratio” on page 4-23

“Specify Upper and Lower Bounds on Natural Frequency” on page 4-25
“Specify Upper Bound on Approximate Settling Time” on page 4-27

“Specify Piecewise-Linear Upper and Lower Bounds on Singular Values”
on page 4-29

“Specify Step Response Characteristics” on page 4-32
“Specify Custom Requirements” on page 4-35

Specify Lower Bounds on Gain and Phase Margin
To specify lower bounds on the gain and phase margin of a linear system:

1 In the Design Optimization tool, select Gain and Phase Margin in the
New list. A window opens where you specify lower bounds on the gain and
phase margin of your linear system.

2 Specify a requirement name in Name.

3 Specify bounds on the gain margin or phase margin, or both.
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¢ Gain margin — Amount of gain increase or decrease required to make
the loop gain unity at the frequency where the phase angle is —180°.

¢ Phase margin — Amount of phase increase or decrease required to
make the phase angle —180° when the loop gain is 1.0

To specify a lower bound on the gain margin or phase margin, or both,
select the corresponding check box and enter the lower bound value.

In the Select Systems to Bound section, select the linear systems to
which this requirement applies.

Linear systems are defined by snapshot times at which the model is
linearized and sets of linearization I/0 points defining the system inputs
and outputs.

a Specify the simulation time at which the model is linearized using the
Snapshot Times box. For multiple simulation snapshot times, specify a
vector.

b Select the linearization input/output set from the Linearization I/O
area.
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If you have already created a linearization input/output set, it will
appear in the list. Select the corresponding check box.

If you have not created a linearization input/output set, click lLI to
open the Create linearization I/0 set dialog box.

For more information on using this dialog box, see “Create Linearization
I/0 Sets” on page 3-85.

For more information on linearization, see “What Is Linearization?”.

5 Click OK.

A variable with the specified requirement name appears in the Design
Optimization Workspace. A graphical display of the requirement also
appears in the Design Optimization tool window.

6 (Optional) In the graphical display, you can:
e “Move Constraints Graphically” on page 3-25
e “Position Constraints Exactly” on page 3-26

Alternatively, you can use the Check Gain and Phase Margins block to specify
bounds on the gain and phase margin. (Requires Simulink Control Design.)

Specify Piecewise-Linear Lower and Upper Bounds
on Frequency Response

To specify upper or lower bounds on the magnitude of a system response:

1 In the Design Optimization tool, select Bode Magnitude in the New
list. A window opens where you specify the lower or upper bounds on the
magnitude of the system response.

2 Specify a requirement name in the Name box.

3 Specify the requirement type using the Type list.

4 Specify the edge start and end frequencies and corresponding magnitude in
the Frequency and Magnitude columns.
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5 Insert or delete bound edges.

Click lLI to specify additional bound edges.

Select a row and click lLI to delete a bound edge.

6 In the Select Systems to Bound section, select the linear systems to
which this requirement applies.

Linear systems are defined by snapshot times at which the model is
linearized and sets of linearization I/O points defining the system inputs
and outputs.

a Specify the simulation time at which the model is linearized using the
Snapshot Times box. For multiple simulation snapshot times, specify a
vector.

b Select the linearization input/output set from the Linearization I/O
area.

If you have already created a linearization input/output set, it will
appear in the list. Select the corresponding check box.

If you have not created a linearization input/output set, click lLI to
open the Create linearization I/0O set dialog box.

For more information on using this dialog box, see “Create Linearization
I/0 Sets” on page 3-85.

For more information on linearization, see “What Is Linearization?”.
7 Click OK.

A new variable with the specified name appears in the Design
Optimization Workspace of the Design Optimization tool window.
A graphical display of the requirement also appears in the Design
Optimization tool window.
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8 (Optional) In the graphical display, you can:
¢ “Move Constraints Graphically” on page 3-25
e “Position Constraints Exactly” on page 3-26
Alternatively, you can use the Check Bode Characteristics block to specify

bounds on the magnitude of the system response. (Requires Simulink Control
Design.)

Specify Bound on Closed-Loop Peak Gain

To specify an upper bound on the closed-loop peak response of a system:

1 In the Design Optimization tool, select Closed-Loop Peak Gain in the
New list. A window opens where you specify an upper bound on the

closed-loop peak gain of the system.

2 Specify a requirement name in the Name box.
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3 Specify the upper bound on the closed-loop peak gain in the Closed-Loop
peak gain box.

4 In the Select Systems to Bound section, select the linear systems to
which this requirement applies.

Linear systems are defined by snapshot times at which the model is
linearized and sets of linearization I/0 points defining the system inputs
and outputs.

a Specify the simulation time at which the model is linearized using the
Snapshot Times box. For multiple simulation snapshot times, specify a
vector.

b Select the linearization input/output set from the Linearization I/O
area.

If you have already created a linearization input/output set, it will
appear in the list. Select the corresponding check box.

If you have not created a linearization input/output set, click lLI to
open the Create linearization I/0 set dialog box.

For more information on using this dialog box, see “Create Linearization
I/0 Sets” on page 3-85.

For more information on linearization, see “What Is Linearization?”.
5 Click OK.

A new variable with the specified name appears in the Design
Optimization Workspace of the Design Optimization tool window.
A graphical display of the requirement also appears in the Design
Optimization tool window.
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6 (Optional) In the graphical display, you can:
e “Move Constraints Graphically” on page 3-25
e “Position Constraints Exactly” on page 3-26

Alternatively, you can use the Check Nichols Characteristics block to specify

bounds on the magnitude of the system response. (Requires Simulink Control
Design.)

Specify Lower Bound on Damping Ratio
To specify a lower bound on the damping ratio of the system:

1 In the Design Optimization tool, select Damping Ratio in the New list. A

window opens where you specify an upper bound on the damping ratio of
the system.
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2 Specify a requirement name in the Name box.
3 Specify the lower bound on the damping ratio in the Damping ratio box.

4 In the Select Systems to Bound section, select the linear systems to
which this requirement applies.

Linear systems are defined by snapshot times at which the model is
linearized and sets of linearization I/O points defining the system inputs
and outputs.

a Specify the simulation time at which the model is linearized using the
Snapshot Times box. For multiple simulation snapshot times, specify a
vector.

b Select the linearization input/output set from the Linearization I/O
area.

If you have already created a linearization input/output set, it will
appear in the list. Select the corresponding check box.

If you have not created a linearization input/output set, click lLI to
open the Create linearization I/O set dialog box.

For more information on using this dialog box, see “Create Linearization
I/0 Sets” on page 3-85.

For more information on linearization, see “What Is Linearization?”.
5 Click OK.

A new variable with the specified name appears in the Design
Optimization Workspace of the Design Optimization tool. A graphical
display of the requirement also appears in the Design Optimization tool
window.
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6 (Optional) In the graphical display, you can:
e “Move Constraints Graphically” on page 3-25
e “Position Constraints Exactly” on page 3-26

Alternatively, you can use the Check Pole-Zero Characteristics block to specify
a bound on the damping ratio. (Requires Simulink Control Design.)

Specify Upper and Lower Bounds on Natural
Frequency

To specify a bound on the natural frequency of the system:

1 In the Design Optimization tool, select Natural Frequency in the New

list. A window opens where you specify a bound on the natural frequency of
the system.



Specify Frequency-Domain Design Requirements

2 Specify a requirement name in the Name box.

3 Specify a lower or upper bound on the natural frequency in the Natural
frequency box.

4 In the Select Systems to Bound section, select the linear systems to
which this requirement applies.

Linear systems are defined by snapshot times at which the model is
linearized and sets of linearization I/O points defining the system inputs
and outputs.

a Specify the simulation time at which the model is linearized using the
Snapshot Times box. For multiple simulation snapshot times, specify a
vector.

b Select the linearization input/output set from the Linearization I/O
area.

If you have already created a linearization input/output set, it will
appear in the list. Select the corresponding check box.

If you have not created a linearization input/output set, click lLI to
open the Create linearization I/O set dialog box.

For more information on using this dialog box, see “Create Linearization
I/0 Sets” on page 3-85.

For more information on linearization, see “What Is Linearization?”.
5 Click OK.

A new variable with the specified name appears in the Design
Optimization Workspace of the Design Optimization tool. A graphical
display of the requirement also appears in the Design Optimization tool
window.
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6 (Optional) In the graphical display, you can:
e “Move Constraints Graphically” on page 3-25
e “Position Constraints Exactly” on page 3-26

Alternatively, you can use the Check Pole-Zero Characteristics block to specify
a bound on the natural frequency. (Requires Simulink Control Design.)

Specify Upper Bound on Approximate Settling Time

To specify an upper bound on the approximate settling time of the system:

1 In the Design Optimization tool, select Settling Time in the New list.
A window opens where you specify an upper bound on the approximate
settling time of the system.

2 Specify a requirement name in the Name box.
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3 Specify the upper bound on the approximate settling time in the Settling
time box.

4 In the Select Systems to Bound section, select the linear systems to
which this requirement applies.

Linear systems are defined by snapshot times at which the model is
linearized and sets of linearization I/0 points defining the system inputs
and outputs.

a Specify the simulation time at which the model is linearized using the
Snapshot Times box. For multiple simulation snapshot times, specify a
vector.

b Select the linearization input/output set from the Linearization I/O
area.

If you have already created a linearization input/output set, it will
appear in the list. Select the corresponding check box.

If you have not created a linearization input/output set, click lLI to
open the Create linearization I/0 set dialog box.

For more information on using this dialog box, see “Create Linearization
I/0 Sets” on page 3-85.

For more information on linearization, see “What Is Linearization?”.
5 Click OK.

A new variable with the specified name appears in the Design
Optimization Workspace of the Design Optimization tool. A graphical
display of the requirement also appears in the Design Optimization tool
window.
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6 (Optional) In the graphical display, you can:
e “Move Constraints Graphically” on page 3-25
e “Position Constraints Exactly” on page 3-26

Alternatively, you can use the Check Pole-Zero Characteristics block to specify
the approximate settling time. (Requires Simulink Control Design.)

Specify Piecewise-Linear Upper and Lower Bounds
on Singular Values

To specify piecewise-linear upper and lower bounds on the singular values
of a system:



Specify Frequency-Domain Design Requirements

1 In the Design Optimization tool, select Singular Values in the New
list. A window opens where you specify the lower or upper bounds on the
singular values of the system.

2 Specify a requirement name in the Name box.
3 Specify the requirement type using the Type list.

4 Specify the edge start and end frequencies and corresponding magnitude in
the Frequency and Magnitude columns, respectively.

5 Insert or delete bound edges.

Click ltho specify additional bound edges.

Select a row and click lLI to delete a bound edge.

6 In the Select Systems to Bound section, select the linear systems to
which this requirement applies.

Linear systems are defined by snapshot times at which the model is
linearized and sets of linearization I/O points defining the system inputs
and outputs.

a Specify the simulation time at which the model is linearized using the
Snapshot Times box. For multiple simulation snapshot times, specify a
vector.

b Select the linearization input/output set from the Linearization I/O
area.

If you have already created a linearization input/output set, it will
appear in the list. Select the corresponding check box.

If you have not created a linearization input/output set, click lLI to
open the Create linearization I/0 set dialog box.

For more information on using this dialog box, see “Create Linearization
I/O Sets” on page 3-85.

For more information on linearization, see “What Is Linearization?”.
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7 Click OK.

A new variable with the specified name appears in the Design
Optimization Workspace of the Design Optimization tool. A graphical
display of the requirement also appears in the Design Optimization tool
window.
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8 (Optional) In the graphical display, you can:
* “Move Constraints Graphically” on page 3-25

® “Position Constraints Exactly” on page 3-26

Alternatively, you can use the Check Singular Value Characteristics block to
specify bounds on the singular value. (Requires Simulink Control Design.)
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Specify Step Response Characteristics

To specify step response characteristics:

1 You can apply this requirement to either a signal or a linearization of
your model.

In the Design Optimization Tool, click New. To apply this requirement to
a signal, select the Step Response Envelope entry in the New Time
Domain Requirement section of the New list. To apply this requirement
to a linearization of your model, select the Step Response Envelope
entry in the New Frequency Domain Requirement section of the New
list. The latter option requires Simulink Control Design software.

A window opens where you specify the step response requirements on
a signal, or system.

2 Specify a requirement name in the Name box.

3 Specify the step response characteristics:

% Overshoot

L1 Vs % Settling
Final Value \/\\\//\._J -

% Rise

Amplitude

% Undershoot
Initial Value K/ $ |

Rise Time Settling Time Time
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¢ Initial value: Input level before the step occurs
* Step time: Time at which the step takes place
¢ Final value: Input level after the step occurs

* Rise time: The time taken for the response signal to reach a specified
percentage of the step’s range. The step’s range is the difference between
the final and initial values.

* % Rise: The percentage used in the rise time.

¢ Settling time: The time taken until the response signal settles within a
specified region around the final value. This settling region is defined
as the final step value plus or minus the specified percentage of the
final value.

® % Settling: The percentage used in the settling time.

®* % Overshoot: The amount by which the response signal can exceed the
final value. This amount is specified as a percentage of the step’s range.
The step’s range is the difference between the final and initial values.

® % Undershoot: The amount by which the response signal can
undershoot the initial value. This amount is specified as a percentage
of the step’s range. The step’s range is the difference between the final
and initial values.

Specify the signals or systems to be bound.

You can apply this requirement to a model signal or to a linearization of
your Simulink model (requires Simulink Control Design software).

e Apply this requirement to a model signal:

In the Select Signals to Bound area, select a logged signal to which
you will apply the requirement.

If you have already selected a signal to log, as described in “Specify
Signals to Log” on page 3-16, it appears in the list. Select the
corresponding check-box.

If you haven’t selected a signal to log:

a Click lLI A window opens where you specify the logged signal.
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b In the Simulink model window, click the signal to which you want to
add a requirement.

Create Signal%et

Signal set: |Sig|

Signal

Mo signals have currently been selected.
Please go badk to the model and dick on [
a signal to select it

| ok || Cancel

The window updates and displays the name of the block and the port
number where the selected signal is located.

¢ Select the signal and click to add it to the signal set.

d In the Signal set box, enter a name for the selected signal set.

Click OK. A new variable, with the specified name, appears in the
Design Optimization Workspace of the Design Optimization tool
window.

Apply this requirement to a linear system.

Linear systems are defined by snapshot times at which the model is
linearized and sets of linearization I/0 points defining the system inputs
and outputs.

a Specify the simulation time at which the model is linearized using
the Snapshot Times box. For multiple simulation snapshot times,
specify a vector.

b Select the linearization input/output set from the Linearization I/0
area.

If you have already created a linearization input/output set, it will
appear in the list. Select the corresponding check box.
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If you have not created a linearization input/output set, click lLI
to open the Create linearization I/0 set dialog box.

For more information on using this dialog box, see “Create
Linearization I/O Sets” on page 3-85.

For more information on linearization, see “What Is Linearization?”.

5 Click OK.

A variable with the specified requirement name appears in the Design
Optimization Workspace. A graphical display of the requirement also
appears in the Design Optimization tool window.

Alternatively, you can use the Check Step Response Characteristics block to
specify step response bounds for a signal.

See Also

“Design Optimization to Meet Step Response Requirements (GUI)”

Specify Custom Requirements

To specify custom requirements, such as minimizing system energy:

1 In the Design Optimization tool, select Custom Requirement in the New
list. A window opens where you specify the custom requirement.

2 Specify a requirement name in the Name box.
3 Specify the requirement type using the Type list.

4 Specify the name of the function that contains the custom requirement in
the Function box. The field must be specified as a function handle using

@. The function must be on the MATLAB path. Click ‘i’ to review
or edit the function.

If the function does not exist, clicking ‘i, opens a template MATLAB
file. Use this file to implement the custom requirement. The default
function name is myCustomRequirement.

3-64



Specify Frequency-Domain Design Requirements

5 (Optional) If you want to prevent the solver from considering specific
parameter combinations, select the Error if constraint is violated check
box. Use this option for parameter-only constraints.

During an optimization iteration, the solver evaluates requirements with
this option selected first.

e [f the constraint is violated, the solver skips evaluating any remaining
requirements and proceeds to the next iterate.

e If the constraint is not violated, the solver evaluates the remaining
requirements for the current iterate. If any of the remaining
requirements bound signals or systems, then the solver simulates the
model .

For more information, see “Prevent Invalid Model Evaluation (GUI)” on
page 3-200.

Note If you select this check box, then do not specify signals or systems to
bound. If you do specify signals or systems, then this check box is ignored.

6 (Optional) Specify the signal or system, or both, to be bound.

You can apply this requirement to model signals, or a linearization of your
Simulink model (requires Simulink Control Design software), or both.

Click Select Signals and Systems to Bound (Optional) to view the
signal and linearization I/O selection area.

® Apply this requirement to a model signal:

In the Signal area, select a logged signal to which you will apply the
requirement.

If you have already selected a signal to log, as described in “Specify
Signals to Log” on page 3-16, it appears in the list. Select the
corresponding check box.

If you have not selected a signal to log:

a Click lLI A window opens where you specify the logged signal.
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b In the Simulink model window, click the signal to which you want to
add a requirement.

Create Signal%et

Signal set: |Sig|

Signal

Mo signals have currently been selected.
Please go badk to the model and dick on [
a signal to select it

| ok || Cancel

The window updates and displays the name of the block and the port
number where the selected signal is located.

¢ Select the signal and click to add it to the signal set.

d In the Signal set box, enter a name for the selected signal set.

Click OK. A new variable, with the specified name, appears in the
Design Optimization Workspace of the Design Optimization tool
window.

Apply this requirement to a linear system.

Linear systems are defined by snapshot times at which the model is
linearized and sets of linearization I/0 points defining the system inputs
and outputs.

a Specify the simulation time at which the model is linearized using
the Snapshot Times box. For multiple simulation snapshot times,
specify a vector.

b Select the linearization input/output set from the Linearization I/0
area.

If you have already created a linearization input/output set, it will
appear in the list. Select the corresponding check box.
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If you have not created a linearization input/output set, click lLI
to open the Create linearization I/0O set dialog box. For more
information on using this dialog box, see “Create Linearization I/O
Sets” on page 3-85.

For more information on linearization, see “What Is Linearization?”.

7 Click OK.

A new variable, with the specified name, appears in the Design
Optimization Workspace of the Design Optimization tool. A graphical

display of the requirement also appears in the Design Optimization tool
window.

See Also

® “Design Optimization to Meet a Custom Objective (GUI)” on page 3-123

® “Design Optimization to Meet Custom Signal Requirements (GUI)” on
page 3-151
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Specify Design Variables

Before running the optimization, you must define the model parameters to
optimize. These parameters form the design variables set for optimization. By
tuning these parameters, Simulink Design Optimization software attempts to
make the signals meet the requirements.

Simulink Design Optimization software optimizes the response signals of
the model by varying the tuned parameters so that the response signals lie
within the constraint bound segments or closely match a specified reference
signal. The design variables can be scalar, vector, matrix, or an expression
that evaluates to one of these values.

To specify the parameters to be tuned using the Design Optimization tool:

1 In the Design Variables Set list, select New.

A window opens where you specify design variables. All model parameters
are displayed in this window.

2 Select one or more parameter names and click

L< |

to add the selected parameters to a design variables set.

Note You can add the same parameter to multiple design variable sets.

3 (Optional) Specify design variable settings.

Setting Description Default
Variable The name of the parameter. Not an editable field
Value Value of the model parameter. This value is used | Current value of the parameter

by the optimization method as the initial value | in the model. If you edit this
and is modified during optimization. column, click Update model
variable values to update the
values in the model.




Specify Design Variables

Setting Description Default
Minimum The minimum value or lower bound for the -Inf
parameter. You can edit this field to provide an
alternate minimum value.
Maximum | The maximum value or upper bound for the Inf
parameter. You can edit this field to provide an
alternate maximum value.
Scale During optimization, the design variables are 1
scaled, or normalized, by dividing their current
value by a scale value. You can edit this field to
provide an alternate scaling factor.
The check-box indicates whether the parameter is selected as an design
variable in the set. Select it if you want this parameter to be tuned during
the optimization. Unselect if you do not want this parameter to be tuned
during the optimization but you would like to keep it on the list of tuned
parameters (for a subsequent optimization).
Expand Variable Detail to see the block in the model that contains this
parameter.
4 Click OK to create a design variable set.
Related “Specify Independent Parameters to Optimize” on page 3-70
Examples “Optimize Parameters for Robustness (GUI)” on page 3-217

“Update Model with Design Variables Set” on page 3-74
“Export Design Variable Values for Specific Iteration” on page 3-101
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Specify Independent Parameters to Optimize

This example shows how to specify independent parameters, that do not
appear explicitly in the model, as optimization parameters.

Assume that the parameter Kint in the model srotut1 is related to the
parameters x and y according to the relationship Kint=x+y. Also assume
that the initial values of x and y are 1 and -0.7, respectively. To tune x and
y instead of Kint, first define these parameters in the model workspace. To
do this,

1 Open the Simulink model.

open_system('srotutl')
2 Add the independent parameters to the model workspace, along with their
initial values.

® Select View > Model Explorer from the srotut1 window to open the
Model Explorer window.

¢ In the Model Hierarchy tree, select srotutl > Model Workspace.
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E Model Explorer
File Edit View Tools Add Help

b 13 H Ol
Search: by MName - Name:
Model Hierarchy (%) |j

4 bﬁ Simulink Root
HH Base Workspace
4 srotutl
@ Model Workspace
E Code for srotutl
(4) Advice for srotutl
ﬂ Simulink Design Verifier results
4%-5 Configuration (Active)

@ = &=

&4 Search

| T Contents of: _rkspace (only) Filt

i

Column View: |Data Obj¢ = | Show Details 0 object(s) 'f("

Name

.

Value DataType Min Max Dimensions

Contents

Search Results

[E=5EoE 5
Model Workspace
Workspace data
Data source: |MDLFile -

Model arguments (for referencing this model):

® Select Add > MATLAB Variable to add a new variable to the model
workspace. A new variable with a default name Var appears in the

Name column.

® Double-click Var to make it editable and change the variable name to x.
Edit the initial Value to 1.

® Repeat steps 3 and 4 to add a variable y with an initial value of -0.7.

The Model Explorer window resembles the following figure.
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E Model Explorer
File Edit View Tools

[, (3

Add  Help
m Al -

Search: by MName - Name:

Model Hierarchy (%)

]

4 bﬁ Simulink Root
[ Base Workspace
4 srotutl®
E Model Workspace®
E Code for srotutl
(4) Advice for srotutl
ﬂ Simulink Design Verifier results
% Configuration (Active)

2objectfs)

g Ue
@ 4] @@
&4 Search
E Contents of: .el Workspace™ (only) Filter
Column View: |Data Objects | Show Detsils
Name Walue

0 x 1
ey 07

DataType Min

Contents Search Results

Model Workspace
Workspace data

Data source: |MDL-File hd

Model arguments (for referencing this model):

Apply

3 Define a Simulation Start function that runs before each simulation of the
model. This Simulation Start function defines the relationship between the
dependent parameters in the model and the independent parameters in

the model workspace.

¢ Inthe srotut1 model window, select File > Model Properties > Model

Properties.

¢ In the Model Properties window, click the Callbacks tab.

¢ To enter a Simulation start function, select StartFen, and type the
name of a new function. For example, type srotut1_start in the
Simulation start function panel. Then, click OK.

¢ Create a MATLAB file named srotuti_start.

The content of the file defines the relationship between the parameters
in the model and the parameters in the workspace. For this example,
the content resembles the following:
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Related
Examples

wks = get_param(gcs, 'ModelWorkspace')

X = wks.evalin('x")
y = wks.evalin('y')
Kint = x+y;

Note You must first use get_param to get the variables independent
variables, x and y, from the model workspace. Then define the dependent
variable, Kint, in terms of the independent variables.

When you add a new design or uncertain parameter, x and y appear in the
dialog box.

Caution Avoid adding independent parameters together with their
corresponding dependent parameters to the lists of tuned and uncertain
parameters. Otherwise, the optimization could give incorrect results. For
example, when a parameter ¢ depends on the parameters a and b avoid
adding all three parameters to the lists.

® “Specify Design Variables” on page 3-68

3-73



3 Response Optimization

Update Model with Design Variables Set

This example shows how to update a model with a set of design variables.

Open the Simulink model and load the preconfigured Design Optimization
tool session.

load('pidtune_demo_sdosession_update_dv.mat')
sdotool (SDOSessionData)

The Design Optimization tool opens and loads the preconfigured session.
In the Design Optimization Workspace, DesignVars1 is a set of tuned

design variables.

In the Design Variables Set list, select the design variable set, DesignVars1.

4\ Design Optimization - pidtune_demo - Time plot 2

DESIGN OPTIMIZATION RESPONSE OPTIMIZATION 0

Design Variables Set: DesignVars v 7 [ New ~ @

EXISTING DESIGN VARIABLES SETS
Design\ars
DesignVarsl *

CREATE NEW SET OF DESIGN VARIABLES

here is no datd
Mew...
n specify variables used
anijel to optimize

Open the Edit dialog box.

Evaluate
lequirements

Uncertain Variables Set:

VARIA

Data Browser

Search workspace varial

w MATLABR Wo

Click Z for the Design Variable Set list.
Select the variables you want to update in the model.

For this example, select Kd, Ki, and Kp.
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Related
Examples

0.3624295...

0.1170876...
0.2855104...

Update model variables ]

b Yariable Detait

Click Update model variables.
Plot the model response.

In the Response Optimization tab, click Plot Current Response.

* “Export Design Variable Values for Specific Iteration” on page 3-101
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General Options

In this section...

“Accessing General Options” on page 3-76

“Progress Options” on page 3-76

“Result Options” on page 3-77

Accessing General Options

You can set optimization progress and result options. To set these options,
click Options in the Design Optimization tool. A window opens. Select the
General Options tab.

General Options | Optimization Optionsl Parallel Options
Progress Options

Show cptimization progress window during optimization

Update plots during optimization

Result Options

Update model at end of optimization

[] Save optimization termination information
Design variable sets:

@ Overwrite optimized variable values in design variable set

() Save optimized variable values as new design variable set

| ok || Cancel || Help |

Progress Options

You can specify options related to optimization progress using the options in
the Progress Options area.
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Progress Options

| Show optimization progress window during optimization

| Update plots during optirnization

¢ Show optimization progress window during optimization

Opens an optimization progress window during optimization. The window
displays information such as constraint violations and cost function if
Display level is Iteration. The window is updated at the end of the
optimization with the termination information such as whether the
optimization converged.

¢ Update plots during optimization
Updates model response and design variable plots at each optimization

iteration.

Result Options

You can specify options for optimization results in the Result Options area.

Result Opticns
| Update model at end of optimization
| 5ave optimization termination information

Design variable sets:

@ Overwrite optimized variable values in design variable set

Save optimized variable values as new design variable set

¢ Update model at end of optimization

Updates optimized parameter values in the Simulink model after the
optimization terminates.

¢ Save optimization termination information
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Saves termination information returned by the optimization solver as a
variable named info in the Design Optimization Workspace. infois a
structure with one or more of the following fields:

= F — Optimized cost (objective) value.
= Cleq — Optimized nonlinear inequality constraint violations.

The field appears if the optimization problem includes a nonlinear
inequality constraint.

The value is a mx1 vector. Positive values indicate that the constraint
has not been satisfied. Check exitflag to confirm that the optimization
succeeded.

= Ceq — Optimized nonlinear equality constraint violations.

The field appears if the optimization problem includes a nonlinear
equality constraint.

The value is a double rx1 vector. Any nonzero values indicate that the
constraint has not been satisfied. Check exitflag to confirm that the
optimization succeeded.

= Gradients — Cost and constraint gradients at the optimized parameter
values. See “How the Optimization Algorithm Formulates Minimization
Problems” on page 3-4 on how the solver computes gradients.

This field appears if the solver specified in the Method property of
sdo.OptimizeOptions computes gradients.

The value is a structure.

= exitflag — Integer identifying the reason the algorithm terminated.
See fmincon, patternsearch and fminsearch for a list of the values and
the corresponding termination reasons.

= iterations — Number of optimization iterations

= SolverOutput — A structure with solver-specific output information.
The fields of this structure depends on the optimization solver specified
in the Method property of sdo.OptimizeOptions. See fmincon,
patternsearch and fminsearch for a list of solver outputs and their
description.
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= Stats — A structure that contains statistics collected during
optimization, such as start and end times, number of function
evaluations and restarts.

* Design variable sets
= Overwrite optimized variable values in design variable set

Overwrites the optimized model parameter values in the design variable
set variable used in the optimization. You can see the updated values in
the vValue field.

w Design Optimization Werkspace

MName Value
e DesignVars <3l para..

w Variable Preview

DesignVars(l,1l) =

Name: "Ed'
Minimum: 0O
Maximum: Inf

Free: 1

Scale: 1

Info: [1xl struct]

= Save optimized variable values as new design variable set

Creates a new variable in the Design Optimization Workspace that
contains the optimized parameter values. To update the model with
the optimized parameter values, select the variable in the Design

Variables Set list. Open the Edit dialog box by clicking & . Select the
parameters of interest and click Update model variables.
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Optimization Options

3-80

In this section...

“Accessing Optimization Options” on page 3-80
“Selecting Optimization Methods” on page 3-81

“Selecting Optimization Termination Options” on page 3-82

“Selecting Additional Optimization Options” on page 3-83

Accessing Optimization Options

You can set several options for the optimization. These options include the
optimization methods and the tolerances the methods use.

To set optimization options, click Options in the Design Optimization tool. A
window opens. Select the Optimization Options tab.

b I 1 1 X,
| General Options|§ Optimization Option5§| Parallel Optionsl Linearization Options|

Optimization method

Method: :Gradient descent v: Algorithm: :Sequential Quadratic Programming v:
Optimization options

Parameter tolerance: 0.001 Function tolerance: 0,001

Constraint tolerance: 0.001 Maximum iterations: |100

[7] Look for maximally feasible solution

Display level: Iteratien x|

Restarts: 0

| 0K || Cancel |[ Help |




Optimization Options

Selecting Optimization Methods

Both the Method and Algorithm options in the Optimization method
area define the optimization method.

Optimization method
Method: | Gradient descent hd Algorithm: | Sequential Quadratic Programming

The choices for the Method option are:

e Gradient descent (default) — Uses the Optimization Toolbox function
fmincon to optimize the response signal subject to the constraints.

The Algorithm options for Gradient descent are:

Algorithm Option Learn More

Sequential Quadratic “fmincon SQP Algorithm”

Programming (default) in the Optimization Toolbox
documentation.

Active-Set “fmincon Active Set Algorithm”
in the Optimization Toolbox
documentation.

Interior-Point “fmincon Interior Point Algorithm”
in the Optimization Toolbox
documentation.

Trust-Region-Reflective “fmincon Trust Region Reflective
Algorithm” in the Optimization
Toolbox documentation.

e Pattern search — Uses the Global Optimization Toolbox function
patternsearch, an advanced direct search method, to optimize the
response. This option requires the Global Optimization Toolbox.

e Simplex search — Uses the Optimization Toolbox function fminsearch,
a direct search method, to optimize the response. Simplex search is
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most useful for simple problems and is sometimes faster than Gradient
descent for models that contain discontinuities.

For more information on the problem formulations for each optimization
method, see “How the Optimization Algorithm Formulates Minimization
Problems” on page 3-4.

Selecting Optimization Termination Options

Use the Optimization options panel to specify when you want the
optimization to terminate.

Optimization options
Parameter tolerance: 0.001 Function tolerance: | 0.001

Constraint tolerance: 0.001 Maximum iterations: | 100

Lock for maximally feasible solution

e Parameter tolerance: The optimization terminates when successive
parameter values change by less than this number. For more details,
refer to the discussion of the parameter TolX in the reference page for the
Optimization Toolbox function fmincon.

¢ Constraint tolerance: This number determines the maximum limit
by which the constraints can be violated, and still allow a successful
convergence.

* Function tolerance: The optimization terminates when successive
function values are less than this value. Changing the default Function
tolerance value is only useful when you are tracking a reference signal or
using the Simplex search method. For more details, refer to the discussion
of the parameter TolFun in the reference page for the Optimization Toolbox
function fmincon.

* Maximum iterations: The maximum number of iterations allowed.
The optimization terminates when the number of iterations exceeds this
number.

¢ Look for maximally feasible solution: When selected, the optimization
continues after it has found an initial, feasible solution, until it finds a
maximally feasible, optimal solution. When this option is unselected, the
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optimization terminates as soon as it finds a solution that satisfies the
constraints and the resulting response signal sometimes lies very close
to the constraint segment. In contrast, a maximally feasible solution is
typically located further inside the constraint region.

Note If selected, the software ignores this option when tracking a
reference signal.

By varying these parameters you can force the optimization to continue

searching for a solution or to continue searching for a more accurate solution.

Selecting Additional Optimization Options

At the bottom of the Optimization Options panel is a group of additional
optimization options.

Display level: Iteration -

Restarts: 0

¢ “Display Level” on page 3-83
e “Restarts” on page 3-84

Display Level

The Display level option specifies the form of the output that appears in the

Optimization Progress window. The options are:

e Iterations (default) — Displays information after each iteration

e Off — Turns off all output display

® Notify — Displays output only if the function does not converge

® Final — Displays only the final output

For more information on the type of iterative output that appears for

the method you selected in Method, see the discussion of output for the
corresponding function.
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Method Function Output Information

Gradient fmincon fmincon section of “Function-Specific

descent Headings” in the Optimization
Toolbox documentation

Simplex fminsearch fminsearch section of

search “Function-Specific Headings” in the
Optimization Toolbox documentation

Pattern patternsearch | “Display to Command Window

search Options” in the Global Optimization

Toolbox documentation

Restarts

In some optimizations, the Hessian may become ill-conditioned and the
optimization does not converge. In these cases, it is sometimes useful to
restart the optimization after it stops, using the endpoint of the previous
optimization as the starting point for the next one. To automatically restart
the optimization, indicate the number of times you want to restart in this field.
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Create Linearization 1/0O Sets

This example shows how to create a linearization input/output set using the
Design Optimization Tool.

You create a linearization input/output set using the Create Linearization I/O
Set dialog box. This dialog box may be accessed in two ways:

¢ In the Design Optimization tool, select Linearization I/Os in the New
drop-down list.

¢ In a requirement dialog box, in the Select Systems to Bound area, click

[+ ]

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

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

The selected signal appears in the Create linearization I/O set dialog box
under Currently selected signals.

- linearization /O
Variable name:

Filter by narme P

g Currently selected signals
(- maghball/Controller: 1
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2 In the Create linearization I/0 set dialog box, click the signal name under
Currently selected signals.

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

Variable name: |10s1

Filter by name

Analysis [/ Os
3"] Currently selected signals Active Signal Description Configuration
L maghall/Centroller: 1 Block: maghall/Controller
Ei?;::a::-hlame: *_'3- Input Perturbation -

—

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

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

¢ If you want the signal to be an open-loop output point, select Open-1oop
Output.

5 Repeat steps 1-4 for any other signals you want to define as linearization
1/0 points.

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

6 After you define all the signals for the I/O set, enter a name for the I/0 set
in the Variable name field located at the top-left of the window.

7 Click OK.
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Linearization Options

In this section...

“Accessing Linearization Options” on page 3-87

“Configuring Linearization Options” on page 3-87

Accessing Linearization Options

If you have Simulink Control Design, you can set several options for
linearization. These options include the linearization methods and the sample
time of the linear systems.

To set linearization options, click Options in the Design Optimization tool. A
window opens. Select the Linearization Options tab.

R Optimization Opti

| General Optionsl Optimization Optionsl Parallel Options|§ Linearization Optioniél

[[] Use exact delays
Linear system sarmple tirme: auto
Sample time rate conversion method: :Zero-Order Haold v:
Prewarp frequency (rad/s): 10
[ oK ] [ Cancel ] [ Help l

Configuring Linearization Options

Models with Time Delays

Simulink Control Design lets you choose whether to linearize models using
exact representation or Pade approximation of continuous time delays. How
you treat time delays during linearization depends on your nonlinear model.
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Simulink blocks that model time delays are:

¢ Transport Delay block
Variable Time Delay block

Variable Transport Delay block
Delay block
Unit Delay block

By default, linearization uses Pade approximation for representing time
delays in your linear model.

Use Pad