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A brief description of the product

Requirements and options for getting started with
Simulink Parameter Estimation

How Simulink Parameter Estimation handles the
estimation problem

How to set up basic estimation information, including
importing empirical data, choosing parameters for
estimation, and so on

Steps involved in creating the estimation project, which
includes the data and the tasks you want to perform on
the data

Plotting estimation project data
How to run the estimation and see the resulting data
How to compare your model’s output with validation data

Fine tuning the optimization process for your estimation

How to select simulation time and solvers for your
Simulink model to use while estimation occurs

How to estimate parameters that are not explicitly
defined in your model
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What Is Simulink Parameter Estimation?

Simulink® Parameter Estimation is a Simulink-based product for estimating
and calibrating model parameters from experimental data. This product
supports

¢ Transient Estimation — Estimate parameters by comparing model output to
the experimental data for a given input

e Initial Condition Estimation — Estimate the initial conditions of states
using experimental data

® Adaptive Lookup Tables — Estimate the table values at the prescribed
breakpoints by using measurements from the physical system

Simulink Parameter Estimation provides the tools used to
1 Set up the problem
2 Specify which model parameters to estimate

3 Import and prepare the experimental data for parameter estimation (or
preprocess).

4 View the estimation progress

5 Validate the estimation results based on plots of measured vs. simulated
data and residuals
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What You Need to Get Started

Installation
Instructions for installing Simulink Parameter Estimation are provided in the
MATLAB® installation documentation for your platform.

Simulink Parameter Estimation might be already installed on your system. To
verify an existing installation, check that the slestim subdirectory exists
inside the main matlab directory.

Prerequisite Software and Optional Software
Simulink Parameter Estimation requires MATLAB, Simulink, and the
Optimization Toolbox.

The MathWorks provides several products that are relevant to the kinds of
task you can perform with Simulink Parameter Estimation. For more
information about any of these products, see the

® MathWorks Web site, at
http://www.mathworks.com/products/simparameter/related. jsp

® Online documentation for related products, if they are installed on your
system

Required Knowledge

It is not necessary that you have a strong background in optimization theory or
practice. As you gain familiarity with Simulink Parameter Estimation, you
might find it helpful to consult the Optimization Toolbox documentation for
more details about optimization algorithms.

Demos

Simulink Parameter Estimation provides demonstration files that show you
how to use the blockset to perform control design tasks in various settings. To
run these demos, type

demo

at the MATLAB prompt. This opens the Demos pane in the Help browser.
Select Simulink->Simulink Parameter Estimation to see a list of available
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1 Geii ng Started

demos. Alternatively, if you have the Help browser open, you can select the
Demos pane in the Help browser and then choose Simulink->Simulink
Parameter Estimation.

14
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How Simulink Parameter Estimation Works

Simulink Parameter Estimation compares empirical data with data generated
by a Simulink model. Using optimization techniques, Simulink Parameter

Estimation estimates the parameter and (optionally) initial conditions of states
such that a user-selected cost function is minimized. The cost function typically
calculates a least-square error between the empirical and model data signals.

Basic Steps in the Estimation Process

Once you have built a Simulink model, use the following steps to configure and
run a parameter estimation:

Select Tools -> Parameter Estimation from your Simulink model.

This opens the Control and Estimation Tools Manager, creates a new
project, and adds an Estimation task to the project.

Import the input and output data set from your Simulink model.

Select the parameters and initial conditions you want to estimate.
Configure the estimation itself, including cost functions, and data views.
Run the estimation.

Check the results by examining either the cost-function values, plots, or
parameter values.

Structure of an Estimation Project

The Control and Estimation Tools Manager — a graphical user interface (GUI)
for performing parameter estimation — stores and organizes all data from a
given Simulink model inside a project. See “Control and Estimation Tools
Manager GUI” on page 1-8 for a picture showing the Control and Estimation
Tools Manager GUI.
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Each estimation tasks can include

® One or more data sets

® Parameter information

® One or more sets of estimation settings, or configurations

The default project name is the same as the Simulink model name. The project
name is shown in the workspace directory tree of the Control and Estimation
Tools Manager.

If you have Simulink Control Design or the Model Predictive Control Toolbox,
you can add other types of tasks from these products to the current project. See
the related product documentation for more information.
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Setting Up the Estimation Data

Before beginning the estimation process, you must set up the problem by
configuring the appropriate parameters, solvers, and cost functions. Simulink
Parameter Estimation provides a graphical user interface (GUI) that makes
this setup process quick and easy. This section describes how to use this GUI
to do a complete setup.

To follow along with the setup steps, open the nonlinear idle-speed model of an
automotive engine by typing at the MATLAB prompt

engine_idle_speed

The model appears as shown below.

E!engine_idle_speed ;Iglll

File Edit WYiew Simulation Format Tools Help

DSE&| 4B r oo |iomd || Hi @S

RERET®

Idle Speed Engine Model
Copyright (o) 2002-2004 The Mathiiorks, Inc.

Monlinearities  Linear Dynamics

-~

Walve
Waoltage

Idle
Speed

Engine Speed
Transzport g P

Delay

Double click here Transfer Fen2
to open
Parameter Estimation
Ul with preload data Click on the Start button in the GUIl to

run an estimation.

Ready [1o02 |odets v
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The workspace
directory tree displays

the name of your ——

project and manages
all estimation tasks.
Right-click any node
to add, delete, or
rename the associated
project or task.

Open the Control and Estimation Tools Manager graphical user interface
(GUD by selecting Tools->Parameter Estimation from the Simulink model

window.

E! Control and Estimation Tools Manager ) ] S
File Wiew Help
D& 3 |
JY;\ Wiorkspace ~Task settings
=Tl Praject - engine_idle_spe || 1je. I
=1+ {2) Estimation Task
Transient Data | | Subject |
Wariahles - I
2 Estimation o
Company: I
Description: d
| |
Iodel: engine_idle_speed Cpen Model Update Tazk |
d| Bl
2
| |
Select the nodes belowe to configure snd run estirmstions. 2

Control and Estimation Tools Manager GUI

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

® Manage estimation projects

® Select parameters and initial conditions to configure the estimation

® Specify cost functions
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¢ Import experimental data (to be matched by the output of your Simulink
model)
¢ Specify the initial initial conditions of your model

Importing Transient Data
To import measured data for your dynamic system

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

2 Right-click Transient Data and select New to create a new data set. The
idle-speed model of an automotive engine contains measured data stored in

the iodata array.
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3 Click the New Data node in the tree.

) control and Estimation Tools Manager
File Wiew Help

_|ol x|
= = = I )
‘4_1 Wrkspace Infut Diata | Output Data | State Data
E_EI Project - engine_idle_speed ~Assign data to block
5-51] Estirnati
' Block Narme | Data | tmests | Wisight | Length
_idle_speed BPAY
Channel - 1 | | | 1 | -
Estimation
- [g alidation
Impart.. | Pre-process... Plot Data Clear All |
4 |»] "\§—|
4
[
Load projects S

Import Data into the Control and Estimation Tools Manager
To import the model input data

1 Select the Input Data tab.

1-10



Sefting Up the Estimation Data

2 In the Control and Estimation Tools Manager, right-lick the first Data cell
in the Input Data tab and select Import from the shortcut menu. This opens
the Data Import dialog.

<)Data InESl x| By default, the Data Import dialog looks at all variables in
the MATLAB workspace. You can also specify to import from
import rom [ werkspace 7] a MAT-file, Microsoft Excel (XLS) file, CSV file, or ASCII flat
Wariahle Name | Size | Eytes | Class | flle'
EH gain3 1x1 f-siorie—A: List of available data.
@iodata Ta01x2 120016 doyble
@mean_speed 11 8 doulde T
B et 78 608 double x| | When working with multicolumn data, select one or more

* Azsign columns |[1:2] to selected channel(s) co|umns fo Impon'

If your array is transposed, that is, if the data is organized
by rows instead of columns, specify row numbers here.

(o Azsign rows I to selected channel(s)

Impart | Close | Help |

Use the Data Import Dialog to Select Your Data

3 Select iodata from the list of variable names. The iodata array contains two
columns: the first for model input data, and the second for model output
data.

4 Enter 1 in the Assign columns field.

5 In the Data Import dialog, click Import.

Note To import the time vector, select the Time/T's cell in the Input Data
table and follow the same procedure — but select the time variable in the
Data Import dialog instead.

To import the model output data

1 Select the Output Data tab.
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2 In the Control and Estimation Tools Manager, right-click the first Data cell
in the Output Data table and select Import from the shortcut menu. This
opens the Data Import dialog.

3 Select iodata from the list of variables.
4 Enter 2 in the Assign columns field to use the second column of iodata.

5 In the Data Import dialog, click Import.

Note To import the time vector for output data, select the Time/T's cell in the
Input Data table and follow the same procedure — but select the time
variable in the Data Import dialog instead. Enter 1 in the Assign columns
field.

6 Click Close to close the Data Import dialog.
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Specifying Initial Conditions

By default, the estimation uses initial conditions specified in the Simulink
model. If you want to specify different initial conditions, use the State Data
panel. You can open it by selecting Transient Data->New Data in the
workspace directory tree, and then clicking the State Data tab.

) control and Estimation Tools Manager 10l =|
File ‘“iew Help
o 0|3 H
‘_ﬂ Wiorkspace Input Data | Output Data State Data |
E_EI Project - engine_idle_speed ~Assign data to state
=12y Estimation Task
Transiert Data Black Mame | Sample Time Data
1] Mew Data _idle_speedTransfer Fcn
Varisbles State - 1 [ ]
Estimation State - 2 | a
[ validtion _idle_speed/Transfer Fcn1
State - 1 [ 0
State - 2 | 0
_idle_speed/Transfer Fcn2
State - 1 [ 0
State - 2 | 0
Impart... Clear All |
1 I
4
=
Select the tabbed panels to configure the transient data set. S
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To specify an initial condition for a state:
1 Select the Data cell associated with the state.

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

=) Control and Estimation Tools Manager = |EI|1|
File Wiew Help
kD[ ||
Q ‘Wirkspace Input Data | Output Data  State Data |
E_EI Project - engine_idle_speed ~Assign data to state
5 Estimation Task
- Transient Data Elock Mame | Sample Time | Diata
141] Mew Data ine_idle_speed/Transfer Fcn
Variahles State - 1 | i [ 0.2
Estimation State - 2 | o] |
#l-[g validation fengine_idle_speed/Transfer Fcn1
State - 1 | 0 |
State - 2 | o |
_idle_speed/Transfer Fcn2
State - 1 | 0 |
State - 2 | 0 |
Impart... Clear All |
K| I
El
=]
=
Select the tabbed panels to configure the transient data set. S
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Selecting Parameters for Estimation

To select parameters for estimation

1 In the Control and Estimation Tools Manager, select the Variables node in
the workspace directory tree. This opens the Estimated Parameters pane.

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

«): Select Parameters

Select additional parameters to estimate

x|

Mame

Size

charnpl

11

champ2

11

clamp3

11

clelay

Specify expression (e.q., s.x, a3, b{27;

]

OK

| Cancel |

Help |

Apply |

Select Parameters Dialog

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 select data. To select adjacent
parameters, hold down the Shift key while clicking the
first and last parameter in the selection. To select
nonadjacent parameters, hold down the Ctrl key while
clicking each parameter.

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

For this example, select the last seven parameters: freqi, freq2, freqs, gaint,
gain2, gain3, and mean_speed and click OK.

In general, you can enter parameters stored in one of the following by entering
information into the Specify expression field (separated by commas)

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

® Structure

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

1-15
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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 2x2 array called a.

Note You do not have to estimate the parameters selected here all at once.
You can first select all the parameters that you are interested in, then later
decide which ones to estimate in a particular estimation.

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 more tricky. Making these sorts of choices involves experience,
intuition, and a solid understanding of the strengths and limitations of your
Simulink model.

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 is used. To add these
independent parameters to the Select Parameters dialog, see “Estimating
Independent Parameters” on page 1-48.

Selecting States for Estimation
To estimate initial conditions (or initial states) if they are not known,

1 In the Control and Estimation Tools Manager, select the Variables node in
the workspace directory tree.

2 Select the Estimated States tab.
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3 In the Estimated States pane, click Add. This opens the Select States
dialog.

x| By default, the Select States dialog box looks at all
~Select additional states to estimat states of all blocks in the model.
Block Marme Lencth |
engine_jdle_speediTra... 2 :I
engine_jdle_speediTra... 2 — .
engine_jdle_speediTra... 2 D I'ISt Df states

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

]

Ok Help | Ay |

Select States Dialog

For this example, do not select any states to estimate.

In general, you only choose to estimate those states that you do not already
have in the model.
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Initial Guesses and Upper/Lower Bounds

Once you have selected parameters for estimation, the Control and Estimation
Tools Manager looks like the following figure.

»J: Control and Estimation Tools Manager 10l =|
File Wiew Help

= = = )

Warkspace Estimated Parameters | Estimated States I
~Selected parameter Default setting:

freg2 “alue: |
freds Initial guess: Ifreq1
iy
aing Minirnum; I-Inf
i hdadirmuim: |+Inf
rean_speed

Typical value: Ifreq1

Referenced by:

engine idle speed/Transfer Fon [

4 |

QLAY

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

For each parameter, use the Default settings panel 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.

¢ 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

1-18
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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

The Typical Value has two functions:

® Use a larger value to put more emphasis on a parameter during estimation.
® Try to select the typical values so that

anticipated value
typical value

1

n

or

initial value
typical value

n

1

Either case places equal emphasis on all parameters.
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Setting Up an Estimation Project

After you import the transient data imported and the select the parameters
and any initial conditions (or states) to estimate, you are ready to configure the
estimation settings.

To create a container that stores the estimation settings

1 Inthe Control and Estimation Tools Manager, right-click Estimation in the
workspace directory tree and select New.

2 Click the New Estimation node.

1-20



Setting Up an Estimation Project

Adding Data Sets

For the New Estimation, select the Data Sets pane and choose the output data
from the Simulink model that you want to use in the estimation.

) control and Estimation Tools Manager 10l =|
File Wiew Help

o D= ©

o workspace Date Sets | parameters | States | Estimation |
E_EI Project - engine_idle_speed

T Data sets used for estimation FOutput data weight
=63 Estimation Task
=) Transient Data I Trahzient estimation LI Elock Matne | Lencth | Weight
1] e Data ine_idle_speedEngine Speed
Variables Data Set etz Channel-1 | 7soimsol | 1
Estimation Mew Data o4 |

-Hp

#1-[ig alidation

Select Al Clear &l |

1 |2

Select the tab panels to configure your estimstion.

NI I

In this example, select the check box to the right of New Data in the Data Sets
pane.

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.
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Then, specify the weight of each output from this model by setting the Weight
column in the Output 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.

¢ Use more weight when it is more important to accurately match this model
output to the data.

Specifying and Setting Up Parameters

For the New Estimation, select the Parameters pane for your new estimation
in the Control and Estimation Tools Manager to select which parameters to
estimate and the range of values for the estimation.

Note Setting min, max, and so on values here does not affect the settings you
had in the Variables node. You make these choices on a per estimation basis.
Using the buttons in this panel, however, you can move data to and from the
Variables node.
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] control and Estimation Tools Manager 10l =|
File “iew Help
kD[ ||
) workspace Data Sets  Paramsters | states | Estimation |
=8 Project - engine_idle_speed | || _Eofimation parameter
=63 Estimation Task
= Transient Data Mame “alug Estimate Initial Guess IdinirmLin fdaxirnumm Typical Yalue
: frel 3 - fredl -Inf +nf fregl
Yariables freg2 3 — freg2 -Inf +rf freg2
= Estitnation fredg3 3 — fregd -Inf +rf fregd
: E@ ey Estimation 2 v] gain
Ea Wigns gain 0 I 100 -Int +nf gain2
Ea Yalication gainG a [ 50 -Iri +lnf gaind
ean_speed EO0 W 500 -Inf +nf mean_speed
Use Walue az Initial Guess Reset to Default Settings Save as Default Settings |
Kl 3
[
-

Select the tab panels to configure your estirmstion.

R

Select the parameters you want to estimate in the Estimate column. Enter
initial values for your estimation 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. 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 is computational
advantage 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.
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For this example, set gain1 to 10, gain2 to 100, gain3 to 50, and mean_speed
to 500. Or, use any initial values you like.

Opening the Estimation Window

Select the Estimation tab to open the Estimation pane for your new

estimation.

] control and Estimation Tools Manager

File:

Wiew  Help

=10l x|

otk 0| & |[E

ﬂ Workspace
E_EI Project - engine_idle_speed

Data Setsl Parametersl States Estimstion |
~Estimation progre:

=) Estimation Task
ransiert Data tteration | Function Countl Cozt Function | Step Size Procedure | Estimation Options... |
“o[14] Mew Data ;I
“ariables Dizplay Cptions... |
Estimation
- BB New Estimation
Ea Wigns
[+ Ea Walidation Start
I~ Show progress views
]
[
[
] |

Select the tab panels to configure your estirmstion.

=
5
Z

Before you start, you can click Estimation Options to specify various

algorithm and simulation features. See “Selecting Optimization Methods” on
page 1-41 for more information.



Setting Up an Estimation Project

Display Options
Clicking Display Options opens this dialog box.

Display Dptions

¥ Cost furction

¥ Procedurs

OK

¥ Function court

i Step size

Cancel Help

Apply

By default, all boxes are checked. Uncheck any
feature that you don't want to view during the
estimation process.

Unchecking a box means that data will not show up in the display table for the
estimation.
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Selecting Views for Plotting

You can watch the minimization process occur by right-clicking on Views in the
workspace directory tree of the Control and Estimation Tools Manager and
then selecting Add. In the workspace directory tree, select New View. This
opens the View Setup panel.

«,): Control and Estimation Tools Manager ;Iglll

File Wiew Help

= = = )

Workspace Wiee Setup
ﬂ Project - engine_idle_speed ~Select plot type:

Transient Data Plot Mumber Flat Type Plot Title
i‘:‘i] Mew Data Plot 1 Cost function

“ariables Plot 2 [hone)
Plat 3 [hone)
Plat 4 [hone)
Plat 5 [hone)
Plat & [hone)

[ validation

~Optian

Estimation | Pt
Mewy Estimation

Show Plats
| | 4|

- New ¥iew node has been added to Views.

QLAY

Configure dynamic views.

Select the desired plot type by clicking on the first cell under the Plot Type
column in the Select Plot Types table. Various types of plots are available,
including

® Cost function — Plot the cost function values.

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

For this example, select Cost function. Check Plot 1 in the Options table, and
then click Show Plots. This opens a plot window for the cost function. When
you run your estimation, the plot updates automatically.

This figure shows the plot.

) New ¥iew - Plot 1 {(Measured and simulated) : = |EI|1|
File Edit Wiew Insert Tools Desktop Window Help N

e heaaMs | 0B O

easured vs. Simukted Responsas
Q50 T T

g

Amplitucke
Engine Spead

:

fio]
3

:

550 | |

Time [sac)

Note An estimation must be created prior to creating views. Otherwise, the
Options table will be empty.
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Running the Estimation

In the Control and Estimation Tools Manager, select the Estimation panel for
your New Estimation and click Start to begin the estimation process. At the
end of the iterations, the window should look something like this.

] control and Estimation Tools Manager 10l =|
File Wiew Help
kD |
_ﬂ Warkspace Data Sets | Parameters | States  Estimation |
Eﬂ ojec,t - engine_idle_speed | pop o progre:
=63 Estimation Task
Transient Data tteration Function Court | Cost Function Step Size Procedure Estimation Options... |
“o[14] Mew Data o 1 31832e+008 |1 «|
Wariahles 1 2 25742e+005 |10 Display Options... |
Estimation 2 3 2.2977e+005 |20
B Mew Estimation || [3 4 1 3589e+008 |40
Wigns 4 &) 3.1995e+007 |50
b New view || 5 B SE148e+006  [174.96
#1-[ig alidation
[~ Show Rrogress views
]
Performing transient estimation... [
Active experiments: MNew Data
Estimated parameters: gainl, gaind, gain3, mean speed
Estimated States for experiment New Dada: Mone
Optimization tertnitated: first-order optimality less than
CPTIONS. TolFun, and no negative/zero curvature detected in trust
region model.
=
Kl I
Iteration 5 conlet,e ;I
Estimation completed.
3
Select the tab panels to configure your estirmstion. S

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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The Estimation panel displays each iteration of the optimization algorithm. To
see the final values for the parameters, go to the Parameters panel.

] control and Estimation Tools Manager

File Wiew Help

=10l x|

o 0| | |

ﬂ Workspace
E_EI Project - engine_idle_speed
E|---

Data Sets |

Estimation parameter

Estimstion Task
LI Transiert Data Mame Walue Estimate Initial Guess bdiniraum hdadirmum Typical Yalue
147] Mew Data irect 3 r freg! nt -+t fregl
Yariables freg2 3 — freg2 -Inf +rf freg2
- Estitnation fredg3 3 — fregd -Inf +rf fregd
E% Mewy Estimation gaint 124 56 I 10 -Int +inf gaint
EE@ Wiews cjain2 23.89 W 100 -Inf +nf gain?
el My Wiswe gain3 20512 W 50 -Int +ni gain3
Ea “alidation mean_speed 73054 WV 00 -Inf +nf mean_speed
Use Walue az [nitisl Guess Reset to Default Settings Save g Default Settings |
K| D

Iteration 5 conlet,e
Estimation completed.

Select the tab panels to configure your estirmstion.

B
g5

4

b

The values of these parameters are also updated in the MATLAB workspace.
So, 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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The cost function minimization is plotted below.

) New ¥iew - Plot 1 {Cost function) : = |EI|1|
File Edit Wiew Insert Tools Desktop Window Help % N
DeEE KRAMS|E|(0DE| 5O
a Cost Function
10 T T T T T T T T T
10°F 4
"
o
(5]
10°F 4
10‘ 1 1 1 1 1 1 1 1 1
1] 1 2 S| 4 5] = 7 g £l 10
terations

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

Once you’ve completed an estimation, you can validate your results against
another set of data.

These are the basic steps needed to validate a model using the Control and
Estimation Tools Manager:

1 Add the validation data to the Transient Data sets.
2 Add a new validation in the Validation node of the workspace directory tree.

3 Edit the validation—select plot types you want from the Validation Setup
panel and select the validation data set you want to use.

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

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

The basic difference between the validation and views features is that you can
run validations after your estimation is complete. All views should be set up
prior to 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.
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Example: Validating the Engine Idle Speed Model

If you haven’t run the engine idle speed demo, type
engine_idle_ speed

at the MATLAB prompt and run the estimation. If you haven’t run an
estimation yet, see “How Simulink Parameter Estimation Works” on page 1-5.
To save time, double-click on the box in the upper-left corner of the model to
import data and populate the required fields in the Control and Estimation
Tools Manager.

E!engine_idle_speed ;Iglll

File Edit WYiew Simulation Format Tools Help

D& BR[|y sfion [um ~| BB REE T ®

Idle Speed Engine Model
Copyright (o) 2002-2004 The Mathiiorks, Inc.

Monlinearities  Linear Dynamics

Idle
Speed

Walve
Waoltage

Engine Speed
Transzport g P
Delay

Double click here Transfer Fen2
to open

Parameter Estimation
Ul with preload data Click on the Start button in the GUIl to

run an estimation.

Ready [1o02 |odets v

The engine_idle_speed Simulink Model

Now that the estimation data is loaded, and the estimation task has been
created, the next step is to import validation data into the Control and
Estimation Tools Manager.
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Loading and Importing the Validation Data

To load the validation data, enter

load iodataval

at the MATLAB prompt. This loads the data into the MATLAB workspace. The
next step is to import this data into the tools manager. See “Importing
Transient Data” on page 1-9 for information on importing data, but the
quickest way is to follow these steps:

Right-click on the Transient Data node of the workspace directory tree of
the Control and Estimation Tools Manager and select Add.

Select New Data 2 from the Transient data sets panel and click Edit.

Select the New Data (2) node from the workspace directory tree of the
Control and Estimation Tools Manager. Right-click and select Rename.
Change the name of the data to Validation Data. (You can also change the
name by double-clicking on New Data (2) in the Transient data sets panel
and selecting Rename.)

On the Input Data panel, 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 data.

«): Data Import x|

Impart from: I Workspace ™ l

Wariahle Name | Size | Eytes | Class |
@iodata 7501%2 120016 double 2
@iodataval TA01x2 120016 double
EH mean_speed 111 g double —
FH texp 76x1 B02 double = |
Enter 1in the Assign columns field
& Assign columns |1| to selected channeliz) ——— 10 imporl the firsl (|npuI) (o|umn Of
data in the iodataval array.
(o Azsign rows I to selected channel(s)
Impart | Close | Help |
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5 Select the Time/T's cell and import time using the Data Import dialog box.
6 Similarly, on the Output Data panel, select Time/Ts and import time.

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

Your Control and Estimation Tools Manager should look like this figure.

«,): Control and Estimation Tools Manager ;Iglll

File Wiew Help

= = = )

Workspace Input Data  Cutput Dsta | State Data
“ Project - engine_idle_speed ~Assign data to block
=] Estimation Task
[ Transient Data . Expetimental Data
1] New Data Dt | Titne § Ts | Wisight | Length
1] raiation Deta || [engine_idle_speed/Engine Speed
Wariahles Channel - 1 [ iodstavaiczy ] time(: 1) [ 1 [ 7501750
stimation
Mew Estimation
L Wiews
[ validation
Impart... Pre-process... Plot Data Clear &l |
4 | >

12

4

Select the tabbed panels to configure the transient data set.

R
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Adding the Validation Task

Once you’ve imported the data, right-click on the Validation node and select
Add. This opens the Validations panel in the Control and Estimation Tools

Manager.

=) Control and Estimation Tools Manager

File Wiew Help

= = = )

Workspace

; Estimation

e Estimation
Wigns

10 My wisa
e Yalidation

Kl |

Walidation noce.

- New ¥iew node has been added to Views.

_|ol x|
—Walidation:
[Marne Properties |
hew alidation |
]
Description:
[
[
= | Delete | Ediit....
4
[
4
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Click on New Validation in the workspace directory tree to open the
Validation Setup panel.

«,): Control and Estimation Tools Manager _I- _ID ll
File Wiew Help
¢ D H
Workspace “alidation Setup
. Project - engine_idle_speed ~Select plot type:
Click on Ihe Plot Type = 5] etmton Task slect plot typ
cell associated with =iy Plot Mumber Plot Type Plot Title
PIO‘ ~| to open ﬂ'\a Measured and simulated
it Plot 2
Plot Type menu. ariables Plct 3 Residuals
Choose the plot type Estirmation Pt 4 (rone)
. FIOTE
from this menu. Pt & (none)
Choose the data you [ Cetien
want to use for Validation data set. | New Data =
validation from the Estimation | Petr |
Validation data set MewEstimation [ T |
pull down menu.
Check the box to add
the data to the plot.
Show Plats
| I 4'
- New Validation (2) node has been added to Validation. ﬂ
=
Configure validation plats. A
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Running the Validation

For plot 1, select Measured and simulated from the Plot Type menu, and
choose Validation Data from the Validation data set menu. Click Show
Plots. This opens a plot figure window as shown below.

) New ¥alidation - Plot 1 {(Measured and simulated) : = |EI|1|
File Edit Wiew Insert Tools Desktop Window Help N

e heaaMs | 0B O

easured vs. Simukted Responsas

Walidation Data
Q50

g

Amplitucke
Engine Spead

:

fio]
3

:

550 | |

Time [sac)

Measured (Validation) vs. Simulated Data Plot
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Compare this with the plot of measured and simulated data from the Views
node of the workspace directory tree.

) New ¥iew - Plot 1 {Measured and simulated) : - |EI|1|
File Edit Wiew Insert Tools Desktop Window Help ~

e heaaMs | 0B O

easured vs. Simukted Responsas

Mew Data (2]
Q50 T T

Amplitucke
Engine Spead
-1
g 3

fio]
3

:

550

| | | |
) 4] hlos) 1800 4] hlos) 180
Time [sac)

Measured and Simulated Data Views Plot

Since the validation data is entered as a Transient Data set, it shows up in the
right side plot as measured data. The left-hand plot, however, is the measured
and simulated data that you should compare to the measured and simulated
data plot that used the validation data.
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Residuals

To look at the residuals in Plot 2, select Residual from the Plot 2 menu. This
figure shows the resulting plot.

) New ¥alidation - Plot 2 (Residuals) : = |EI|1|
File Edit Wiew Insert Tools Desktop Window Help N

e heaaMs | 0B O

Residuals
Walidation Data

Error
Engine Spead

Time [sac)

Plot of Residuals Using the Validation Data
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Compare the validation data residuals to the original data set residuals from
the Views node of the workspace directory tree.

) New ¥iew - Plot 2 (Residuals) : 10l =|
File Edit Wiew Insert Tools Desktop Window Help N

e heaaMs | 0B O

Residuals
Mew Data (2]

Error

Engine Spead

- L L L L
0 50 100 1600 50 100 160

Time [sac)

Plot of Residuals Using the Test Data
The left side plot agrees closely with the residual data for the validation data.

The right side plot is empty since no residuals were calculated for the
validation data during the original estimation process.
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Setting Options for Optimization

Several options can be set to tune the results of the optimization. These options
include the optimization algorithms and the tolerances the algorithms use. To
set options for optimization, click Estimation Options in the Estimation panel
of the Control and Estimation Tools Manager. This opens the Options dialog
box.

<} Dptions x|

Sitmulation Options  Cptimization Options |

—Optimization Method
Algarthen: | ponlinear Least Squares LI Moclel Size: I Medium Scale hd I
—Optimization Options
hMaximum chanoe: Im haximum fun evals: 400
Minimuitn chanoe: |1 ] hawimum terstions: 100
Parameter tolerance: ID.Dm Function talerance: 0.

Dizplay [evel: I terations - I Gradiert type: I Bazic - I

Cost function: SSE - [ Use robust cost

Ok | Cancel | Help | Apply |

Selecting Optimization Methods

Both the algorithm and model size define the optimization method. Use the
Optimization Method panel in the Options dialog box to set algorithm and
the model size.

Algarithim: INDnIinearIeas{squares LI Madel zize: IMediumscaIe 'l

"Opﬁmizaﬁon rethod

For the Algorithm parameter, the four options are

® Gradient descent — Uses the Optimization Toolbox function fmincon to
optimize the response signal subject to the constraints
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® Nonlinear least squares — Uses a nonlinear least squares optimization
algorithm.

® Pattern search — Uses an advanced pattern search algorithm. This option
requires the Genetic Algorithm and Direct Search Toolbox.

e Simplex search — Uses the Optimization Toolbox function fminsearch —a
direct search method to optimize the response. Simplex search is most
useful for simple problems and is sometimes faster than Function
minimization for models that contain discontinuities.

By default, the Model Size parameter is set to Large scale. When the number
of parameters you want to estimate is large, Model Size should use the default
to increase computation speed. If your model is not very large, it may be more
efficient to select Medium scale. See the Optimization Toolbox documentation
for more information about the optimization methods.

Selecting Optimization Termination Options
Use the Optimization Options panel to specify termination options.

Optirmization options

Diff max change: ID.1 Maimum fun evals: |4DD
Diff min change: |1 e-003 Maiximum iterstions: 100
Parameter talerance: |1 e-006 Function tolerance: |1 e-006

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 Toolbox
documentation for details.

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

¢ 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.
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¢ 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 panel is a group of additional
optimization options.

Dizplay level: I Mone =~ l Gradient type: I Basic =~ l

Cost function: SSE i I~ Wse rokbust cost

Additional options for optimization include

® Display level — This option 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
algorithm displays.

¢ Gradient type — When using Gradient Descent or Nonlinear least
squares as the Algorithm, Simulink Parameter Estimation calculates
gradients 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.
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Specifying the Cost Function

The cost function is a function that optimization algorithms attempt to
minimize. You have the following options when selecting a cost function:

® 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.
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Setting Options for the Simulation

To optimize the response signals of a model, Simulink Parameter Estimation
runs simulations of the model. You can set options for these simulations by
clicking Estimation Options in the Estimation panel of the Control and
Estimation Tools Manager. This opens the Options dialog box.

<} Options X|

Start tirme: Iautu:u

Stop tine: Iauto

~Solver Options

Type: I Yariable-ztep ™ I

Solver: I odeds (Dortmand-Prince) j

Miniru step zize;

Initial step size:

Maximum step size:

Relative tolerance: IIZI oo
Ahzalute talerance: |1 e-006

Zero crossing contral: | On ~

| Cancel | Help | Apply |

Selecting Simulation Time

Simulation time
’V Start time: Iauto

Stop time: Iauto

By default, the Start time and Stop time are automatically computed based on
the start and stop times specified in the Simulink model. To set alternative
start and stop times for the optimization, enter them under Simulation Time.
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Selecting Solvers

Solver options

Type: I “ariable-step =~ l Solver: I odeds (Darmand-Prince) LI
Maimum step size: Iauto Relative tolerance: ID.DD1

Minirum step size:  |auto Abszolute tolerance: auto

Initial step size: auto Zero crossing control: | On =~

When running the simulation, Simulink solves the dynamic system using one
of several solvers. You can specify several solver options using the Solver
Options panel in the Options dialog box. The type of solver can be variable-step
or fixed-step. Variable-step solvers keep the error within specified tolerances by
adjusting the step-size the solver uses. Fixed-step solvers use a constant
step-size. When your model’s states are likely to vary rapidly, a variable-step
solver is often faster.

Variable-Step Solvers

When you select Variable-step as the solver Type, you can choose any of the
following as the Solver:

® discrete (no continuous states)
ode45 (Dormand-Prince)

ode23 (Bogacki-Shampine)

ode113 (Adams)

odel15s (stiff/NDF)

0de23s (stiff/Mod. Rosenbrock)
0de23t (Mod. stiff/Trapezoidal)
0de23tb (stiff/TR-BDF2)

See the Simulink documentation for information on these solvers.

Variable-Step Solver Options

When you select Variable-step as the solver Type, you can also set several
other parameters that affect the step-size of the simulation:

® Maximum step size — The largest step-size Simulink can use during a
simulation
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¢ Minimum step size — The smallest step-size Simulink can use during a
simulation

¢ Initial step size — The step-size Simulink uses to begin the simulation

¢ 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

® Zero crossing control — Set to on for the solver to compute exactly where
the signal crosses the x-axis. This 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, Simulink automatically chooses values for these options. To choose
your own values, enter them in the appropriate fields. For more information on
these options, and the circumstances in which to use them, see the Simulink
documentation.

Fixed-Step Solvers

When you select Fixed-step as the solver Type, you can choose any of the
following as the Solver:

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

® ode4 (Runge-Kutta)

® ode3 (Bogacki-Shanpine)

® ode2 (Heun)

® ode1 (Euler)

See the Simulink documentation for information on these solvers.

When you select Fixed-step as the solver Type, you can also set Fixed step
size, which determines the step-size the solver uses during the simulation. By
default, Simulink automatically chooses a value for this option.
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Sometimes parameters in your model depend on independent parameters that
do not appear in the model. The following steps give an overview of how to use
Simulink Parameter Estimation to estimate independent parameters:

1 Add the independent parameters to the model workspace (along with initial
values).

2 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.

3 The independent parameters now appear in the Add Parameters dialog box.
Add these parameters to the list of parameters to be estimated.

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 x depends on the parameters a and b, avoid adding all
three parameters to the list.

Example:

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 Select View -> Model Explorer from the srotuti window.

2 Select Model Workspace under the srotutl node in the tree browser within
the Model Explorer window.



Estimating Independent Parameters

& Model Explorer =18l
Eile Edit Wiew Tools add Help
oz ismmx[BHcEwHf0 0048 wraza
”Search: Ib-"' Block Type ;I Type: IGain ;I Search ‘
todel Hierarchy | Contents of. Model Workspace Model Workspace
E--@Simulink Rioot I Mame | Y alue | [ ataType | Workspace data
ﬁ Basze workspace Data source: | MOL-File [readAwrite] LI
E--Esrotut‘l

Import From MaT -Filel Export To kMAT-File

£‘?g‘gtonfiguration [Active)

Clear workspace |

@ Cade far sratutl Model arguments [for referencing this model]:

@ Advice for srotut]
E----ﬂsignal Comstraint

LContents |§earchHesuIts |

Bewert | Help | Apply |

4

3 Select Add -> MATLAB Variable within the Model Explorer to add a new
variable to the model workspace. A new variable appears within the pane
labeled Contents of: Model Workspace. Change the variable name to x and

the initial value to 1.

4 Repeat step 3 to add a variable y with an initial value of -0.7. The Model
Explorer window should now look like the following figure.
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& Model Explorer

i [w] 5]
Eile Edit wiew Tools Add Help
D[ smax[EHc%HZ0 Do 4R |3wraza
“Search: |b_|,| Block Type LI Type: |Gain LI Search ‘
Madel Hierarchy Contents of, Model Workspace Model Workspace
= E8]Simulink oot | Hame | Valuel DataType Woikspace data
ﬁBase workspace == 1 Drata source: I MO L-File [readAwrite] ﬂ

- Esrq

S Import From MAT-File | Export To MAT-Fie

Clear Wwiorkzpace |

@ Code for sratutl Model arguments [far referencing thiz madel]:

- @ Advice for srotut]
; -ﬂSignal Constraint
--Edatatype_model

ol [ B

«| | || Contents |§earch Results I

Bevert |

Help | &pply

4

5 To add the Simulation Start function defining the relationship between Kint
and the independent parameters x and y, select File -> Model Properties in
the srotut1 window, the select Callbacks in the Model Properties window.

6 Under Simulation start function, enter the name of a new M-file, for

example, srotut1_start.

7 Create a new M-file with this name. The contents of the M-file should define
the relationship between the parameters in the model and the parameters
in the workspace. For this example, the M-file should look something like

the following.



Estimating Independent Parameters

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

y = wks.evalin('y"')

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.

8 When you add a parameter to be estimated, x and y should now appear in
the Add Parameters dialog box.

=) Add Parameters x|

Select workspace variables:

=
Specify expression (e.q., s.x or al3))

Ok | Cancell Help |
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Estimating Initial

Conditions

Why Estimate Initial Conditions?
(p. 2-2)

Example: Mass-Spring-Damper
System (p. 2-3)

Reasons for estimating initial conditions of states in your
model

An example that takes you step-by-step through an
estimation of the initial position of a mass attached to a
spring
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Why Estimate Initial Conditions?

Often, sets of measured data are collected at various times and under different
initial conditions. If you estimate parameters for your Simulink model using
one set, then try again with another, your parameter values may not match.
Given that Simulink Parameter Estimation attempts to find constant values
for parameters, this is clearly a problem.

Fortunately, Simulink Parameter Estimation has features that make this task
simpler. The Control and Estimation Tools Manager has an Estimated States
panel that lists the states available for initial condition estimation. So, you can
estimate 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 following sections discuss the steps required to estimate initial conditions,
and then estimate parameters given the initial condition estimates.



Example: Mass-Spring-Damper System

Example: Mass-Spring-Damper System
The figure below is a Simulink model of a mass-spring-damper system.

E!msd_system ;Iglll

File Edit WYiew Simulation Format Tools Help

= = = e e S [Noma  ~|| B e [ &

Mass-Spring-Damper System
Copyright (o) 2002-2004 The Mathiiorks, Inc.

Vebcity Fasition _

E_.
hd

Positions

[tesp vaxpl]

Experimantal
Position Data 1

[texpZ ywexpZ]
Experimantal
Position Data 2
u]
Double click her e M
toopen tl:|e . GClick on the Start button in the GUI hiadel
Fammetar Estimation 0 run an estimation. Pammeters

Mz==/S pring/Damper
Values

G with preloaded data,

(fmm rmode | wotespace)

Ready 100%: ode3
4

This model is available as a demo for Simulink Parameter Estimation, but this
section discusses each step of the task in more depth. If you want to run the
demo, see the listings under Simulink for Simulink Parameter Estimation
on the Demo page of the Help browser.

To open the model and two sets of model data with differing initial conditions,
type
msd_system

at the MATLAB prompt.
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Model Parameters

The Simulink msd_system model’s output is the displacement (or position) of
the mass in a mass-spring-damper system, subject to a constant force F, and an
initial condition, x0, for the mass displacement. x0 is indicated by the initial
condition of the Position integrator block. Click the Start button » to run the
simulation once and observe the response of the model to two sets of parameter
values.

_inix
SELPLL ABE PEE >
These magenta and cyan curves are empirical

responses for data with different initial
conditions.

This yellow curve is the response of the model
to a constant force.

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 elementary book on mathematical
modeling or on automatic control systems.

For the estimation of the model parameters m, b, and k, this model uses two sets
of experimental data. These data sets were obtained using two different initial
positions, x0=0.1 and x0=0.3, and also contain additive noise. A plot of these
data sets is shown in the figure above (top curves), along with the simulated
response (bottom curve) of the Simulink model msd_system for x0=-0.1 and a
nominal set of parameter values, m=8, k=500, and b=100.



Example: Mass-Spring-Damper System

Setting Up the Estimation Project

To set up the estimation of initial conditions and then transient state space
data, select Parameter Estimation from the Tools menu of the model
msd_system window.

«): Control and Estimation Tools Manager 10l =|
File Wiew Help
of D& & |[F
Workspace Task Setting:
E—Projed - mad_syatem Title: I
== Cperating Points
L petaut Operating Poirt Subject: I
= E:l_‘ Estimation Task Author: I
rﬁ Transient Data or:
.!:': Yariakles Companty: I
[ Estimation
L walidation DS =
[
Macdlel: mzd_system Open Madel Update Task |
4 3|
E
[
Select the nodes below ta configure and run estimations. S

Importing Transient Data and
Selecting Parameters for Estimation

The process for importing transient data and selecting parameters for
estimation is discussed in “Importing Transient Data” on page 1-9 and
“Selecting Parameters for Estimation” on page 1-15. Briefly,

1 Select the Transient Data node from the workspace directory tree of the
Control and Estimation Tools Manager.
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2 Right-click Add to add a new data set.

3 Select the New Data entry in the Transient Data column and click Edit to
open the Input Data, Output Data, and State Data panels.

4 In the Output Data panel, click Import and add yexp1 to the Data column
and texp1 to the Time/Ts column of the msd_system/Position state.

5 If you like, right-click on New Data in the workspace directory tree and

rename it to Data set #1.

6 Follow the same procedure in steps 1 through 4 to add the second data set,
yexp2 and texp2, and rename it to Data set #2.

Your Control and Estimation Tools Manager should look like this.

«): Control and Estimation Tools Manager 10l =|
File Wiew Help
= = = I )
Workspace Input Dats Cutput Data | State Data
~&zsign Data to Block:
Experimental Data
Elock Mame
Data | tmests | Wisight | Length
msd_system/Position
Charmel - 1 [ yexpl: 1) [ texpd (1) [ 1 [ 7676
msd_systemfVelocity
Channel - 1 [ - [ - [ 1 [ n
Impart... Pre-process... Clear Al |
- New Data node has been added to Transient Data. ﬂ
=
Select the tabbed panels to configure the transient data set. S
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Selecting Parameters and Initial Conditions for
Estimation

First, select the parameters you want to estimate for the Simulink msd_system
model. In this case, choose b, k, and m. To do this,

1 Select the Variables node in the workspace directory tree of the Control and
Estimation Tools Manager.

2 Select the Estimation Parameters panel.

3 Click Add and select b, k, and m from the Select Parameters dialog box that
opens.

4 Do the same with the Estimation States panel, and select
msd_system/Position from the Select States dialog box.

«): Select States x|
Select additional states to estimate

Elock Mame Length e e
Select states with initial

conditions that you want fo
estimate.

Hold down Shift and use your
mouse fo select groups of
adjacent states. Hold down Ctrl
and use your mouse fo select
nonadjacent states.

]

Ok Cancel Help | Apply |
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Your Control and Estimation Tools Manager should look like this.

«,): Control and Estimation Tools Manager ;Iglll
File Wiew Help

= = = )

‘Wirkspace Estimated Parameters Estimated States
Selected st

Default setting:

Elock name:  Position

Walue: I-D.1
Initial guess: I-D.1
Mdiniraun: -Inf
(g validtion I
hdadirmuim: |+Inf

Typical value: I-D.1

Sarmple time: ID

Full name:

med_systernPosition il

Configure here your parameters and states to estimate.

QLAY

Creating the Estimation Task

To create the New Estimation task, right-click the Estimation node and select
Add from the workspace directory tree of the Control and Estimation Tools
Manager. While the initial velocity is also a state of the model, assume (for

simplicity) that it is known to be zero. The estimation task for this caseis Estim
(with IC).

In the Data Sets, Parameters, and States panels for the New Estimation
task, check all the boxes you see in each of the tables. Be sure to check Position
for both data sets on the States panel. This directs the estimation project to
estimate the initial condition for the spring’s position.



Example: Mass-Spring-Damper System

The initial position estimates for the two data sets are known to differ, but set
the initial state guesses for both data sets to -0.1.

«,): Control and Estimation Tools Manager ;Iglll

File Wiew Help

= = = )

‘Wirkspace Estimated Parameters Estimated States
L)

~Selected state: Default setting:

Elock name:  Position

Walue: I-D.1
Initial guess: I-D.1
Mdiniraun: -Inf
(g validtion I
hdadirmuim: |+Inf

Typical value: I-D.1

Sarmple time: ID

Full name:

med_systernPosition il

QLAY

Configure here your parameters and states to estimate.

Running the Estimation and Viewing Results

Click Start in the Estimation panel to run the estimation. As the estimation
proceeds, the most current estimation of position response (yellow curve)
updates itself in the Scope. The curve appears to toggle between the two
experimental data sets, since the estimator uses the two sets successively to
update the estimates of the parameter values. The estimator converges to the
correct parameter values, within the scope of experimental noise and
optimization options settings, as indicated by the closeness of the estimated
response (yellow) to the experimental data (magenta). Good state estimates for
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the initial position are also obtained, as can be observed from the States tab of
Estim(with IC) estimation task.

) Positions

The simulated data is a good match to
the measured (experimental) data.

The estimation of initial states is important for obtaining the correct estimates
of the model parameters. Why not set the initial states (x0 in this case) as
parameters as well? The reason is that the initial states are not fixed physical
properties of the system. For different experimental data or operating
conditions, these states need not be unique. In this example, two data sets,
with distinct initial positions, were used together for a single estimation of
model parameters. While the estimates of the model parameters are unique,
the initial state (position) is different, and is estimated individually for each
data set.



Preprocessing Data

Simulink Parameter Estimation provides for detrending, exclusion, and filtering of data.

Why Preprocess Data? (p. 3-2) An introduction to data preprocessing

The Data Preprocessing Tool (p. 3-3) An introduction to a graphical user interface (GUI) for
data preprocessing

Excluding Data (p. 3-5) Various ways to exclude data from your data sets
Detrending and Filtering (p. 3-13) Various ways to detrend and filter your data sets
Miscellaneous Data Handling (p. 3-15) Additional features of the Data Preprocessing Tool
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Why Preprocess Data?

When dealing with empirical data, it is often useful to remove outliers, smooth,
detrend, or otherwise treat the data to make it more tractable for analysis and

estimation purposes. Simulink Parameter Estimation provides features that
perform the following tasks:

¢ Exclusion — Eliminate outliers, represent them as NaNs, or use
interpolation.

¢ Detrending — Remove mean values or a straight line trend.

¢ Filter — Smooth data using a first-order filter, an arbitrary transfer
function, or an ideal filter.

Data can overwrite existing data, or be stored in a new file.



The Data Preprocessing Tool

The Data Preprocessing Tool

Simulink Parameter Estimation provides a GUI for data preprocessing, the
Data Preprocessing Tool. To open it, open the Control and Estimation Tools
Manager and select the data you want to modify from the Input Data, Output
Data, or State Data panels from the Transient Data node of the workspace
directory tree. Click Pre-process to open the Data Preprocessing Tool.

-z_.l.‘; Data Preprocessing Tool for Dataset: New Data ll

Modify data from Iengine_idle_speed... 'l Wite results to e INew Diata LI ' new dataset IDataseﬂ
~Data Editing
Rerw data | Madified data | Exclusion Rules | DetrerdFittering |
Titne (zecs) T |
00 00 :I [~ Bounds
2.0e-2 0.0 |
4.0e-2 0.0 Exclude X: |<= vl I Exclude X: |>= 'l I
G .0e-2 0.0
5 .0e-2 0o Exclude ' |<= 'l I Exclude ' |>= VI I
0.100 0.0
0.120 0.0
0140 ) [T Outliers
0160 0.0
[DAE 0.0 Window length: [ra
0.200 0.0
0.220 0.0 e s |
0240 i onfidence limits (%)
0.260 0.0
0.280 0.0 [ MATLAE Expression Ios(x)>1
0.500 0.0 LI
I” Flatines indow: |5
- Excluded by a rule
Exclude Graphically |
Red text Manually excluded

~Mizsing Data Handling

[ Remove rows where |2l | datais excluded or missing r Interpolate missing values using interpolation method | zob i

Ok | Close | Apply | Help |

For this chapter, the data used is from the engine_idle speed Simulink
model. See “How Simulink Parameter Estimation Works” on page 1-5 for an
overview of creating estimation projects and adding data sets.

The Data Preprocessing Tool has numerous features. With it you can

¢ Exclude data by selecting it with your mouse
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¢ Exclude data graphically by selecting regions on a plot
¢ Exclude data by rules, such as upper or lower bounds
® Detrend data

¢ Filter data



Excluding Data

Excluding Data

There are three ways to exclude data, covered in the following sections:

¢ “Selecting Data for Exclusion from the Data Editing Table” on page 3-5

¢ “Selection Data for Exclusion from a Plot of the Data” on page 3-8

® “Selecting Data for Exclusion by a Rule” on page 3-10

The first two are by hand, the last by a rule. When you exclude data by hand
(not by a rule), the excluded data is red. When you exclude data by a rule, the

background color of the cell becomes gray. If a piece of data is excluded by both
a rule and by hand, the data (numbers) is red, and the background is gray.

Note Changes in data are visible everywhere. If you use the Data Editing
table, the results are viewable in the plot of the data, and vice versa.

Selecting Data for Exclusion from the Data Editing
Table

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

Drata Editing

Raw data | Modified data |
Time (secs) inclatal: 1) |

21650 -0.472 =]
21.700 0515
21.720
21.740
21.760
21.750
21.600
21620
21840
21,850
21850
21.800
21.820
21.840
21,950 -0.931
21,980 |-0.048

[~
- Excluded by a rule
Exclude Graphically
Red text Manually excluded

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

(lick this button to view the dafa
graphically.
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There are two tables in the Data Editing table, Raw Data and Modified Data.
The Raw Data panel is your working copy. For example, if you exclude rows of
data in the Raw Data table, those rows of numbers become red in that table.

By default the Modified Data table represents the removed rows by inserting

NaNs.
Data Editing
Raw data  Modified data
Titne (zecs) indata(: 17 |
8.760 0979 x|
5.750 0.976
5.500 0.972 [l
5.520 0.969
5.540 WEW]
5.860 WEW]
5.550 WEW]
T o By default, data I!mi you excluded from {he
5920 Mai Raw Data table is represented by Nalls in
S0 e the Modified Data table. If you choose to
5980 e interpolate or remove missing data, the
3-30 :a: results of that action are shown in the
.. £ o fe
B o Modified Data table.
9.60 WEW] LI
- Excluded by a rule
Manually excluded

In the Modified Data table, you can choose to remove the excluded data
completely or interpolate it. See “Miscellaneous Data Handling” on page 3-15
for more information.
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Once you’ve selected data for exclusion, you can view it graphically by clicking
Exclude Graphically.

<) Select Points for Preprocessing Rule - |EI|1|

Input Data
2
The data
_ Specify Axes eX(lU(.ied by
hand is marked
* Time iﬂ re d
i I iodatal: 17 vi
& " .
0] & 100 150
— Selection ———— Time (sec)
# Manually excluded O Excluded by rule
Selecting points:
& Excludes them Output Data
™ Includes them ir b
0&F 4

Incluce Al |
ot

Exclude Al |
05

1000 2000 3000 4000  &000 G000 FOOO

Close | Position

As you make changes in the Data Editing table, they immediately appear in
the Select Points for Preprocessing Rule window, and vice versa.
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Selection Data for Exclusion from a Plot of the Data

Another way to exclude data is to do so graphically. Click Exclude Graphically
to open the Select Points for Preprocessing Rule window.

<) Select Points for Preprocessing Rule - |EI|1|

Input Data

—  Specify Axes

X Time
i I iodatal: 17 vi
2 L L
4] &Q 100 180
— Selection Time (sec)
# Manually excluded O Excluded by rule

Selecting points:
& Excludes them Output Data

" Includes them

Incluce Al |
4]
Exclude Al |
05

1000 2000 3000 4000  &000 G000 FOOO

Close | Position

You can exclude data in much the same way as you would select a region for
zooming. Place your cursor in the Input Data plot, click and drag the mouse to
draw a region of exclusion.
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This figure shows an example of resulting data exclusion in the input data.

<) Select Points for Preprocessing Rule

=10l x|

X Time

i I iodatal: 17 - i

—  Specify Axes

— Selection

Selecting points:
+ Excludes them

" Includes them

Incluce Al |
Exclude Al |

Cloze |

Input Data

The excluded area

is red in the Input
Data plot.

0] &0

100

150
Time (sec)
# Manually excluded O Excluded by rule

Cutput Data

: : — By default, In the
Output Data plot,
the excluded input
data produces a
blank area.

1000 2000 2000 4000 5000 6000 7000

Paosition

In the Output Data plot, the excluded input data produces a blank area by
default. This corresponds to the NaN representation of excluded data. If you
choose to interpolate or remove the excluded data, the output data shows the

interpolated points.

As you make changes in the Select Points for Preprocessing Rule window,
they immediately appear in the Data Editing table, and vice versa.
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The Selection Panel

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 panel
on the left side of the Select Points for Preprocessing Rule window.

— Selection

Selecting points:
Use these radio buttons to toggle between

including and excluding selected data.

' Excludesthem_|

" Includes them

Use these buttons to include or exclude all

[ retw M [ fhe data

Selecting Data for Exclusion by a Rule

A more precise way to exclude data is to use mathematical rules. The
Exclusion Rules panel of Data Preprocessing Tool allows you to enter
customized rules of exclusion.

Excluzion Rules | Detrend.l'FilteringI

Exclude X: |<= 'l I Exclude X: |>= VI I
Exclude ' |<= 'l I Exclude ' |>= VI I

[ Outliers

Winclowy length: I2D
Confidence limits [ IQS

[ MATLAE Expression Ios(x)>1
I™ Flatiines  Vincow: |22
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These are the rules you can use to exclude data:

¢ Upper and lower bounds
® Qutliers

* MATLAB expressions

¢ Flatlines

Upper and Lower Bounds

Check the Bounds 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 is to include the boundary values, but
you can use the menu to exclude the boundaries as well.

Outliers

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

MATLAB Expressions

Use the MATLAB expression field to enter any mathematical expression
needed in MATLAB code. Use x as the variable name in your expression for
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.

<) Select Points for Preprocessing Rule - |EI|1|

Input Data
2 T T
The region of
' B ] duta excluded
—  Specify Axes X
of 1 by rule is shaded
X Time gmy.
v | iodatal: 11 'i Ar 1
-2 1 1 1 L
-50 4] &Q 100 180 200
— Selection ———— Time (sec)
# Manually excluded O Excluded by rule

Selecting points:

+ Excludes them

" Includes them

Incluce Al |
Exclude Al |
05

F000

1000 2000 3000 4000 5000 G000
Cloze |
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Detrending and Filtering

You can both detrend and filter data using the Detrend/Filtering panel on the
Data Preprocessing Tool.

Exclusion Rules  DetrencFittering |

[ Detrending & Canstart

" Straight Line

r Fitering  Select fitter type I First arder =~ l
First order fitter with time constant |1 o

Detrending

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 and then
removes them.

Filtering
You have these choices for filtering your data:

® First order — A filter of the type

1
s+1

where 1 is the time constant that you specify in the associated field.
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e Transfer function — A filter of the type

n—1+.

n
a,s ta,_ 1S . tag

m m-1
b,s +b, _is

+...+b,
where you specify the coefficients as vectors in the associated A 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.
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Miscellaneous Data Handling

There are a few miscellaneous data handling features in the Data
Preprocessing Tool.

Handling Missing Data
You can use the Missing Data Handling panel at the bottom of the Data

Preprocessing Tool to remove rows of data or interpolate between points to
fill in missing data.

Mizzing Data Handling

™ Remove rows where I al l data is excluded or missing r Interpolate missing values using interpolation method | zob i

Removing Rows

If you check Remove rows where all/any data is excluded or missing, the
affected rows are removed from the Modified Data table. If you have 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.

Interpolation

You have two choices if you want to interpolate data: zero-order hold (zoh) and
linear interpolation (Linear). Check the Interpolate missing values using
interpolation method box and choose which method you want from the menu.
The results appear in the Modified Data table.

Loading Data and Saving Modified Data Sets

At the top of the Data Preprocessing Tool, there is a region for selecting data
sets for preprocessing, and for saving modified data sets.

Modlify data from Iengine_idle_speed... 'l Wirite results to 7 existing dataset INew Data LI (C hew dataset IDatasetB

When you have multiple data sets, select the one you want to preprocess from
the Modify data from menu.
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To overwrite an existing data set, select the existing dataset radio button and
choose the data set you want to overwrite. If you want to save the data set
under a new name, select the new dataset radio button and type the new name
in the associated field.
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Managing Multiple
Projects

Simulink Parameter Estimation works seamlessly with other MathWorks products to perform
multiple tasks on multiple projects.

Multiple Projects and Tasks (p. 4-2) A brief discussion of handling multiple projects with
multiple tasks

Saving Control and Estimation Tools How to save projects for later
Manager Projects (p. 4-3)

Opening Control and Estimation Tools How to open existing projects
Manager Projects (p. 4-4)
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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, you can use these
products to perform tasks on projects that you have created in Simulink
Parameter Estimation, and vice versa.

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

«): Control and Estimation Tools Manager 10l =|
File Wiew Help
D2 HE
L Workspace Tazk setting:
= ﬂ Project - engine_idle_speed Title: I
5] Estimation Task
= Project - watertank Subject: I
5] Estimation Task uthor |
= ﬂ Project - maghall or:
Cperating Points Companty: I
fﬁ Default Operating P
Description: -
Custom Yiews _I
=] Praject - TMPdema
Tranzient Data
2 Estirmation
L walidation
[
Macdlel: ThPdemo Open Madel Update Task |
Kl | o
Tteration 15 complete ;I
Estimation completed.
5
Select the nodes below ta configure and run estimations. S

You can save projects individually, or group multiple projects together in one
saved file. The next section describes how to do this.

4-2



Saving Control and Estimation Tools Manager Projects

Saving Control and Estimation Tools Manager Projects

A Control and Estimation Tools Manager project can consist of multiple tasks
including those from Simulink Control Design, Simulink Parameter
Estimation, and the Model Predictive Control Toolbox. Each task contains
data, objects, and results for the analysis of a particular model.

To save your projects, choose File -> Save in the Control and Estimation Tools
Manager window.

Save Projects X|

Select projects to save:

‘ Select the projects that you
want fo save.

Choose a file name for your
saved projects.

||

Save as! |H'Documents'test_projects mat _I

Ok I Cancell Help I

Save Projects Dialog Box

In the Save Projects dialog box, select the projects that you want to save. You
can save multiple projects within one file. Next, choose a directory and name
for your project file by either browsing for a file or typing the full pathname and
filename in the Save as box, and then click OK. The project file is saved as a
MAT-file.
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Opening Control and Estimation Tools Manager Projects

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

Choose the file
containing the
project(s) you want
to load.

Load Projects X|

Select projects to load:

Project - watertank

Project - maghball

||

Load fram: [\Documerts'test_projects mat . I

Ok I Cancell Help I

Select the projects you
want to load from the file.

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



Adaptive Lookup Tables

What Are Lookup Tables? (p. 5-2)

How Adaptive Lookup Tables Work
(p. 5-3)

Implementation of Adaptive Lookup
Tables (p. 5-4)

Example: n-D Adaptive Lookup Table
(p. 5-8)

A brief description of the lookup table concept
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What Are Lookup Tables?

5-2

Lookup tables are used to store numeric data in a multidimensional array
format. In the simpler two-dimensional case, lookup tables can be represented
by matrices. Each element of a matrix is a numerical quantity, which can be
precisely located in terms of two indexing variables. At higher dimensions,
lookup tables can be represented by multidimensional matrices, whose
elements are described in terms of a corresponding number of indexing
variables.

Lookup tables provide a means to capture the dynamic behavior of a physical
(mechanical, electronic, software) system. The behavior of a system with M
inputs and N outputs can be approximately described by using N lookup tables,
each consisting of an array with M dimensions.

Lookup tables are usually generated by experimentally collecting or artificially
creating the input and output data of a system. In general, as many indexing
parameters are required as the number of input variables. Each indexing
parameter may take a value within a predetermined set of data points, which
are called the breakpoints. The set of all breakpoints corresponding to an
indexing variable is called a grid. So, a system with M inputs is girded by M
sets of breakpoints. Given the input data, the breakpoints are then used to
locate the array elements, where the output data of the system are stored. For
a system with N outputs, N array elements are located and the corresponding
data are stored at these locations.

Once a lookup table is created using the input and output measurements as
described above, the corresponding multidimensional array of values can be
used in applications without the need of remeasuring the system outputs. In
fact, only the input data is required to locate the appropriate array elements in
the lookup table and the approximate system output can be read from the data
stored at these locations. Therefore, a lookup table provides a suitable means
of capturing the input-output mapping of a static system in the form of numeric
data stored at predetermined array locations.
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How Adaptive Lookup Tables Work

The generation of lookup tables as described above establishes a permanent
and static mapping of input-output behavior of a physical system. Statically
defined lookup tables cannot accommodate the time-varying behavior
(characteristics) of a physical plant. On the other hand, it is well known that
the behavior of actual physical systems often vary with time due to wear,
environmental conditions, and manufacturing tolerances. Under such
variations, the static mapping of input-output behavior of a plant described by
the lookup table may no longer provide a valid representation of the plant
characteristics.

Adaptive lookup tables, on the other hand, incorporate the time-varying
behavior of physical plants into the lookup table generation and maintenance
process while providing all of the functionality of a regular lookup table.

The adaptive lookup table receives the input and output measurements of a
plant’s behavior, which are then used to dynamically create and update the
content of the underlying lookup table. In addition to requiring the input data
to create the lookup table, the adaptive lookup table also uses the output data
of the plant to recalculate the table values. As an example, the output data of
the plant can be collected by placing sensors at appropriate locations in a
physical system.

The input measurements are used to locate the array elements by comparing
these input values with the breakpoints defined for each indexing variable.
Next, the output measurements are used to recalculate the numeric value
stored at these array locations. However, unlike a regular table, which only
stores the array data before the actual use of the lookup table, the adaptive
table continuously improves the content of the lookup table. This continuous
improvement of the table data is referred to as the adaptation or learning
process.

The adaptation process involves statistical and signal processing algorithms to
recapture the input-output behavior of the plant. The adaptive lookup table
always tries to provide a valid representation of the plant dynamics even
though the plant behavior may be time varying. The underlying signal
processing algorithms are also robust against reasonable measurement noise
and they provide appropriate filtering of noisy output measurements.
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Implementation of Adaptive Lookup Tables

The MathWorks implements adaptive lookup tables as Simulink blocks. These
blocks create multidimensional lookup tables from measured or simulated
data. The inputs and outputs of a n-D Adaptive Lookup Table block with two
inputs are shown below.

u 2D T[jgj b
Y

Tin M B
Eriahle

Lock Tout ¢

Adaptive Lookup
Table (nlr Stair-Fit)

Adaptive Lookup Table Block Showing Inputs and Outputs

The following are descriptions of the input and output parameters:

® The inputs u and y are the coordinate data and system output
measurements, respectively. For example, if you want to create a lookup
table to model the behavior of an engine’s efficiency as a function of engine
rpm and manifold pressure, u = [rpm, pressure] andy = [efficiency].

® The initial table data may be entered either as a dialog parameter (by
double-clicking on the block) or as an input port (i.e., the input port Tin in
the figure). You can start, stop, and reset the adaptation through the Enable
input port.

® The outputs of the block include the value of the currently adapted table cell
(Y), the number (N) of that cell (which may be specified through the block
dialog), and if required, the whole adapted table data (Tout).
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Adaptive Lookup Table Library

Three adaptive lookup tables are available in Simulink Parameter Estimation.

E!Lihrary: spelookup ;Iglll

File Edit WYiew Format Help

Adaptive Lookup Tables

1-0 Ty 2-D T
¥ u
¥ N ¥ N ¥ N
Adaptive Lookup Adaptive Lookup Adaptive Lookup
Table (10 Stair-Fit) Table (20 Stair-Fit) Table (D Stair-Fit)

Sirnulink Parameter Estimation 1.0
Copyright (o) 2001-2004 The Mathiiorks, Inc.

The three blocks are

¢ “Adaptive Lookup Table (1D Stair-Fit)” on page 7-2 — One-dimensional
adaptive lookup

® “Adaptive Lookup Table (2D Stair-Fit)” on page 7-4 — Two-dimensional
adaptive lookup

¢ “Adaptive Lookup Table (nD Stair-Fit)” on page 7-7 — Multidimensional
adaptive lookup (use this for dimension 3 or higher)
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Using Adaptive Lookup Tables in Simulink Models

A typical Simulink diagram using an adaptive lookup table block is shown
below.

E!usahility_adaptive_tahle - | Ellll
File Edit WYiew Simulation Format Tools Help

,—bx 2D Tixgl . Adapted Z value
*

_,—>Zin Gell Mo
H

bata ol ot
(21

Adaptive Look-Up Cell number
Table (nD)

Ready [1o02 [ [ |odets v

Simulink Diagram Using an Adaptive Lookup Table

In this figure, the Experiment Data block imports a set of experimental data
into the Simulink environment through MATLAB workspace variables. The
initial table is specified through a constant matrix block. When the simulation
runs, the initial table begins to adapt to new data inputs and the resulting
table is copied to the block’s output.

Real-Time Lookup Tables

You can use experimental data from sensor measurements collected by
running various tests on a system in real time. The measured data is then sent
to the adaptive table block to generate a lookup table describing the relation
between the system inputs and output.

The adaptive lookup table block may also be used in a real-time environment,
where some time-varying properties of a system need to be captured. This can
be done by generating C code using Real-Time Workshop®, which can then be
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run in an xPC or dSpace environment. Since the adaptation may be started,
stopped, or reset if desired, some logic may be used to adapt the table data only
when it is desired. The Cell No output, and the Enable and Lock inputs
facilitate this process. The Enable input is used to start and stop the
adaptation, while the Lock input is used to update only one of the table cells.
The Lock input combined with some logic using the Cell No output provide the
means for updating only the desired table cells during a simulation run.

Setting Adaptive Lookup Table Parameters
Adaptive lookup tables are highly configurable, as shown below.

E! Block Parameters: Adaptive Look-Up Table é

2lx

The number of dimensions for the adaptive

—&daptive Table Lookup: Cell-Based [mask] [link]
Perform adaptive table lookup. Breakpoints relate the coordinate inputs to
locations in the table. The data iz used to dpnamically update the cell wafles at these
locations.

lookup table.

| A'set of one-dimensional vectors that
7| contains possible block input values for the

=
F

Mumnber of table dimensions:

[4

Table breakpoints:

I{[1 23451012}
™ Make iritial table an input
Table data [initial):

Jrandi4.31

Table numbering data:

Ireshape[‘l 12.4.3)

L

Adaptation methad: I Sample mean [with fargetting]
Adaptation gain [0 to 1]

Josa

V¥ Make adapted table an output

[V Add adaptation enable/dizable/reset port
[~ Add cell lock enable/disable port

[~ Adapt to out-of-range data

input variables.
L~ Use this port to input table data.

| _ The inifial table output values. This (n-D)
array must be of size (n-1)-by-(n-1)... -by-
(n-1), (D times) where D is the number of
dimensions and n is the number of input
breakpoints.

— Number values assigned to cells. This vector
must be the same size as the table data
array, and each value must be unique.

T Sample mean averages all the values
received within a cell. Sample mean with
forgetting gives more weight to the new
data.

o« | o~ fonb

LCancel |

A number between 0 and 1 that regulates
the weight given to new data during the

n-D Adaptive Lookup Table Dialog Box

adaptation.

Check hoxes for customizing the 1/0
channels of the block and allowing
adaptation to out-of-range data.

For details on how to set these parameters, see the individual reference pages.

5-7



S5 Adaptive Lookup Tables

5-8

Example: n-D Adaptive Lookup Table

This example shows an n-D adaptive lookup table at work and includes many
of the key features associated with adaptive lookup tables. Type

enginetable

at the MATLAB prompt to open this model.

Slenginetable 10l =|
File Edit WYiew Simulation Format Tools Help
DBE&|fER| <2 r s |omd | DBy hEE T ®
Experimental Data
Adaptive Table Cutputs
¥
¥ ks Gell Number
on Enable N;,’ﬁ‘
G I
Enahle Trigger
NOT GEmph Trigger F
? Lock Tout | Actapted Tabie
L o
Lok —
Adaptive Lookup Efficiency Surtace
Table (D Stair-Fit)
G -
Gk Murnberof Test Points
Ready [1o02 |FixedstepDiscrate v

This model has several key features:
¢ Input — The adaptive lookup table input is the experimental data. It is also
possible to make the original table itself an input.

® An enable feature — You can turn the adaptation on and off during the
estimation to see how the basic features work.

® Alock feature — You can lock the table so that only one cell is adapting. This
is useful if you have one section in your data that is highly erratic or
otherwise difficult for the algorithm to handle.

® OQutput — Adaptive lookup breakpoints are the output data.
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Running the Example

To start the enginetable simulation, pull down the Simulation menu and
choose the Start command or, on Microsoft Windows, click the Start button

» on the Simulink toolbar. The simulation begins by populating the adaptive
lookup table with random data. This figure shows the input and adaptive data
side by side.

Figure 1 . - |E| él
N

File Edit Yiew Insert Tools Desktop ‘Window Help
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| ]
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= o [=3
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As the simulation progresses, the surface on the right adapts to match the
measured input data. This figure shows the final adaptation.

J Figure 1 I ] |

File Edit Yiew Insert Tools Desktop window Help ~

DEd&E raRam® | £|(08 8O0

Plant Surface using Measured Data Flant Surface using Adaptive Leokup Table (Stairit)

=
-1

=
@

Volumetric Efficiency
Volumetric Efficiency

o
o

160
G000

£ 4000

. 4000
2000

2000

Intake Manifold Pressure 0 0
(kPa)

Intake Manifold Pressure o 0

(kPa) Engine Speed (rpm)

Engine Speed (rpm)

The fit is quite good. Try using the enable and lock features to see how they
change the adaptation.
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Estimating from the
Command Line

Simulink Parameter Estimation provides an object-oriented command-line API for the estimation
problem.

Introduction (p. 6-2) A brief discussion of the estimation problem in an
object-oriented context

Example: Estimating Parameters and How to create and simulate an estimation project from

Initial Conditions of the F14 Model the command line

(p. 6-4)

Creating and Customizing Estimation Using properties and methods to specify features of the
Projects (p. 6-12) estimation project

Creating Transient Data Objects How to instantiate and use transient data objects, which
(p. 6-13) contain input and output data

Creating State Data Objects (p. 6-17) How to instantiate and use state data objects, which
contain information about known states in your Simulink

model
Creating Transient Experiment How to instantiate and use parameter objects, which
Objects (p. 6-20) maintain data about parameters you want to estimate

Creating Parameter Objects (p. 6-23) How to instantiate and use state objects, which maintain
data about the block states you want to estimate

Creating State Objects (p. 6-27) How to instantiate and use transient experiment objects

Creating Estimation Objects (p. 6-31) How to instantiate and use estimation objects, which
coordinate your model, experiment, parameter, and state
objects
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Introduction

In addition to the Control and Estimation Tools Manager, Simulink Parameter
Estimation provides a collection of functions for performing parameter and
state estimation. These functions perform the same tasks as the tools manager,
but have the advantages of command-line execution. When you perform a state
or parameter estimation using the Simulink Parameter Estimation GUI,
Simulink Parameter Estimation creates MATLAB objects for all the states and
parameters of your model. If you have a large number of states or parameters,
this can use up large amounts of memory and cause computational delays.
With the command-line approach, only those states and parameters that you
select are assigned MATLAB objects, which is more efficient.

In addition, the command-line approach is useful for batch jobs, where, for
example, you may want to test large numbers of models.

Note Simulink Parameter Estimation uses MATLAB objects to perform
estimation tasks. This chapter discusses what you need to know about
object-oriented programming for using Simulink Parameter Estimation, but
see “MATLAB Classes and Objects” in the MATLAB Programming
documentation for a detailed description of the rules of object-oriented
programming in MATLAB.

The command-line interface for Simulink Parameter Estimation requires a
Simulink model as a starting point for analysis and estimation. Once you have
selected a candidate model, the estimation process consists of these steps:

¢ Defining experiments consisting of empirical data sets and the operating
conditions and/or initial conditions of your model

® Selecting the variables and states to be estimated

® Performing the estimation

® Reviewing the results and iterating as necessary

e Validating estimation results
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The following sections discuss these topics:

¢ “Example: Estimating Parameters and Initial Conditions of the F14 Model”
— How to perform the estimation process using command-line functions

¢ “Creating and Customizing Estimation Projects” — How to use methods and
properties to customize your estimation project’s features
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Example: Estimating Parameters
and Initial Conditions of the F14 Model

To define an experiment, you must start with a Simulink model. For this
example, type

14

toload the F'14 fighter jet model into the MATLAB workspace. The figure below
shows the f14 model.

=]
File Edit WYiew Simulation Format Tools Help
D|DH§|%E|DQ|> IINormaI 'H@ EEE TS
-
Stick Input _’2"0‘9’0”9 =1
Pilot G fome
Mz pilat Scope
kulation
Stick Input
1 "
—{alpta (md)  Bevator Cormand (deg) Hie] (] Blevator Deflection d (deg) Mz Pilat ig)
Ta.s+1
g (mdizec) Werjcal Vdocity wiftises)
- ™ Actuztor
ontmolier Wodel
>—p Viertical (GUst wELSt (fiiser)
Angle of
Attack
Fitch Fate q {mdises) -1
wg R | gl Fiotary Gust qEust (mdises P 1ilo —>®
og st alpha (=d)
A=t
Crnyden Wind Crnarics
Giust hodels hiq fodel
F-14 Flight Contmol
(Double click on the *?* for mor info) -
) Double click
hem for
To start and stop the simulation, use the "Stan® and Simulink Help
*Stop* selkections in the "Simulation® pull-down menu.
Ready [1o02 |odets v

F14 Fighter Model

This example outlines the basics of constructing an estimation project using
object-oriented code. Only what you need to run the example is presented; see
“Creating and Customizing Estimation Projects” on page 6-12 for details on all
the properties and methods associated with parameter estimation.
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Baseline Simulation

Before running an estimation, you need a baseline for data comparison. First,
you must choose parameters and states’ initial conditions for estimation. This
example uses Ta, the actuator time constant, and Zd and Md, the vertical
velocity and pitch rate gains, respectively. Then use the code below to run the
Simulink f14 model. Note that this is standard Simulink code and does not
involve Simulink Parameter Estimation in any way. See sim in the Simulink
Reference documentation for information about running Simulink models from
the MATLAB command line.

%% Open the model and load experimental data.
open_system('f14')
load f14 _estim % Load empirical I/0 data.

%% Set initialize unknown parameters
% Actuator time constant (ideal: Ta = 0.05)
Ta = 0.5;

% Aircraft dynamic model parameters (ideal: Md = -6.8847,
Zd = -63.998)
-1; Zd = -80;

[
“©

=

d

%% Plot measured data and simulation results

[T,X,Y] = sim('f14', time, [], [time iodata(:,1)]);

plot(time, iodata(:,2:3), T, Y, '--');

legend( 'Measured angle of attack', 'Measured pilot g force',
'Simulated angle of attack', 'Simulated pilot g force');
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This figure appears.
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Baseline Comparison of Measured and Simulated F14 1/0 Data

As you can see, the measured and simulated data are a poor match. The rest of
this section describes how to estimate values for Ta, Zd, and Md that result in a
better match of data sets.

Creating a Transient Experiment Object

Once you have a model, and have identified the parameters you want to
estimate, the next step is to create the objects required for an estimation.
ParameterEstimator is both the name of the class and the object instantiated
by that class. Classes are created by a constructor; objects are created by
invoking the class name with parameters.

First, create an estimation project object. This is the constructor syntax:

hExp = ParameterEstimator.TransientExperiment('f14"');

MATLAB responds with information about the f14 model.
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Experimental transient data set for the model 'f14':

Output 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

Py
~— — = — ~— ~— ~— ~—

3
4
5
6
7
8
9

Assigning Experimental Data
to Inputs and Outputs of the Model

Once you've created a ParameterEstimator object, assign input and output
experimental (i.e., empirical) data.

%% Create objects to represent the experimental data sets.
set (hExp.InputData(1), 'Data', iodata(:,1), 'Time', time);

set (hExp.OutputData(1), 'Data', iodata(:,2), 'Time',
time, 'Weight', 5);
set (hExp.OutputData(2), 'Data', iodata(:,3), 'Time', time);

Creating Parameter Objects for Estimation

To activate parameters for estimation, you must create parameter objects for
the parameters you want to estimate. For this example, use Ta, the actuator
time constant, and Zd and Md, the vertical velocity and pitch rate gains,
respectively. The zd and Md gains are located in the F14 aircraft dynamics
subsystem.
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E!fl-{.-"nircraft Dynamics Model
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F14 Aircraft Dynamics Subsystem

First, create ParameterEstimator objects for the parameters you want to

estimate.

%% Create objects to represent parameters.
hPar(1) = ParameterEstimator.Parameter('Ta');

set(hPar(1), 'Minimum', 0.01,

'"Maximum',

1,

hPar(2) = ParameterEstimator.Parameter('Md');

set(hPar(2), 'Minimum', -10,

‘Maximum', O,

hPar(3) = ParameterEstimator.Parameter('zd');

set(hPar(3), 'Minimum', -100,

'Maximum', O,

%% Create objects to represent initial states.

hIc(1) = ParameterEstimator.State('f14/Actuator Model');

set(hIc(1), 'Minimum', O, 'Estimated', false);
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You can also use dot notation here. For example, instead of

set(hPar(2), 'Minimum', -10, 'Maximum', O, 'Estimated', true)

you can write

hPar(2).Estimated=true;
hPar(2) .Minimum=-10;
hPar(2) .Maximum=0;

Creating an Estimation Object
and Running the Estimation

Finally, create an estimation object and run the estimation, using gcs to get the
full pathname to the Simulink model.

hEst = ParameterEstimator.Estimation(gcs, hPar, hExp);
hEst.States = hIc;

%% Setup estimation options

hEst.OptimOptions.Algorithm = 'lsgnonlin';
hEst.OptimOptions.GradientType = 'refined’;
hEst.OptimOptions.Display = 'iter';

%% Run the estimation
estimate(hEst);
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%% Plot measured data and final simulation results
[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');

This figure shows the results of the estimation.

10|
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The measured and simulated outputs now appear to be a close match. Next,
look at the estimated values to see how they compare with the default values
of the f14 model.

%% Look at the estimated values
find(hEst.Parameters, 'Estimated', true)
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MATLAB responds with

(1) Parameter data for 'Ta':

Parameter value :
Initial guess :

0.0

0.5
Estimated : true

Referenced by:

(2) Parameter data for 'Md':

Parameter value : -6.884
Initial guess : -1

Estimated : true
Referenced by:
(3) Parameter data for 'zZd':

Parameter value : -63.99
Initial guess : -80

Estimated : true

Referenced by:

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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Creating and Customizing Estimation Projects

The following sections describe in more detail how to create and modify
transient data and estimation objects:

® “Creating Transient Data Objects” on page 6-13

® “Creating State Data Objects” on page 6-17

® “Creating Transient Experiment Objects” on page 6-20

® “Creating Parameter Objects” on page 6-23

® “Creating State Objects” on page 6-27

® “Creating Estimation Objects” on page 6-31

First, a quick look at terminology:

® Objects are instantiations of classes.
® (Classes contain, or rather, define, properties and methods.

® You use a constructor to create an instance of an object, and use the set
method or dot notation to modify the properties of your objects.
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Creating Transient Data Objects

Estimating parameters requires a transient data object, which you create
using a constructor. The syntax to create a transient data object is

h = ParameterEstimator.TransientData('block'); % I/O port block

=a

o°

0o O T
1}

= ParameterEstimator.TransientData('block', portnumber);

Internal block

= ParameterEstimator.TransientData('block', data, time);

ParameterEstimator.TransientData('block', data, Ts);

= ParameterEstimator.TransientData('block', portnumber, data,
time);

h = ParameterEstimator.TransientData('block', portnumber, data,

Ts);

Properties of Transient Data Objects
This table lists the properties of the transient data object and the associated

input parameters.

Transient Data Object Properties

Property

Description

Block

PortType

PortNumber

Dimensions

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.
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Transient Data Object Properties (Continued)

Property

Description

Data

Ts,
Tstart,
Tstop

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.

For uniformly sampled data, Ts is the sample time and
Tstart is the start time of the signal. The stop 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 NalN, and the
start and stop times are calculated from the time
vector.
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Transient Data Object Properties (Continued)

Property

Description

Time

Weight

InterSample

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)

¢ If the time vector is uniformly spaced, a sample time
Ts is calculated.

® Modifying Tstart translates time forward or
backward.

¢ Modifying Ts sets Time = [] internally and generates
it when required by the simulation.

The weight associated with each channel of this data
set. It is used to specify the relative importance of
signals. The default value is 1.

Interpolation method between samples can be
zero-order hold (zoh) or first-order hold (foh). This
property is used for data preprocessing.
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Modifying Transient Data Object Properties

Once a transient data object is created, you can modify its properties using this

syntax:
int1.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 Dimensions property.

Example: Assigning Input Port Data
To assign data to an input port with 2x3 port dimensions, use

in1 = ParameterEstimator.TransientData(gcb, rand(2,3,100), 0.05)

MATLAB responds with

(1) Transient data for Inport block 'portdata_test_noSim/By//Pass
Air Valve Voltage':

Sampling interval: 0.05 sec.

Data set has 100 samples and 6 channels.

Using Class Methods

The description of some of the important methods is given below.

® select — Used to extract a portion of data. The result is returned in a new
transient data object.

in2 = select(in1, 'Sample', 10:100); % 91 samples

in3 = select(in1, 'Range', [1 4]); % Samples for 1<t<4

% ... Oor an alternative

in3 = select(in1, 'Sample', find(in1.Time > 1 & ini1.Time < 4));

To extract data from a subset of available channels, use

in4 = select(in1, 'Channel', [1 3 2]);
% channels 1,3,and 2 in this order

® hiliteBlock — Highlights the block associated with this object in the
Simulink diagram.
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Creating State Data Objects

The ParameterEstimator.StateData object defines the states of a dynamic

Simulink block. It is used in a transient estimation context to define known
initial conditions of a block diagram model, and in a steady-state estimation
context to define the known states of the model.

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.

This is the syntax for creating this object:

h
h

ParameterEstimator.StateData('block');
ParameterEstimator.StateData('block', data);

In the first constructor, the state vector is initialized from the model containing
the block.

Properties of the State Data Object

The description of some of the important properties is given in the table below.

State Data Object Properties

Property Description

Block Name of the Simulink block whose states are defined
by this object

Dimensions Scalar value to store the number of states of the
relevant block
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State Data Object Properties (Continued)

Property

Description

Data

Ts

Domain

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:

¢ If Data is not empty, use it when forming the state
vector.

¢ If Data is empty, get the state vector for this block
from the model. This behavior is useful when using
helper methods to create an experiment object that
instantiates empty state data objects for all dynamic
blocks in the Simulink model.

¢ If 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.

Sampling time of discrete blocks. Set to 0 for
continuous blocks. This property is read only and is
currently used for information only.

String to hold the physical domain of the block. Used for
SimMechanics or SimPowerSystems blocks with states.
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Example: Initial Condition Data
To create an empty initial condition object for the
engine_idle_speed/TransferFcn2, use

st1 = ParameterEstimator.StateData ...
('engine_idle_speed/Transfer Fcn2', [1 2])

(1) State data for 'f14/Dryden Wind Gust Models/W-gust model'
block:

The block has 2 continuous state(s).

State value : [1;2]

Modifying Properties
Once a state data object is created, its properties can be modified using the
following 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.

Using Class Methods

The description of some of the important methods is given below:

® hiliteBlock — Highlights the block associated with this object in the
Simulink diagram

¢ update — Updates the object after the Simulink model has been modified in
some way. If the Dimensions property value changes, the other properties
are reset to their default values.

6-19



6 Estimating from the Command Line

Creating Transient Experiment Objects

The @TransientExperiment object encapsulates data measured at the input
and output ports of a system during a single experiment, as well as the system’s
known initial states.

The syntax to create a transient experiment object is

h = ParameterEstimator.TransientExperiment('model');

where model specifies the name of the Simulink model.

Properties of Transient Experiment Objects
The description of some of the important properties is given in the table below.

Transient Experiment Object Properties

Property Description

Model Simulink model with which this experiment is
associated

InputData, Transient data objects associated with appropriate I/O

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 State data objects associated with appropriate dynamic
blocks in the model

InitFcn Function to be executed to configure the model for this
particular experiment

Example: Creating an F14 Experiment
To create an empty transient experiment for the 14 model, use
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exp1 = ParameterEstimator.TransientExperiment('f14")
Experimental (Transient) data set for the model 'fi14':
Outputs

(1) fi14/alpha (rad)

(2) f14/Nz Pilot (9)

Inputs

(1) f14/u

Initial States

(1) f14/Actuator Model

2) f14/Aircraft Dynamics Model/Transfer Fcn.1

3) f14/Aircraft Dynamics Model/Transfer Fcn.2

4) f14/Controller/Alpha-sensor Low-pass Filter

5) f14/Controller/Pitch Rate Lead Filter

6) fi14/Controller/Proportional plus integral compensator
7) f14/Controller/Stick Prefilter

8) f14/Dryden Wind Gust Models/Q-gust model

9) f14/Dryden Wind Gust Models/W-gust model

Py

Example: Creating a Van der Pol Experiment
from User Objects

To create a transient experiment from user objects for I/Os and states, use

outl = ParameterEstimator.TransientData('vdp/Outi');
ic1 = ParameterEstimator.StateData('vdp/x1');

expl = ParameterEstimator.TransientExperiment...
(gcs, [], outl, icl);

Experimental (Transient) data set for the model 'vdp':
Outputs

(1) vdp/Out1

Inputs

(none)

Initial States

(1) vdp/x1

Modifying Properties

The objects referred in InputData, QutputData, and InitialStates properties
can be modified or removed as necessary.
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Using Class Methods

The description of one important method is given below:

update — Updates the object after the Simulink model has been modified in
some way. The object listed in the InputData, OutputData, and InitialStates
properties are updated in turn.
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Creating Parameter Objects

The @Parameter object refers to the parameters of the Simulink model marked
for estimation. Some of the Simulink model parameters are to be estimated and
storage is required for the initial values, current values, ranges, etc. One
@Parameter object corresponds to each parameter in the Simulink model to be
potentially estimated. These objects represent estimation parameters of any
type such as scalars, vectors, and multidimensional arrays.

Constructor
The syntax to create a parameter object is

h = ParameterEstimator.Parameter('Name');

h = ParameterEstimator.Parameter('Name', Value);

h ParameterEstimator.Parameter('Name', Value, Minimum,
Maximum) ;

In the first case, Name is a workspace variable. In the other cases, Name does not
need to exist in the workspace at the time of object creation. However, it is
required at estimation time.

Properties of Parameter Objects

The description of some of the important properties of parameter objects is
given in the table below.

Parameter Object Properties

Property Description

Name Parameter name. The parameter can be a
multidimensional array of any size.

Dimensions Dimensions of the value of the parameter. This is the
defining property for the size of other properties.

Value The current or estimated value of the parameter. This is
the defining property for size checking and scalar
expansions.
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Parameter Object Properties (Continued)

Property

Description

Estimated

InitialGuess

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:

¢ If any element in Estimated is set to true, then the
corresponding element of InitialGuess is used to
initialize the workspace parameter during
estimations.

¢ If any element in Estimated is set to false, then the
corresponding element of InitialGuessis notusedin
any way.
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Parameter Object Properties (Continued)

Property Description

Minimum, Parameter range

Maximum

TypicalValue The typical values of the parameters. This property is
used in estimations for scaling purposes. The default
value is 1.

Example: F14 Model

To create a parameter object for the parameter Ta in the f14 model, use

par1 = ParameterEstimator.Parameter('Ta')
(1) Parameter data for 'Ta':

Parameter value : 0.05

Initial value : 0.05

Estimated : false

Referenced by the blocks:

f14/Actuator Model

Example: Gain Matrix
To create a parameter object for a matrix parameter K of size 4-by-1, use
par1 = ParameterEstimator.Parameter('K', [1 2 3 4]"')
(1) Parameter data for 'K':
Parameter value : [1;2;3;4]
Initial value : [1;2;3;4]
Estimated elements : [false;false;false;false]
Referenced by the blocks:

Modifying Properties
Once a parameter object is created, its properties can be modified using the
following syntax:

par1.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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Using Class Methods

The description of some of the important methods is given below:

e 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 in some way. If the size of Value property changes, then the other
properties are reset to their default values.



Creating State Objects

Creating State Objects

One @State object corresponds to each Simulink block with states in your
model.

Constructor
The syntax to create a state object is

h
h
h

ParameterEstimator.State('block');
ParameterEstimator.State('block', Value);
ParameterEstimator.State('block', Value, Minimum,
Maximum) ;

In the first case, the state vector is initialized from the model containing the
block. In the other cases, block does not need to exist in the workspace at the
time of object creation. However, it is required at estimation time.

Properties of State Objects

The description of some of the important properties of state objects is given in
the table below.

State Object Properties

Property Description

Block Name of the Simulink block whose states are defined
by this object.

Dimensions Scalar value to store the number of states of the
relevant block.

Value 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.
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State Object Properties (Continued)

Property

Description

Estimated

InitialGuess

Minimum,
Maximum

TypicalvValue

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.

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.

¢ If 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 is used in
estimations for scaling purposes. The default value is 1.
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State Object Properties (Continued)

Property Description

Ts Sampling time of discrete blocks. Set to zero for
continuous blocks. This property is read-only and is
currently used for information only.

Domain String to hold the physical domain of the block. Used for
SimMechanics or SimPowerSystems blocks with states.

Example: F14 Model

To create a state object for the f14/Actuator Model block in the 14 model, use
st1 = ParameterEstimator.State(gcb)

MATLAB returns
(1) State data for fi14/Actuator Model block:

The block has 1 continuous state(s).

State value : 0
Initial guess : O
Estimated : false

Modifying Properties
Once a state object is created, its properties can be modified using the following
syntax:

ic1.Estimated = true; % Estimate this state
Most of the properties, for example, Estimated and TypicalValue, support

scalar expansion with respect to the size of Value.

Using Class Methods

The description of some of the important methods is given below:

® hiliteBlock — Highlights the referenced blocks associated with state
objects in the Simulink diagram.
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® update — Updates the state object after the Simulink model has been
modified in some way. If the size of Value property changes, then the other
properties are reset to their default values.
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Creating Estimation Objects

The @Estimation object is the coordinator of the model, experiment, and

parameter objects.

Constructor

The syntax to create an estimation object is

h
h
h

ParameterEstimator.Estimation('model');
ParameterEstimator.Estimation('model', hParam);
ParameterEstimator.Estimation('model', hParam, hExps);

Properties of Estimation Objects

The description of some of the important properties of estimation objects is
given in the table below.

Estimation Object Properties

Property

Description

Model

Experiments

Parameters

States

Name of the Simulink model with which this
estimation is associated.

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.

Parameter objects to be used in estimations.

State 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.
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Estimation Object Properties (Continued)

Property Description

SimOptions Same as simset structure. This property is initialized to

simget (this.Model).
OptimOptions Same as optimset structure.

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', [1,...
"FCount', [1,...
"FirstOrd', [],...
‘Gradient', [],...
‘Iteration', [],...
'"Procedure', []1,...
‘StepSize', [],...
‘Values', [] );

Example: F14 Model

To create an estimation object for the f14 model to estimate the parameters Ta

and Kf and two states, use

'"Estimated', true

expl = ParameterEstimator.TransientExperiment(gcs);
par1i = ParameterEstimator.Parameter('Ta’',
par2 = ParameterEstimator.Parameter('Kf',

est1 = ParameterEstimator.Estimation(gcs,
est1.States(1,1).Estimated = true;
est1.States(6,1).Estimated = true;

est1

MATLAB returns

Estimated variables for the model 'f14':
Estimated Parameters

Using Experiments
(1) f14 experiment
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Estimated States for Experiment 'f14 experiment'
(1) f14/Actuator Model
(6) f14/Controller/Proportional plus integral compensator

Modifying Properties
Once an estimation object is created, its properties can be modified using the
following syntax:

est.OptimOptions.Algorithm = '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

Using Class Methods

The description of some of the important methods is given below:

¢ compare — Compares an experiment and a simulation.

® simulate — Simulates the model with current parameters and states.
® estimate — Runs an estimation.

® restart — Restarts an estimation after it has finished running.

® update — Updates the estimation object after the Simulink model has been
modified in some way.
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Block Reference

Simulink Parameter Estimation includes three blocks that instantiate adaptive lookup tables in
Simulink models.

Adaptive Lookup Table (1D Stair-Fit) = One-dimensional adaptive lookup tables
(p. 7-2)

Adaptive Lookup Table (2D Stair-Fit) Two-dimensional adaptive lookup tables
(p. 7-4)

Adaptive Lookup Table (nD Stair-Fit) n-dimensional adaptive lookup tables
(p. 7-7)



Adaptive Lookup Table (1D Stair-Fit)

Purpose

Description

10 T(u)

Data Type
Support

Dialog Box

Perform a one-dimensional adaptive table lookup

The Adaptive Lookup Table (1D Stair-Fit) block creates a one-dimensional
adaptive lookup table by dynamically updating the underlying lookup table.
The block uses the outputs, ydata, of your system to do the adaptations.

Each indexing parameter U may take a value within a set of adapting data
points, which are called breakpoints. Two breakpoints in each dimension define
a cell. The set of all breakpoints in one of the dimensions defines a grid. In the
one-dimensional case, each cell has two breakpoints, and the cell is a line

segment.

You can use the Adaptive Lookup Table (1D Stair Fit) to model time-varying

systems.

Doubles only

[IBlock Parameter

—&daptive Lookup Table [10] [mask] [link]

locations.

Perform adaptive table lookup. Breakpoints relate the coordinate inputs to cell
locations in the table. The data is used to dynamically update the cell values at these

=

First input [row] breakpoint set:

J10.2231.401
[~ Make initial table an input
Table data [initial):

Ji4581

T able numbering data:

[T

Adaptation method: I Sarmple mean [with forgetting]
Adaptation gain [0 to 1]:

Josg

™ Make adapted table an output

[~ Add adaptation enable/dizable/reset port
[~ Add cell lock enable/disable port

Action for out-of-range input I lgnore

Ok I Lancel

Apply




Adaptive Lookup Table (1D Stair-Fit)

First input (row) breakpoint set
The vector of values containing possible block input values. The input
vector must be monotonically increasing.

Make initial table an input

Selecting this box forces the Adaptive Lookup Table (1D Stair-Fit) block to
ignore the Table data (initial) parameter. Instead, a new port appears
with Tin next to it. Use this port to input table data.

Table data (initial)
The initial table output values. This vector must be of size N-1, where N is
the number of breakpoints.

Table numbering data

Number values assigned to cells. This vector must be the same size as the
table data vector, and each value must be unique.

Adaptation method
Choose Sample mean or Sample mean with forgetting. Sample mean
averages all the values received within a cell. Sample mean with forgetting
gives more weight to the new data. How much weight is determined by the
Adaptation gain parameter.

Adaptation gain (0 to 1)
A number between 0 and 1 that regulates the weight given to new data
during the adaptation. A 0 means short memory (last data becomes the

table value), and 1 means long memory (average all data received in a cell).

Make adapted table an output
Selecting this box creates an additional output port for the adapted table.

Add adaptation enable/disable/reset port
Add an input port that enables, disables, or resets the adaptive lookup

table. 0 = disable; 1 = enable; 2 = reset to initial table data.
Add cell lock enable/disable port
A port that provides the means for updating only specified cells during a
simulation run. 0 = unlock; 1 = lock current cell.
Action for out-of-range input
Ignore or Adapt by extrapolating beyond the extreme breakpoints.



Adaptive Lookup Table (2D Stair-Fit)

Purpose

Description

2.0 T(u)

Dialog Box

7-4

Perform two-dimensional adaptive table lookup

The Adaptive Lookup Table (2D Stair-Fit) block creates a two-dimensional
adaptive lookup table by dynamically updating the underlying lookup table.
The block uses the outputs (ydata) of your system to do the adaptations.

Each indexing parameter U may take a value within a set of adapting data
points, which are called breakpoints. Two breakpoints in each dimension define
a cell. The set of all breakpoints in one of the dimensions defines a grid. In the
two-dimensional case, each cell has four breakpoints and is a flat surface.

You can use the Adaptive Lookup Table (2D Stair-Fit) to model time-varying

systems.

E! Block Parameters: Adaptive Lookup Table {(2D'S

x|

—&daptive Lookup Table [2D] [mask] [link]

locations.

Perform adaptive table lookup. Breakpoints relate the coordinate inputs to cell
locations in the table. The data is used to dynamically update the cell values at these

=

First input [row] breakpoint set:

J10.2231.40]

Second input [column) breakpoint set:

J10.2231.401
[~ Make initial table an input
Table data [initial):

|[458;18192D;1D1823]

T able numbering data:

nz23 4567849

Adaptation method: I Sarmple mean [with forgetting]

Adaptation gain [0 to 1]:

Josg

™ Make adapted table an output

[~ Add adaptation enable/dizable/reset port
[~ Add cell lock enable/disable port

Action for out-of-range input I lgnore

Ok I Lancel

Help | Apply




Adaptive Lookup Table (2D Stair-Fit)

First input (row) breakpoint set

The vector of values containing possible block input values for the first
input variable. The first input vector must be monotonically increasing.

Second input (column) breakpoint set

The vector of values containing possible block input values for the second
input variable. The second input vector must be monotonically increasing.

Make initial table an input

Selecting this box forces the Adaptive Lookup Table (2D Stair-Fit) block to
ignore the Table data (initial) parameter. Instead, a new port appears
with Tin next to it. Use this port to input table data.

Table data (initial)

The initial table output values. This 2-by-2 matrix must be of size
(n-1)-by-(m-1), where n is the number of first input breakpoints and m is
the number of second input breakpoints.

Table numbering data

Number values assigned to cells. This matrix must be the same size as the
table data matrix, and each value must be unique.

Adaptation method

Choose Sample mean or Sample mean with forgetting. Sample mean
averages all the values received within a cell. Sample mean with forgetting
gives more weight to the new data. How much weight is determined by the
Adaptation gain parameter.

Adaptation gain (0 to 1)
A number between 0 and 1 that regulates the weight given to new data
during the adaptation. A 0 means short memory (last data becomes the
table value), and 1 means long memory (average all data received in a cell).

Make adapted table an output
Selecting this box creates an additional output port for the adapted table.

Add adaptation enable/disable/reset port

Add an input port that enables, disables, or resets the adaptive lookup
table.
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Adaptive Lookup Table (2D Stair-Fit)

Add cell lock enable/disable port

A port that provides the means for updating only specified cells during a
simulation run.

Action for out-of-range input
Ignore or Adapt by extrapolating beyond the extreme breakpoints.



Adaptive Lookup Table (nD Stair-Fit)

Purpose

Description

2.0 T(u)

Dialog Box

|

Create an adaptive lookup table of arbitrary dimension

The Adaptive Lookup Table (nD Stair-Fit) block creates an adaptive lookup
table of arbitrary dimension by dynamically updating the underlying lookup
table. The block uses the outputs of your system to do the adaptations.

Each indexing parameter may take a value within a set of adapting data
points, which are called breakpoints. Breakpoints in each dimension define a
cell. The set of all breakpoints in one of the dimensions defines a grid. In the
n-dimensional case, each cell has two n breakpoints and is an (n-1)
hypersurface.

You can use the Adaptive Lookup Table (nD Stair-Fit) to model time-varying
systems.

C1Block Parameters: Adaptive Lookup Table {(nD S x|

—&daptive Lookup Table [nD] [mask] [link]

Perform adaptive table lookup. Breakpoints relate the coordinate inputs to cell
locations in the table. The data is used to dynamically update the cell values at these
locations.

=
F

Mumber of table dimensions:
[4

Table breakpoints [cell aray]:
I{[‘I 0,22,31,40], [10.22,31 40]}
[~ Make initial table an input
Table data [initial):

|[4 561619201018 23]

T able numbering data:

nz23 4567849

Adaptation method: I Sample mean [with fargetting) LI
Adaptation gain [0 to 1]:

Josg

™ Make adapted table an output

[~ Add adaptation enable/dizable/reset port

[~ Add cell lock enable/disable port

Action for out-of-range input I lgnore LI

Ok I Lancel Help | Apply |

7-7



Adaptive Lookup Table (nD Stair-Fit)

Number of table dimensions
The number of dimensions for the adaptive lookup table.

Table breakpoints (cell array)

A set of one-dimensional vectors that contains possible block input values
for the input variables. Each input row must be monotonically increasing,
but the rows do not have to be the same length. For example, if the Number
of dimensions is 3, you can set the table breakpoints as follows:

{1 23], [57], [1357]}

Make initial table an input

Selecting this box forces the Adaptive Lookup Table (nD Stair-Fit) block to
ignore the Table data (initial) parameter. Instead, a new port appears
with Tin next to it. Use this port to input table data.

Table data (initial)

The initial table output values. This (n-D) array must be of size
(n-1)-by-(n-1) ... -by- (n-1), (D times) where D is the number of dimensions
and n is the number of input breakpoints.

Table numbering data

Number values assigned to cells. This vector must be the same size as the
table data array, and each value must be unique.

Adaptation method

Choose Sample mean or Sample mean with forgetting. Sample mean
averages all the values received within a cell. Sample mean with forgetting
gives more weight to the new data. How much weight is determined by the
Adaptation gain parameter.

Adaptation gain (0 to 1)

A number between 0 and 1 that regulates the weight given to new data
during the adaptation. A 0 means short memory (last data becomes the
table value), and 1 means long memory (average all data received in a cell).

Make adapted table an output
Selecting this box creates an additional output port for the adapted table.
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Add adaptation enable/disable/reset port

Add an input port that enables, disables, or resets the adaptive lookup
table.

Add cell lock enable/disable port

A port that provides the means for updating only specified cells during a
simulation run.

Action for out-of-range input
Ignore or Adapt by extrapolating beyond the extreme breakpoints.



Adaptive Lookup Table (nD Stair-Fit)
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Function Reference




spetool

Purpose Open the Simulink Parameter Estimation GUI
Syntax spetool('modelname")
Descripl'ion spetool('modelname') opens the Simulink Parameter Estimation project for

the Simulink model with the name modelname.

See Also For more information about using the Simulink Parameter Estimation GUI,
see Chapter 1, “Getting Started.”
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