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THE HEALTH AND SAFETY AT WORK ACT 1974

We are required under the Health and Safety at Work Act 1974, to make available to users of this equipment certain information
regarding its safe use.

The equipment, when used in normal or prescribed applications within the parameters set for its mechanical and electrical performance,
should not cause any danger or hazard to health or safety if normal engineering practices are observed and they are used in
accordance with the instructions supplied.

If, in specific cases, circumstances exist in which a potential hazard may be brought about by careless or improper use, these will be
pointed out and the necessary precautions emphasised.

While we provide the fullest possible user information relating to the proper use of this equipment, if there is any doubt whatsoever
about any aspect, the user should contact the Product Safety Officer at Feedback Instruments Limited, Crowborough.

This equipment should not be used by inexperienced users unless they are under supervision.

We are required by European Directives to indicate on our equipment panels certain areas and warnings that require attention by the
user. These have been indicated in the specified way by yellow labels with black printing, the meaning of any labels that may be fixed to
the instrument are shown below:

CAUTION -
RISK OF
DANGER

CAUTION -
RISK OF

ELECTRIC SHOCK

CAUTION -
ELECTROSTATIC

SENSITIVE DEVICE

Refer to accompanying documents

PRODUCT IMPROVEMENTS
We maintain a policy of continuous product improvement by incorporating the latest developments and components into our equipment,
even up to the time of dispatch.

All major changes are incorporated into up-dated editions of our manuals and this manual was believed to be correct at the time of
printing. However, some product changes which do not affect the instructional capability of the equipment, may not be included until it is
necessary to incorporate other significant changes.

COMPONENT REPLACEMENT
Where components are of a ‘Safety Critical’ nature, i.e. all components involved with the supply or carrying of voltages at supply
potential or higher, these must be replaced with components of equal international safety approval in order to maintain full equipment
safety.

In order to maintain compliance with international directives, all replacement components should be identical to those originally
supplied.

Any component may be ordered direct from Feedback or its agents by quoting the following information:

1. Equipment type

3. Component reference

2. Component value

4. Equipment serial number

Components can often be replaced by alternatives available locally, however we cannot therefore guarantee continued performance
either to published specification or compliance with international standards.
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      DECLARATION CONCERNING ELECTROMAGNETIC COMPATIBILITY
Should this equipment be used outside the classroom, laboratory study area or similar such place for which it is designed and sold then
Feedback Instruments Ltd hereby states that conformity with the protection requirements of the European Community Electromagnetic
Compatibility Directive (89/336/EEC) may be invalidated and could lead to prosecution.

This equipment, when operated in accordance with the supplied documentation, does not cause electromagnetic disturbance outside its
immediate electromagnetic environment.

COPYRIGHT NOTICE

© Feedback Instruments Limited

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any
means, electronic, mechanical, photocopying, recording or otherwise, without the prior permission of Feedback Instruments Limited.
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1. INTRODUCTION

1.1. KNOWLEDGE LEVEL REQUIRED

It is assumed that the student has some experience of using MATLAB version 5.* It is also
assumed that the basic features of the Modular Servo MS150 are known. It is suggested
that the experiments described in [4] should be studied first.

A recommended  progression through this teaching manual is::

• read the general background of Assignment 1,

• familiarise with the environment: do the experiments of Assignment 1,

• perform the identification experiment from Assignment 2,

• it is desirable but not mandatory that the next experiments be done in numerical
order  because each one builds on the ideas of the previous ones,

• start a new project: design your own  real-time  identification/control algorithms using
the features of  the MATLAB environment and functions from  the Modular Servo
Toolbox.

The toolbox functions and MATLAB functions can be  used at different application levels.
This manual uses the convention given in the following table.

application level  1 RTK*) communication functions, visualisation
functions, miscellaneous functions, MATLAB
functions

application level  2 function es (menu driven experiments)
application level 3 External Interface software

 *) RTK - real-time kernel

Application level 1  means a direct use of the Modular Servo Toolbox functions
controlling   the information flow between the process sensors and the RTK. The functions
used at this level configure  a real time kernel, typical virtual controllers and an excitation
source (See MSW - Reference  Guide – 33-008-2M5).

Application Level 2 : The function es initialises  a menu-driven part of the toolbox.

Application Level 3 : The External Interface software allows user-defined algorithms to be
developed.
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1.2. COMPUTER-AIDED CONTROL ALGORITHM DESIGN

The design of a control system requires many computations supported by simulation
studies. For a given process the design  is performed in several steps, which are
represented in Figure 1-1. For the first step (definition of  requirements and definition of a
device technique) a rough model of the process is sufficient.

Modelling  presupposes the knowledge of the essential physical laws of the process. For a
digital servomechanism three classes of models can be  distinguished:

• non-linear models
• continuous-time linear models
• linear discrete models.

The models of a lower class can be developed by making some assumptions concerning
the model performance and the control system structure. Parameters of the models are
derived on the basis of measured input and output, and other physical variables. This step
of the design procedure is known as experimental modelling or identification.

When designing  a controller, it is necessary to iterate through the methods a number of
times to meet the essential requirements. Control algorithms are developed using an
interactive dialogue with simulation techniques used to model the system behaviour using
the variable values produced at each stage of the iteration. In addition various design
parameters have to be chosen such as  state variable weighting factors, control variable
limits etc.. After these steps have been taken the performance of the control system can
be measured.

If the assumptions about the  control system are justified (i.e. the model is a good one),
then the real-time part of the algorithm can be activated (or modified) and control
experiments can be performed on a real plant to validate the design.
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Nonlinear
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Digital
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AI model Identification
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of the algorithms

Y
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Simple PLC?

N

Quality of
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Figure 1-1: Design steps for a control system
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2. ASSIGNMENT 1: REAL-TIME DIGITAL CONTROL

Content: The practicals in the Assignment 1 provide an introduction to the software and
hardware environment [11],  before  more advanced control experiments are carried out.

2.1. COMPUTER CONTROLLED SYSTEM [1],[2]

A block diagram of a computer-controlled system is given  in Figure 2-1.  The system
contains six blocks: the  process,  sensors (S),  A/D and D/A converters,  control
algorithm, and  a clock. The operation of the converters and of the control algorithm  is
controlled by the clock. The time between successive conversion of the signal to a digital
form is called the sampling period (T0). The clock supplies a pulse (or interrupt) every T0
seconds, and the A/D converter sends a number to the computer each time the interrupt
arrives. The control algorithm computes a control variable and sends a number to the D/A
converter. It is assumed that the D/A converter holds the signal constant over the
sampling period. Periodic sampling is normally used. It is  possible to use  different
sampling periods for A/D  and D/A converters.

  

A/D D/A Process

�

algorithm

S

computer

Clock

t

t

t

control

Figure 2-1: Computer controlled system
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2.2. REAL-TIME CONTROL SYSTEMS [6]

 The term "real-time" is often used but seldom defined. One possible definition is [6]:
The operating mode of a computer system in which the programs for the processing of
data arriving from the outside are permanently ready, so that their results will be available
within predetermined periods of time; the arrival times of the data can be randomly
distributed or be already determined depending on the different applications.
A real-time software is usually structured around particular internal or external signals
(events) into a set of tasks. Each task implements the processing required by a
corresponding event. A task scheduler recognises the events and activates or suspends
the tasks. In the simplest case, when all tasks require processing at the same frequency,
a sequential  organisation of the tasks can be implemented (Figure 2-2).

0

�
task1

task2 task3

task n

hardware
interru pts �

Figure 2-2: Sequential real-time system

A time frame of each task is fixed and it is assumed that the longest task job takes no
longer then the period of time defined generated by  software timer. A list of  real-time
tasks creating an environment  suitable for developing  basic digital controllers is given in
Table 1.1.

For a low-cost system an IBM-PC compatible computers can be configured to run real-
time tasks in the Windows environment. The real-time tasks are organised in the form of
Real Time Kernel (RTK). Two levels of priority are defined:
highest priority for RTK tasks and lower priority for other WINDOWS applications (Figure
2-3).

The time available in between the processing of high priority tasks is used for processing
lower priority tasks.
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Table 1.1. Real-time tasks

data acquisition task reads analogue and digital signals from all input
channels.

filter task performs filtration of the  input data.
control task calculates  the control output
output task transfers the controls  to the output devices.
alarm task starts special critical procedures
communication task transmits the shared data between foreground

and background  (MATLAB and RTK)
self-diagnostic task checks the operation of the scheduler  .

Scheduler
timer:
interrupts:
1

2 3 4

RTK high
priority

WINDOWS
application
s
lower

time

time
MATLAB MATLAB MATLAB

hardware
interrupts

time

Figure 2-3: Multitasking in the Windows environment
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2.3. SYSTEM CONFIGURATION [5]

An application  of a general digital control system to the servomechanism is given in a
block diagram form in Figure 2-4. Two process outputs are considered: the position y1
and the speed y2.  The process outputs can be measured as continuous signals (sensors
S2) digitised by analogue-to-digital converters (A/D), or a direct digital measurement
technique can be used (sensors S1).  The reference input (desired value) can be
generated in a digital form using an internal excitation source or, alternatively,  an external
excitation generator (available from the Input Potentiometer IP150H) can be applied.
Additionally, the Simulink Generator can be applied as a source of an excitation signal if a
Simulink model is used. Two timers can be used to supply interrupts for the system:  a
basic clock which activates the periodic sampling  of A/D converters, and an auxiliary
clock which synchronises the computation  of  control outputs (u)  and periodic  digital - to
- analogue (D/A) conversion. Details are given in Table 1.2.

Table 1.2. Control of the digital servomechanism

process MS150 Actuator Unit
y1 position
y2 speed
S1 potentiometer for position,

tachogenerator for speed (MS150
Actuator Unit)

S2 encoder for position
internal excitation source RTK
external excitation source Modular Servo MS150
A/D and D/A converters data acquisition board
Simulink excitation source From Mathsworks Inc. software

Figure 2-5 illustrates, how the blocks of the control system from Figure 2-4 are located in
the hardware & software  environment of the Modular Servo Workshop. Real time tasks
and tasks scheduler are organised in the form of a real-time kernel (RTK). Real-Time
Kernel supervises the set of  real-time tasks creating a feedback control structure (Figure
2-5). Control tasks  are embedded in the real-time kernel.  Selection of the control
algorithms and tuning of their parameters is made by means of the communication
interface from the MATLAB  environment. The communication interface is also  used for
configuration of real-time kernel (sampling period, excitation source, controller parameters
etc.). A special memory buffer is created in order to  enable process data flow between
the real-time kernel and toolbox functions.
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D/A

�basic clock

controller

�

A/D

A/D

A/D

S

S

S

A/D

2

1

2

y1

y2

y1d

y2d

internal
excitation
source

excitation
source

external

auxiliar y clock

filter

u
DC motor

Simulink

Figure 2-4: Digital control of the servomechanism (basic block diagram)

M odular Servo MS150

External
excitation
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speed

PC - computer +MS-WINDOWS

RTK Data acquisition &  control

y1d

y2d

filter

 PCL-812PG or RT-DAC
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process data

controller
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param eters

M ATLAB+SIMULINK

Internal
excitation

Educational Servo Toolbox

to DC motor

- software

- hardware

switch

- software controlled

  from
Encoder

       from
tachogenerator

em bedded
controllers

com m u-
nication
interface
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(*)
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  33-301 Analogue Control Interface

DC Motor

 Digital encoder Potentiometer

Gearbox/Tacho

brake

Figure 2-5: Digital control of the servomechanism (hardware and software configuration)
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2.4. PRACTICAL 1.1: Data Transmission,  Measurement and Filtration.

Objectives: In this practical the content of the buffer is read, data is displayed and the
effects of data filtration are demonstrated.

Application level:  1.

The hardware and software configuration to realise this practical is given in Figure 2-6.
The functions described in the  MSW  Reference Manual – 33-008-2M5 are used directly
in this case.

PC - computer

RTK Data acquisition & control

filter

process data

Internal
excitation

controller

- software

- hardware
- software controlled

to DC motor

Modular Servo MS150

position

position

speed

DC Motor, Gearbox/Tacho ,Digital encoder

from

from

     encoder

 tachogenerator

setalgno(1)

parameters

Modular  Servo Toolbox

 PCL-812PG or RT-DAC

   33-301 Analogue Control Interface

error

DC Motor

 Digital encoder Potentiometer

Gearbox/Tacho

brake

Figure 2-6: Hardware and software configuration for practical 1.1 (open-loop control)
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When the MATLAB prompt appears type clear  in order to remove items from the
memory. Then invoke the following M file (see [11] for more details):

mservo2

Note: check that the base address of the PCL 812 board, which is set in the
code of  this file, is the one your system is set to.

This m-file  causes the motor to rotate, forced by a sinusoidal function generated by the
internal excitation source, in open-loop mode. The digital encoder is used to measure the
position; the tachogenerator and A/D converter are used to measure the speed.

After this the data are in the workspace (in the buffer variable). The function
GetNoOfSamples returns the number of samples in the buffer. Notice, that  the function
GetHistory cleans the buffer. It means that the number of samples in the buffer depends
on the time  elapsed from  the last GetHistory (or StartAcq) function call. This effect is
illustrated in the Table 1.3.

The data are then plotted using a standard MATLAB plot  function [7]:

Plots with the forms of Figure 2-7 will appear on the screen. Notice, that the length of the
time axis depends on the number of samples available  to the buffer, when GetHistory
function was called.

Figure 2-7: Open-loop experiment I - digital position measurement

0 1 2 3 4 5 6 7 8 9 10
-2

-1.5

-1

-0.5

0

0.5

1
Open-loop response(blue)to a sine wave input(red)
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Table 1.3. Example: relationships between MATLAB workspace and buffer contents.

Number of samples in:
time function workspace buffer
t1 StartAcq not defined  0 (cleared)
t2 GetNoOfSamples not defined n1=(time elapsed from

t1)/ (sampling period)
t3 GetHistory; n2=(time elapsed from

t1)/ (sampling period)
0 (cleared)

Analogue position measurement

Close  previous figure and  type mservo3 at the MATLAB prompt:

This m-file  causes the motor to rotate, forced by a sinusoidal function generated by the
internal excitation source, in open-loop mode.

This time the potentiometer is used  to measure the position in this case instead of the
digital encoder.

“Static” plots with the forms of Figure 2-7b will appear on the screen.

In this case some discontinuities of  the position measurements from potentiometer can
be observed. It is caused by limited  range of potentiometer equal to 180 degrees. (Start
with the 150K set at  “12 o’clock”.

Figure 2-7b: Open-loop experiment II – analogue position measurement
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2.5. PRACTICAL 1.2. Steady-State Characteristics of the DC Motor

Objectives: To investigate the steady-state characteristics of the DC-motor and  to 
tune the power amplifier.

Application level: 2

In most cases small signal changes are presupposed for the design of control algorithms,
so that  the control system could be considered as being linear. As applications show,
strong non-linearities in the control loop have to be taken into account when designing
control systems. These include non-linear static characteristics such as hysteresis and
saturation, which may occur  in the following places: operational amplifiers, actuators,
finite word length in A/D and D/A converters.  Often the signal constraint first appears at
the control variable:

 umin≤u≤umax.

The purpose of this practical is:

• to estimate the control range within which the process behaves approximately
linearly (umin,umax).

The process is understood as a sequential connection of: D/A converter, power amplifier,
DC motor, tachogenerator and A/D converter.

speed

control

[deg/sec]

[normalised]

-1 0

230

0

speed

control

[deg/sec]

[normalised]

10

230

0

- linear range

a) b)

l1 l2 l3

-230

1

-230

-1

Figure 2-8: Steady-state characteristics of the process: a) symmetric, b) shifted.

l1,l2,l3 denotes the actual load
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The hardware and software configuration for this practical is given in Figure 2-9. An
internal excitation source is applied in order to generate desired control signals for the DC
motor. The controller is in an open-loop mode (Algorithm no.1 in the RTK).

To start Practical 1.2 type es at the MATLAB prompt and select  Static characteristics of
DC motor in the Main Control Window.  Then the number of branches of the
characteristics, the number of test points per branch, and the ranges of  the control signal
must be  set.  Different branches of the characteristic will be generated then, if the load
(magnetic brake position) is changed after each prompt.

Usually it is necessary to apply several positions of the magnetic brake in order to find the
zero-point of the characteristics.

Modular Servo MS150

speed

RTK Data acquisition & control

filter

from tachogenerator

Internal

excitation

controller

to DC motor

proces data

PA

setalgno(1)

MATLAB

Modular Servo Toolbox

 PCL-812PG or RT-DAC

    33-301 Analogue Control Interface

DC Motor

 Digital encoder Potentiometer

Gearbox/Tacho

brake

Figure 2-9: Hardware and software configuration for Practical 1.2 (open-loop control)

We know that the speed of an ideal motor is approximately proportional to the voltage
applied to the armature in the linear portion of the motor characteristic curve. All methods
of controlling the speed involve the use of this relationship.

.
x =kV, where V is the voltage
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2.6. PRACTICAL 1.3: Digital Control of the Servomechanism

Objectives In this practical a feedback loop is configured and simple tests of the 
servomechanism are performed.

Application level: 1

The hardware and software configuration to realise this practical is given in Figure 2-10.
Proportional  plus  integral (PI) position controller and the external excitation source are
applied.

 Modular Servo MS150

position

speed

PC - computer

RTK

y1d

filter

process data

MATLAB

controller

Educational  Servo Toolbox

to DC motor

tachogenerator

from
 Encoder

from

setalgno(2)

 PCL-812PG or RT-DAC

    33-301 Analogue Control Interface

Internal excitation

DC Motor

 Digital encoder Potentiometer

Gearbox/Tacho

brake

Figure 2-10: Hardware and software configuration for practical 1.3

Invoke the following command from the MATLAB command window

mservo5
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Figure 2-11: Time response of the  PI control system
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3. ASSIGNMENT 2: Process Models - Open-Loop Characteristics

Content: The practicals in the Assignment 2 introduce models of the servomechanism
and basic identification methods.

3.1. INTRODUCTION

The basic diagram of a servomechanism is shown  in  Figure 3-1. The action of
servomechanism is to track a desired position  despite  the  presence of disturbance input
to the process and despite  of  errors in  the sensors.

position position

out
in

speed speedcontroller DC-motor

Figure 3-1: Basic block diagram of a servomechanism

If digital  techniques are used to generate  input and output signals, a  computer-
controlled    servomechanism can be schematically described  as in  Figure 3-2.

              

PC-IBM

clock

D/A

A/D

u(t)
DC-motor

y(t)

w(t)

v(t)

sensors
To

e (nTo) u (nTo)

y (kTo)

y  (nTo)d

Figure 3-2: Standard configuration of  a  computer-controlled  DC-motor

Notation of Figure 3-2
yd reference inputs (desired

values),
w disturbance   input to the

process.,
u control  or actuator input

signal,
v disturbance or noise to the

sensor,
y controlled or output signal

(e.g. position),
To sampling  time,

e error, A/D analogue-to-digital converter,
D/A digital -to-analogue converter.
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3.2. MODEL DEVELOPMENT

In a model, which is a formal description of a system, we wish to incorporate information
necessary for the control of the process.

The construction of a model consists of two stages:
• choice of  the class of models, and,
• selection of a particular model from this class (identification), see Figure 1-1.

First stage for our problem is simple as the linear model of  a DC-motor is  well known.
Figure 3-3 shows a block diagram of  a linear time-continuous model of the DC-motor.

Tcu(t)

w(t)Td

( )dt( )dt
1_
J

dx/dt x(t)J[d  x/dt   ]2 2 x(t)+w(t)
K s

KB

Figure 3-3: Block diagram of  the DC-motor

 The following definitions are used in Figure 3-3:

 J  moment of inertia of the moving parts
 KB  damping coefficient consisting of mechanical friction and back EMF-effect
 u  control voltage
 x  position of shaft
Tc  drive-motor torque
Td  external torque
w  noise
Ks  parameter of  the DC-motor

A DC-motor can be described by the second-order model with one integrator and one
time constant. The time constant is due to the mechanical parts of the system and EMF-
effect of the electrical parts. The following  differential equation describes the dynamics of
the DC-motor:

          
d x(t)

dt
+

1

Ts

dx(t)

dt
=  

Ks
Ts

 u(t)
2

2

where:
           BJ/K=

s
T 
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 with initial   conditions :

            x(t = 0) = x
dx(t = 0)

dt
 = x0

.
, 0

A typical step response of the DC-motor  is given in Figure 3-4.

   
t

velocity
dx/dt

position
x(t)

Figure 3-4: Step response of  the  DC-motor (time-domain)

3.2.1. State-space model [8]

Second-order differential equation  of the DC-motor can be rewritten in the  form two first-
order differential equations or in the matrix form. This representation is called a state-
space model:

                       

dx

dt
= Ax + Bu

y =  Cx Du

x t = 0) = x0

+
(

A general  form  of the state  space model is shown in Figure 3-5.

 
A

B C

D

dt
u x ydx/dt

Figure 3-5: General  state-space model
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The  general solution of the state-space equations is:

       y(t) = C eAt x + e Bu( )d + Du(t)A(t- )

0

t

0 τ τ τ∫












In the  case of  a DC-motor the velocity x2 and the position x1 of the motor shaft are
introduced as the states variables. The state variables can be expressed in physical, A/D
converter or electrical (voltage) units.

x =
x
1

x
2

 ,   u = u ,   y =
y
1

y
2





















     A =
0

T
 ,   B =

0
K

T
 ,    C =

c
1

0

0 c
2

 ,     D = 0
s

s

s

1

0 1−
































/

The system  can be classified as a multivariable (SIMO) because it has two measurable
states and one control variable. A typical step response of the DC-motor  is given in
Figure 3-4. Figure 3-7 shows a response of the  DC-motor  in the state-space domain.
The parameters of the output matrix C  depend on the type of  sensors and
transformations of the measurements in the RTK

In our case matrix C is identity matrix for measurements expressed in the physical
units.

s peed
x   (t)2

pos ition

x   (t)1

                                   

Figure 3-6: Step response of the DC-motor  (phase plane)

For  the DC-motor application described in this manual we have the situation in Figure
3-7:
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u(t)

y1(t)y2 (t)

x  (t)1
x  (t)2

velocity position

1c*
c2

tachogenerator
potentiometer

encoderc1

1
s

Ks

sT s+1

Figure 3-7: Model of the  DC-motor  and sensors



CHAPTER 3
MS150 MODULAR SERVO

Assignment 2: Process Models - Open Loop Characteristics Teaching Manual

3-6 33-008-4M5

3.2.2. Transfer function model [8]

The transfer function of the  DC-motor can be obtained from the differential equations of
the process as:

G(s) =
Y(s)

U(s)
=

G
1
(s)

G
2

(s)
=  C ( sI -  A)-1B =

c
1
 K

s (T  s+1)

c
 
K

T s+1

= c
2

(c
1

/ c
2

)  K

s (T  s+1)

K

T  s+1





















































s

s

s

s

s

s

s

s

2

The model has one pole at the origin  and one pole on the negative real axis. The
problem is to calculate the  parameters   K  and  TS S.  This problem  can be solved on the
basis of measured inputs and outputs.

3.2.3. Discrete time models [1][2]

The use of digital computers to calculate a control action for a continuous, dynamic
system introduces the fundamental operation of sampling. Samples are taken from the
continuous, physical signals such as position or velocity, and these samples are used by
the computer  to calculate the control signals to be applied. Analog-to-digital converter
(A/D) is a technical device which provides a discrete signals in process. Figure 3-8. shows
an ideal sampler. Its role is to give a  mathematical representation of the process of
taking periodic samples r(kTo)  from  the continuous signal  r(t). The ideal sampler is
introduced for the purpose of  process modelling: a sampling operation is represented as
a impulse modulation.

To
r(t) r*(t) r(t) r*(t)

v

Figure 3-8: An ideal sampler

Thus, as in Figure 3-9,  we model the output of  the sampler as a string of  Dirac's
impulses:

r *(t) = r(t)
k = -

   (t - kTo)
∞

∞
∑ δ , where δ ( )t kT− =





0

1

0

 if t = kT

 otherwise
0

The string of impulses r*(t) from the sampler  depends only on discrete sample values
r(kTo).
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δ0         δ 1         δ 2            δ3           δ 4          δ5            δ6

t

δ δi= r( t)*   ( t- iT o )  i= 0 ,1 ...
r(t),r*( iT o )

0 T 2T 3T 4T 5T 6To o o o o o

Figure 3-9: Ideal sampled signals.

The interface between  discrete domain and  continuous domain is modelled as a zero-
order-hold. This device accepts samples r*(t)  at  t=kTo and holds its output at this value
until next sample is sent (Figure 3-10 and Figure 3-11).

 

zero-order-hold
r   (t)

s
e-sTo

r(t) r*(t)

ideal sampler Eo

1
-

Figure 3-10: A  real sampler  ( zero-order hold)

   

t

r    (t)r(t), staircase extrapolation-

0 T 2T 3T 4T 5T 6To o o o o o

Figure 3-11: Real sampler output

If signals of the continuous plant are sampled, having a model of the sampling and hold
operation  a discrete model  of the  computer controlled DC-motor can be introduced
(Figure 3-12). Each A/D converter is  represented as an ideal sampler, and  D/A converter
is represented as a hold circuit, having transfer function from Figure 3-10.
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Eov

A/D

vDC-motor
u(t) y(kT )o

To To

D/A
y(t)

Figure 3-12: A discrete model of the continuous part of plant

Differential  state-space equation of the  continuous system:

   

dx

dt
= Ax + Bu

y =  Cx Du

x t = 0) = x0

+
(

can be then substituted by an equivalent discrete  state-space equation (assuming that
interval between n+1 and n time points is equal to T0):

        

x n +1] = A
d

x n]+ B
d

u n]

y n]  = C
d

x[n]+ D
d

u[n]

x[0] = x0 

[ [ [

[

The flow diagram of the discrete state-space model is given in Figure 3-13.

     

B Cdelay
Tod

Dd

A d

d
u[n] x[n+1] x[n] y[n]

Figure 3-13: Flow diagram a discrete state-space system

The matrices   A  and  Bd d  can be calculated  from the continuous state-space model
using the following relations [1]:

0TA e =dA Cd =  C












∫ dtA te=dB
0T

0
Dd =  D

For the discrete model of  the DC motor matrices  A   and  Bd d  are in the form:
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A d =
1 Ts(1 - e

T

T

e

T

T

             Bd =

Ks T - Ts 1- e

T

T

Ks e

T

T

0

s

0

s

0

0

s

0

s

−

−





















−
































−
−











































)

0 1

The general solution of the  discrete state-space equation  is:

 y n] = C
d

A
d
n x0 A

d
n -  i -  1B

d
u i]

i = 0

n -1
+ D

d
u n][ [ [+ ∑









A discrete time transfer function can be obtained from the relation:

G
d

(z) =
Y(z)

U(z)
= C(zI - A

d
)-1B

d
+ D

d

where I is an identity matrix, and z is a shift operator.

     For the DC-motor a discrete transfer function is given by ( Cd = I, Dd = 0):

s

0

T
T

-
s0ss0

e =a    :    where

a-z

a-1
a)-1)(z-(z

)]T+a(T-[T+1)]-(aTz[T

SK = (z)dG

















 +

3.2.4. Selection of the sampling period

Shannon’s  theorem assumes  that the spectrum of the signal to be sampled  is cut off
vertically at ωs. In practise, there are always frequencies greater than ωs present in the
signal. These differences from the ideal mean that a shorter sampling period needs to be
used. One recommended choice is:

T
b

0 10
≤

Π
ω ., where ωb is a closed-loop bandwidth

Shannon’s theorem applies both to open loop and closed loop systems .The sampling
period should be chosen in relation to the desired behaviour of the closed-loop system.
The sampling period can be related to
• eigenfrequency
• rise time
• damped frequency
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The methods of sampling period selection  are given in Table 2.1.

For example, if we want the system to track the reference signal up to a certain closed-
loop bandwidth ωb, it follows that the signal will have spectral content up to that frequency.
Notice the distinction between the closed-loop bandwidth, and  the frequencies in the
open-loop model because  these frequencies can be quite different.

Table 2.1. Summary of rules for determining the sampling time.

Criteria to determine the
sample time

Determination of the
sample time

Remarks

Shannon
T

b
0 ≤

π
ω

eigenfrequency  of a closed-
loop system T

f
0 1 8 1 16

1
= −( / / )

ω
Iserman [3]

95 % settling time T T0 951 6 1 12= −( / / ) Iserman [3]

delay time T Tu0 12 035= −( . . )
T Tu0 035 022= −( . . )

01 10. / .≤ ≤T Tu

1 10≤ ≤T Tu /
rise time (open and closed-
loop)

T Tg0 05 025= −( . . ) Astrom [1]

oscillatory system
T0 2

2

20 1
=

−

π

ω ξ

Astrom [1]

PID derivative time TD T TD0 01 05= −( . . ) Astrom [1]

amplitude

frequencyωf ωb

1

2

Tu

T95

95%

tTg

3.2.5. Non-linear model (saturating  components)
The models  introduced above are all based on the assumption that the process can be
described by linear model. All real physical  plants are non-linear, in particular all outputs
and inputs are limited (saturated). Figure 3-14 the shows main saturating components for
a computer-controlled  servomechanism.
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clock D/A

A/D

DC-motor
y(t)

sensors

To
PC+

1

3 2

u(t)

y(t)

yd[n]

y[n]

e[n] u[n]

Figure 3-14: Saturating components in  the  PC -controlled  DC-motor

Block 1 symbolises that the  control signal  u(t)  is limited: output voltage from  the power
amplifier is limited.

Block 2 symbolises that outputs  from the sensors are  limited. Large measured values
may saturate.

Block 3 symbolises that the converters D/A and A/D have limited length of digital register.
The non-linearities shown in Figure 3-14 are important if large changes of  control signals
occur. A designer must take into account above facts, and understand why the outputs of
the linear model and of the real plant differs for some ranges of the control signal.

3.3. FREQUENCY ANALYSIS

The most important characteristic of the process is its  frequency response. Figure 3-15
shows  the experiment desired to obtain a frequency characteristics of the process. If a
sinusoidal  signal  of  frequency  ω is applied to a stable, linear, continuous system, then
the steady-state response has  amplitude  B(ω) and  phase  ϕ(ω) in relation to the input
signal. 

DC-motorgenerator
y(t)=Bsin(ω   + ϕ)tu(t) ω=Asin(   t)

(  )-1
A

1/A

ϕ(ω)

B

B/A

ω

ω

20log(  )

K(   )ω [db]

frequency
characteristics

.

Figure 3-15: Experimental  measurement of  a frequency response
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Figure 3-16 shows  the frequency characteristics of  the   "standard"  DC-motor:

• gain in dB
• phase in deg.

The "Standard" (Ks=1 and Ts=1) transfer function of  the  DC-motor is assumed as:

G
stand

=
1

s (s+1)

  

Figure 3-16: Standard frequency characteristic for  the DC-motor
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3.4. IDENTIFICATION METHODS

3.4.1. Introduction

This section represents a detailed explanation of  the “Time Domain Identification”
process, shown in the Main Control menu, and derives methods of tuning the parameters
Ks and Ts of the model.

3.4.2. Adjustment parameters method

Figure 3-17 shows  the  basic block  diagram of  an identification  problem. The problem is
to tune the parameters of the model in such a way, that the outputs of the  model fits the
experimental data in sense of an assumed criterion. The basic criterion is the principle of
least squares [1]:

             (t)m
1y(t)1y(t)1e   where,dt  

0

2(t)]1[eQ −=∫
∞

=

where y1(t) represents the actual response of the DC motor to a step input, and y1
m      

represents the response of the model to a step input.

model

u(t)

w(t) - disturbance

(   )
2

DC-motor

algorithm
min Q (             )K   ,Tss

e

2es(sT +1)

Ks

s

Q-criterion
Q

y (t)

my  (t)

process

1

1

1

1

e1(t)
0

dt2
∞
∫

theoretical

experimental

Figure 3-17: Block diagram of parameters adjustment  identification method (Q   denotes  the   quadratic
integral criterion)
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The adjustment  algorithm, minimising  the value of the criterion  Q, operates in the  two-
dimensional   space of  the K   and   TS S parameters. In this  case, the simple Gauss-Seidel
algorithm   is  useful.  Figure 3-18 shows the  idea of  the Gauss-Seidel  algorithm. The
parameters of the model are tuned independently, until minimum value of Q is obtained.
For the Gauss-Seidel   algorithm  the step-excitation  u(t) = 1(t) is applied.

Q=const1 2

34

>

<

K s

K s*

TsTs*

Figure 3-18: Gauss-Seidel procedure for parameter adjustment  for the DC-motor model

3.4.3. Analytical  solution of the identification problem by the surface method [9]

In the surface method  a step input signal is applied: u(t)= 1(t) u0. A velocity step response
is denoted as y (t)2 . The problem is to calculate K  and TS S  for the assumed model  G (s)2

(Figure 3-19).

G2(s) =
y2
y1

K  

T  s + 1
       s

s

( )

( )

s

s
= where   Ts   = 

BK

J

Tc

KB

1u(s)
Ks

y  (s)2

J s

Figure 3-19: Segment of  the  DC-motor scheme used for the surface method
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The required parameters K  and TS S can be calculated using   the  following relations:

K =  lim y (t) ;  tS 2  → ∞
T = K KS 1 S/

where:

K =   lim  [K - y  d          t1 S

t

2

0
∫  → ∞( )]λ λ

The  surface method  is  useful  in the presence  of  disturbances. In this case the integral
formula  filtrates  the measurement noises.   Figure 3-20 shows  a typical   application  of
this  method  to a DC-motor identification problem.

  
t

surface K1

y (t)+w(t)
2

K s

Figure 3-20: Surface method in the presence  of disturbances
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3.5. PRACTICAL 2.1. Dynamic Properties: Step Response Identification
Method

Objectives   In this practical, the parameters,  T,K SS ,  of a mathematical model of the DC-
motor are  determined.

Application level:  2  - Time domain identification block in the Main Control Window .

The  hardware and software configuration to realise this practical is given in Figure 3-21.

 Modular servo MS150

position

RTK Data acquisition & control

filter

MIC926 interface

Internal

excitation

controller

to DC motor

process data

PA

setalgno(1)

MATLAB

Educational Servo Toolbox

 speed from tacho

 PCL-812PG or RT-DAC

    33-301 Analogue Control Interface

DC Motor

 Digital encoder Potentiometer

Gearbox/Tacho

brake

Figure 3-21: Hardware and software configuration for practicals 2.1 and 2.2

To start  the Practical 2.1 type es from  MATLAB  prompt and Main Control Window
appears on the screen. Now  double click Time domain identification button. Figure 3-22
shows the opened window.

You can type new value of the step excitation (0 - 1 [normalised]) in the Control edit
window. After you press Data acquisition button the identification experiment is performed
five times.   The average  experimental step response appears on the  screen.
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Figure 3-22: Time domain identification  window

Click Simulation  button and the step response of the model will be displayed. The model
step response is calculated for coefficients which are displayed in the edit windows. On
the top of the screen the value of  integral square criterion of the model adjustment  is
displayed.

Now, tune the values of this parameters using the Gauss-Seidel procedure. After a
number of steps of the procedure, if you decide that the value of the criterion is relative
small click Surface method  button.

Three curves are displayed on the screen ( Figure 3-23):

• average output of the system,
• model output with parameters  tuned by a user,
• model output with parameters obtained by the surface method.

In the Message Window coefficients Ks and Ts, calculated using the surface method, are
displayed.
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Figure 3-23: Results of time domain identification procedure

If the identification  is completed click V2Vel identification button to start experiment for
V2Velocity identification. V2Velocity parameter describes dependence of velocity [deg/s]
versus voltage signal from the Gearbox/Tacho unit GT150X. Notice, that the V2Velocity
parameter is necessary to obtain a precise measurements. The default value of this
parameter is read from es_par.ini file and is equal to 1008. This value depends on the
quality of the Reduction Gear Tacho Unit - GT150X.

For a given configuration of your hardware it is enough to perform V2Velocity
identification only once.

After identification type the obtained value to es_par.ini  file. For this purpose open
es_par.ini file using Windows Notepad and type in the appropriate value.

After  five  passes  the plot similar to Figure 3-24 appears on  the  screen.
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Figure 3-24: Identification of V2Velocity parameter

Now click Close button  and return to Main Control Window.
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3.6. PRACTICAL 2.2. Dynamic Properties: Frequency Analysis

Objectives     In this practical frequency characteristics of the DC-motor  are measured.

Application level: 3,  Frequency characteristics  in the Main Control Window.

A hardware and software configuration for this practical is given in Figure 3-21 (see
practical 2.1).
To start practical 2.2  double click Frequency characteristics button. The window in Figure
3-25 opens. Select a number of  points of characteristic. Lower bound of the frequency is
equal  to 0.4 [rad/sec], upper bound  is assumed 7.94 [rad/sec]. After you click Data
acquisition button the identification experiment is started. The sinusoidal  input signal to
DC-motor, for  assumed different frequencies, is used.  When data acquisition is
completed, experimental  characteristics of the DC-motor appear on the screen in blue
(Figure 3-25).

Figure 3-25: Frequency characteristics window

Click the Theoretical button and the frequency characteristics obtained for the DC-motor
model  are calculated and displayed  in red for comparison on the same plot.

In Practical 2.2  the influence of  the magnetic brake position on the dynamic properties of
the DC motor may by tested. The position of the magnetic brake  changes two
parameters of the model: K and TS S.
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4. ASSIGNMENT 3: Multivariable Control Design

Content: The practicals in Assignment 3 demonstrate how the properties of a closed-loop
system are influenced by the design parameters: closed-loop roots and sample period.
This assignment introduces two methods of  closed-loop systems design. The first is
based on a pole placement and is introduced for a continuous system. The second control
method named "deadbeat" is used for discrete systems.

4.1. STATE SPACE DESIGN METHOD [1,8]

A closed-loop system with feedback gains from the states is analysed. The approach we
wish to apply at this point is a pole placement, that is, having assumed a control law with
enough parameters to influence all the closed-loop system roots. There are different ways
of achieving this. One of the design methods is described below.

The continuous-time system is represented by the state equation:
dx

dt
= +

=

Ax Bu

y Cx
The state controller follows a linear feedback control law in the form: u = -K (y-yd), where
K is a feedback gain matrix.

We request that the roots of the closed system be equal to λ λ1 2,  (fixed). The design
methods then, consist of finding K so that the roots of a closed-loop system are in the
desired locations. That means, we assume dynamic properties of the closed system.  It
can be shown that there exists a linear feedback that gives a closed-loop system with
roots specified if and only if the pair (A, B) is controllable. It is clear that the closed-loop
system has to be stable and it is a 'sine qua non' condition of the design.

The state matrix of the closed system is:

A (A BKC)c = −

For the case of the DC motor the matrix Ac is given as:

A
0 1

K k

T

1 K k

T
c s 1

s

s 2

s

= − −
+












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and the characteristic equation is:

λ λ2 1 K
s
k

2
T
s

K
s
k
1

T
s

0+
+

+ =

By means of the feedback gains, the roots of the characteristic equation may be changed.

From Vieta's formula we obtain :

λ λ
1 2

⋅ =
K

s
 k

1
T
s

( )λ λ
1 2

+ = −
+1 K

s
k

2
T
s

and we can calculate K  = ( [k1 k2] ) from:

k
T
s

K
s

1
1 2=

⋅ ⋅λ λ
k

T
s

1

K
s

2
1 2= −

+ +( )λ λ
      (3.1)

This is clear that we can desire any behaviour of  the closed-loop system but we have to
keep   the control  between appropriate limits (e.g. -1 ≤ u ≤ +1 [normalised]). When the
control variable saturates, it is necessary to make sure that the system still behaves
properly.

4.2. DEADBEAT CONTROLLER

It is the control method unique to discrete systems, in which we calculate feedback gains
in such a way that roots of the closed system are equal to zero. This control strategy has
the property that it drives the states of a closed-loop system from an arbitrary values to
zero in at most N steps (dim(A)=N).

In this method the sample time T0 is the only one design parameter. The magnitude of the
control variable u can be decreased by increasing the sample time T0, or vice versa. For a
given range of the reference variable step, a suitable sample time can be determined.
The base problem in the design is the saturation of the system actuators.

4.2.1. Design method

We can design deadbeat controller using a simulation method. The following steps are
necessary in this case:

1. choose sample time T0,
2. create discrete model,
3. calculate feedback gains,
4. simulate closed-loop discrete system,
5. if the control overruns the maximum allowed limits, increase the sample time T0

and repeat the steps from 1 to 5.
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The system is described by a discrete equation:

x[(n+1)T0]=Ad x[n T0] + Bd u[n T0]
y[n T0] = Cd x[n T0]

The matrices Ad and Bd are calculated from the continuous state-space model using the
following relations [1]:

A d eAT0=  B
d

e dt BAt

0

T0

=










∫    Cd C=    = I

For a discrete model of the DC motor matrices Ad and Bd are in the form:

A d =
1 Ts(1- e

T

T

e

T

T

             Bd =

Ks T - Ts 1- e

T

T

Ks e

T

T

0

s

0

s

0

0

s

0

s

−

−





















−














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




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






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−






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
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






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

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




















)

0 1

If we assume reachability of the pair (Ad,Bd) and a control law in the form:

 u[n T0]= -Bd K (y[n T0]-yd[n T0]) K=[k1 k2]; 

the closed-loop system is described as:

x[(n+1) T0] = (Ad - Bd K Cd ) x[n T0] + Bd K yd[n T0]

Figure 4-1 shows the block diagram of the closed-loop system.

x(n+1)

Bd

K

x(n) y(n)
Cdyd y(k)

+

+-
Ad

Figure 4-1: Closed-loop system with feedback gain
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Feedback gains are calculated from the equation:

eig( Ad -  Bd KCd) = 0

and can be displayed after each change of the sample time T0.
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4.3. PRACTICAL  3.1  POLE PLACEMENT  BY STATE FEEDBACK

Objectives:  In this practical a design of the closed-loop system with a feedback gain is 
demonstrated and experimental verification with calculated gains is carried 
out

Application level: 2   Closed-loop system design and simulation block in the Main Control 
Window

The hardware and software configuration for this practical is given in Figure 4-2.
In this case setalgno(3) refers to an LQ controller.

4 PC - computer

RTK Data acquisition & control

filter

process data

Internal
excitation

controller

- software

- hardware
- software controlled

to DC motor

 Modular Servo MS150

position

speed

from  tachogenerator

setalgno(3)

parameters

Educational  Servo Toolbox

from potentiometer

 PCL-812PG or RT-DAC

    33-301 Analogue Control Interface

DC Motor

 Digital encoder Potentiometer

Gearbox/Tacho

brake

Figure 4-2: Hardware and software configuration for practicals 3.1 and 3.2



CHAPTER 4
MS150 MODULAR SERVO

ASSIGNMENT 3: Multivariable Control Design Teaching Manual

4-6 33-008-4M5

The design goal is for a closed-loop system having no oscillations. One possible selection
of the roots is:

 λ1= -2 and  λ2= -3

for identified parameters (an example):

Ks=230; Ts=0.12;

from the  formula (3.1) we calculate:

k1 =  0.0031    and   k2 =  -0.0017, which are then typed in

Then, we can simulate a closed-loop system with feedback gains k1 , k2:

Type es from the MATLAB prompt and then double click Closed-loop system design and
simulation button.

Type in the edit windows the system parameters: Ks=230; Ts=0.12, which replace the
default values present.

Set reference input equal to 40 (it is the level of the square wave signal), and sample time
equal to 0.01.

Next, click Continuous button to start simulation. Results are shown in Figure 4-3.

Figure 4-3: Simulation of the closed-loop system , λ1= -2 and  λ2= -3
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Notice, that the response of the system is slow (Figure 4-3). We can change the  roots of
the closed-loop system to make the system faster.

Assuming λ1= -4 and  λ2= -5,  we obtain:  k1 = 0.0104 and   k2 = 0.00034783.

Repeat  the simulation using new values of  k1 and k2. Example results are shown in
Figure 4-4.

Notice that the response of the system  is faster.

Figure 4-4: Simulation of the closed-loop system , λ1= -4 and  λ2= -5

Now, the real-time experiment can be started. Click Experiment button and window shown
in Figure 4-5 opens.
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Figure 4-5: LQ, SF or Deadbeat controller window

Double click Real Time Task block and type the values of k1 and k2 parameters. Set
sample time to 0.01 and choose Simulink Signal Generator as Data Source.

Close the block and then open the Desired Position Generator  block.

Set Amplitude to 40, Frequency  to 0.2, Units  to Hertz, and Wave form to square.

Close the block and click Simulation/Start button.

The results of the real-time experiments are shown in Figure 4-6.
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Figure 4-6: Real time experiment for the closed-loop system, λ1= -4 and  λ2= -5

Compare the result of the real time experiment and the simulation.



CHAPTER 4
MS150 MODULAR SERVO

ASSIGNMENT 3: Multivariable Control Design Teaching Manual

4-10 33-008-4M5

4.4. PRACTICAL  3.2  DEADBEAT CONTROL

Objectives: This practical shows how to design the deadbeat controller.

Application level: 2  Closed-loop system design and simulation block in the Main Control 
Window.

The hardware and software configuration for this practical is given in Figure 4-2.

Type es from the MATLAB prompt and then double click Closed-loop system design and
simulation block. Type in the proper edit windows system parameters: Ks=230; Ts=0.12.
Set reference input equal to 40 (it is the level of the square wave signal), and sample time
equal to 0.1.

Next click Deadbeat  button. K1 and K2 edit windows display the calculated values of
'deadbeat' feedback gains. Next click Discrete button. Results of the simulation are shown
in Figure 4-7.

Figure 4-7: Results of the first "deadbeat" simulation experiment (T0 = 0.1)

Notice, that the control value overshoots the upper and lower limits ( Normalised to ±1 ). It
means that the controller is not well designed.

Type new value of the sample time : T0 = 0.28 and then click Deadbeat and Discrete
buttons in sequence.

Notice, in this case control values are inside the admissible limits. Feedback gains in this
case are equal: k1 = 0.013133, k2 = 0.0015617 for T0=0.35.
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Figure 4-8: Results of the second "deadbeat" simulation experiment (T0 = 0.35)

Now, we can start the the real-time experiment. Double click the Experiment button. The
window shown in Figure 4-5 opens. Double click Real Time Task block and type the last
values of k1 and k2 parameters. Set sample time to 0.35 and choose Simulink Signal
Generator as Ref. position. Close the block and then open the Desired Position Generator
block. Set Amplitude to 40, Frequency  to 0.167, Units  to Hertz, Wave form to square and
Downsampling ratio to 1.  Close the block and click Simulation/Start button. The results of
the real-time experiments are shown in Figure 4-9.

Figure 4-9: Real-time experiment with deadbeat controller

Repeat the same procedure with a sample time T0 = 0.1 s. Compare the results.
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Notes
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5. ASSIGNMENT 4: Pid Controller Design

Content:  The practicals of the Assignment 4 show how digital PID controllers can be
obtained by translating and modifying analogue design.

Note: (3) contains details of the derivation of the formulae for PID continuous and discrete
parameters

5.1. CONTINUOUS PID CONTROLLER

A block diagram of the continuous PID control system of  the servomechanism is shown in
Figure 5-1. Note, that only position  feedback is applied in this case.

u(t)

w(t)

Gs

T  (t)
d

K r
Ki
s

1

s Kd

  PID CONTROLLER
Gr

e  (t)1 y (t)
1

y  (t)d

Figure 5-1: Block diagram of  the PID control system

Notation used in Figure 5-1
y (t)d desired value of position
e(t) error
y(t) measured output position
Td(t) torque external disturbances
w(t) disturbances measured by sensors

The transfer function of  a PID  controller is assumed in the form:

     Gr
(s) =

U(s)

E (s)
  =  K

r
 1 +

Ki

s
+ s K

d
1







The transfer function of the DC-motor is:

      Gs
(s) =

Y (s)

U(s)
 =    

K

s(s T
s
 +1)

 ,   1 s
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The transfer function of  the  servomechanism  can be calculated from:

      G(s) =   
Y (s)

Y (s)
 =  

G
r
(s) G

s
(s)

1+ G
r
(s) G

s
(s)

1

d

The error transfer  function for the servomechanism is:

      Ge
(s) =  

E (s)

Y (s)
  =   

1

1+ G
s
(s) G

r
(s)

1

d

In  the formula for the transfer function G (s)r  the following  parameters   can be tuned by
the user:

       K r  -  gain coefficient,
       Ki   -  integral coefficient,
       Kd   - derivation coefficient

The PID controller available in the MSW is supplied with a conditional integration option.
The integral part of the controller is used only when the error is below some specified
limits. See MSW Reference Manual  - 33-008-2M5 for details.

5.1.1. Ziegler -Nichols method [3]

Figure 5-2 shows a step response y (t)1   (with disturbances) of the DC- motor.

t

a

b

=
a
bTz

Tu

y  (t)+w(t)
1

y  (t)+w(t)
1

Figure 5-2: Step response of the DC-motor and Ziegler-Nichols  model  parameters

The Ziegler-Nichols approach is a method for tuning the parameters of a PID controller
based on simple process experiments. There are two versions of the method: the
ultimate-sensitivity method  and transient-response method. The last one is described
below. For the use of the Ziegler-Nichols method  a  simplified model of the  DC-motor is
introduced:

G
z

(s) =
 T

z
 e sT

s 
     where:  T

u
- time delay,   T

z
integration constant

u−
−  (see Figure 5-2)
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For this  model  (astatism with time delay)  an application of  the Ziegler -Nichols method
gives the following parameters:

 for assumed overshoot  of  2%  to 5%:

   P   controller  :       K r =
0.5  

 Tz Tu

   PI  controller :       K
r

=
 

 T  T
u

          K
i

=
1

5 T
uz

05.

   PID controller :     K
r

=
 

 T
z
 T

u
            K

i
=

1

5 T
u

          K
d

= 0.23 T
u

0 65.

for assumed overshoot  of  20%:

   P controller :           K r =
0.7 

 Tz Tu
          

   PI controller :          K
r

=
0.7 

 T
z
 T

u
            K

i
=

1

3 T
u

   PID controller :       K
r

=
 

 T
z
 T

u
          K

i
=

1

2T
u

          K
d

= 0.37 T
u

11.

T   and  TZ U  can be measured from a step response of the DC-motor (Figure 5-2).

5.1.2. Integral square error method

Figure 5-3 shows a general idea of  integral square method. The tuning of the parameters
is based on  the experiment shown in Figure 5-2. The simplified  Ziegler-Nichols model of
the DC-motor is applied in this case.

For the criterion:

                J(K
r
,K

i
,K

d
) e

1
2dt

0
=

∞
∫

on analytical solution for the optimisation  problem:

               min e
1
2dt

0
K

r
,K

i
,K

d
  can be obtained. →

∞
∫
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y(t)

u

Td w

(  )
2 e2 J algorithm

Gz
Gr

1
s

J- integral criterion of control

tuning K  ,K  ,Kr    i    d

min J( )K  ,K  ,Kr     i    d

e1 y  (t)1
y   (t)

1d

Figure 5-3: Integral square error method  for tuning  parameters of PID controllers.

In this case, the optimal values of controller parameters are:

For  P controller:            K r =
1

 TzTu

For  PI controller:         K
r

=
1

 T
z
T

u
         K

i
=

1

4.3 T
u

For  PID controller:         K
r

= 1.3
1

 T
z
T

u
      K

i
=

1

1.6 T
u

      K
d

= 0.5 T
u

If  a complete  model of the  of  the DC-motor is used:      Gs =
Ks

s(sTs+1)
, then the

optimisation criterion can be calculated as:

        J(K
r

K
i d

e(t)2dt =
(1- K

s
K

r
T
s

2K
i
K

s
K

r
[T

s
+ T

i
(K

r
K

s
K

d
-1)]

, , )
)

K =
∞
∫
0

To obtain the parameters of the controller, the following  set of equations must be  solved:

         
∂

∂
∂

∂
∂

∂
  J

  K
r

= 0  ,    
  J

 K
i

= 0  ,    
  J

d
= 0   ;

K

Figure 5-4 shows the influence of a proportional (P) controller  gain  on the output y (t)1 .
A standard  DC-motor  transfer function was used for this simulation experiment (Ts=1,
Ks=1):
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Figure 5-5 shows the error function e(t) for different gains.

Figure 5-6 shows how the integral criterion value is influenced by the controller gain.

   
t

K  =0.4r

K  =10ry  (t)1

Figure 5-4: Outputs of the servomechanism with proportional (P) controller and standard DC-motor model

K  =10r t

e   (t)
1

K  =0.4r

Figure 5-5: Error e (t)1  as  a  function of  gain K r  (proportional (P) control).
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K   =0.4r

K   =20r

K  =1r

t

e 2 dt

4 6 820 10

1

1

Figure 5-6: Values of the criterion  J  ( proportional (P) control)

5.2. DIGITAL PID CONTROL OF THE SERVOMECHANISM [2][8]

The transfer function of a PID controller represents a differential-integral equation. It is
natural to obtain a discrete representation by approximating  the derivative with a forward
difference and integral with the sum of previous errors. This gives [3]:

       Gr
(z) = K

r
(1+ K

i
z

z -1
+ K

d
z -1

z
   )

 
G z)r (  denotes the transfer function of the digital  PID  controller.

The model of the digital control closed-loop system is given in Figure 5-7.

u(t)

w(t)

y(t)

y(t)

G  (z)r Eo G  (s)s

sampler

holder
u(n)e(n)

y(n)

 rt

sampler

Figure 5-7: DC-motor with  digital controller.

The rules of Ziegler-Nichols can be used for tuning of the digital PID controller. The rules
are based on the experiments from Figure 5-2 (calculated under the assumption that
T 0.5 TU 0≥ ).
For a proportional (P) digital  controller the Ziegler-Nichols method gives:
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For PI  digital  controller:
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For PID digital controller:
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u
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z
)    is an integer.

Notice, the parameters  of PID digital controller depends on the sampling time T0.
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5.3. PRACTICAL 4.1. ZIEGLER-NICHOLS METHOD (ANALOG AND
DIGITAL DESIGN)

Objectives     In this practical parameters of  PID controller  ( K K   and  Kr i d, ) are  
                     determined. An application of Ziegler-Nichols method is demonstrated.

Application level: 2   PID controller block in Main Control Window.

The hardware and software configuration for this practical is given in Figure 1-1.

       

position

PC - computer

RTK

y1d

filter

process data

MATLAB

controller

Modular Servo Toolbox

to DC motor

Internal
excitation

 PCL-812PG or RT-DAC

    33-301 Analogue Control Interface

DC Motor

 Digital encoder Potentiometer

Gearbox/Tacho

brake

 Modular Servo MS150

Figure 5-8: Hardware and software configuration for practical 4.1

To start  the practical 4.1, type es from  MATLAB  prompt and the Main Control Window
appears on the screen. Now  double click Ziegler Nichols method block. Figure 5-9 shows
the opened window.

Assume, that the model parameters  are correctly identified and you want design discrete
controller for sampling time T0 = 0.2 s. Click Data acquisition  button and  this starts the
experiment. Step input excites the open system and output position is measured. The
results are shown in Figure 5-9.



CHAPTER 5
MS150 MODULAR SERVO
Teaching Manual ASSIGNMENT 4: Pid Controller Design

33-008-4M5 5-9

You can see initial part of the step response of the system and straight line which is the
Ziegler-Nichols model step response. Two constants are calculated from the plot: Tz -
tangent of model response and Tu - delay of the model. According to Ziegler-Nichols
coefficients of the continuous and discrete PID controllers are calculated. You can see
them in the Message Window.

Figure 5-9: Ziegler-Nichols method  window after the experiment is completed

Now type the  reference value equal to 40 in the upper edit window. Then, type the
calculated coefficients of the continuous PID controller in the edit windows and click
Simulation continuous  button. Figure 5-10 shows (at the upper window) the response of
the closed-loop system for a square wave as reference signal. In the lower window you
can see the control which is produced by PID controller. Notice, that the control exceed
lower and upper limits ( -1 and +1 [normalized]). The damping of the step response is very
good and overshoot is less than 30%.

We conclude that this PID controller can properly control the servo system.
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Figure 5-10: Simulation results (continuous version)

Type the calculated coefficients of the discrete PID controller in the proper edit windows
and click Simulation discrete  button. Figure 5-11 shows response of the closed-loop
system for square wave as reference signal and the control signal. In this case you can
see that closed-loop system works properly as well.

Figure 5-11: Simulation results (discrete version)
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In all cases of simulation and practical experiments, arbitrary values of the PID controller
settings may be introduced by the user. It is important to remember that  PID settings
calculated in the continuous case are correct if the sample time TO is short
( T  T - time constant in model)O S<< . If the sample time is long relative to TS, only the PID
settings calculated for a discrete case are correct.

A rational choice of the sampling time in a closed-loop control system should be based on
an understanding of its influence of the performance of the control system. The selection
of sampling time rates can be based on Table 2.1.

After the design the real-time experiment can be started.

Go to the Main Control Window and double click PID controller  button and window shown
in Figure 5-12 opens.

Figure 5-12: PID controller window

Double click Real Time Task block and type the values of Kr, Ki and Kd parameters
calculated in the previous section. Set the sample time to 0.01 and select Simulink Signal
Generator as Ref. source. Close the block and then open the Desired Position generator
block. Set Amplitude to 40, Frequency  to 0.167, Units  to Hertz, and Wave form to
square. Close the block and click Simulation/Start button.

Results of the real-time experiments are shown in Figure 5-13.
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Figure 5-13: Results of PID control experiment (continuous)

To perform the discrete PID control experiment double click Real Time Task block and set
sample time to 0.2 and type the values of Kr, Ki and Kd calculated for the discrete
controller. Select Simulink Signal Generator as Ref. position. Close the block and click
Simulation/Start button.

Results of the real-time experiments are shown in Figure 5-14.

Figure 5-14: Results of PID control experiment (discrete)
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6. ASSIGNMENT 5:  Optimal Design Method: LQ Controller

Contents:  Continuous and discrete linear-quadratic controller design is presented. The
difference between continuous and discrete approach to the controller design is
discussed. The influence of weights and sampling time is illustrated.

The linear-quadratic problem (LQ problem) is a central one in the theory and applications
of optimal control. There are two versions of the LQ problem: the open-loop and the
closed-loop optimal control problem. Either the optimal control is given as an explicit
function of time for fixed initial conditions, or the optimal controller is synthesised. Only the
second case is considered here. The main result of the finite-dimensional linear-quadratic
theory is that, under suitable assumptions, the optimal feedback controller is linear with
respect to the state, and constant with respect to time.

6.1. LINEAR-QUADRATIC CONTROL PRINCIPLES [2]

The synthesis of the discrete and continuous LQ controller is shown below. For a very
small value of the sampling time the response of the discrete system converges to the
response of the corresponding continuous system. The most important question for the
designer of a control system, as far as LQ regulator problem is concerned, is how to
select the weighting factors in the cost function.

Let us examine separately the continuous and discrete LQ problems.

6.1.1. The continuous case

The dynamical model of  the DC-motor is described by the linear differential equations:

dx

dt
 =  Ax +  Bu (5.1)

y = Cx ,

where the matrices A, B, C have the form:

A
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0 1

0
1

0 1

0

0

1
, ,   B    C (5.2)

The desired input time history of state vector is given by yd=[y1d, y2d]. Hence, the error
vector e is defined:
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e = yd - y (5.3)

A typical quadratic cost function has the form:

∫ +=
kT

0

TT t(t)Ru(t)]du(t)Qx(t)[x
2

1
J(u) (5.4)

where:

• Matrix Q≥0,  Q is nonnegative definite,
• Matrix R>0,R is positive definite
• The (A,B) pair is controllable.

The weighting matrices Q and R are selected by a designer but they must satisfy the
above conditions. It is most easily accomplished by picking the Q's to be diagonal with all
diagonal elements positive or zero. Some positive weight (|R|≠0) must be selected for the
control, otherwise the solution will include infinite control gains.

The values of elements of Q and R matrices (5.4) are weakly connected to the
performance specification. A certain amount of trial and error is required with a simulation
program to achieve satisfactory result. A few guidelines can be recommended. For
example, all states are to be kept under close regulation and  Q is diagonal with entries so
selected that a fixed percentage change of each variable makes an equal contribution to
the cost. The matrix R is also diagonal.

If the maximum deviations of the servomechanism outputs are: y1max, y2max and the
maximum deviation of control is: umax , then the cost is:

J = Q(1,1)y12  + Q(2,2)y22 + Ru2

The rule is:

Q(1,1)=1/(y1max)2, Q(2,2)=1/(y2max)2 and R=1/(umax)2 (5.5)

This rule can be modified to satisfy desired root locations and transient response for
selected values of weights. One must avoid saturation effects both of outputs and control.
Because of the differences in methods of analysis, problem formulation and the form of
results, we strongly distinguish the linear-quadratic problem with finite settling time from
that with infinite settling time. However in applications we frequently encounter the
situation when the termination moment of the control process is so far away that it does
not affect the current control actions. The infinite-time optimal control problem is then
posed. The cost function (5.4) is replaced by the formula:

dttRututQxtxuJ TT )]()()()([)(
0

+= ∫
∞

(5.6)

Then the optimal scalar control  u*   and the optimal trajectory  vector  y* are given by:
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u* = - K(yd - y*) (5.7)

where K is the feedback matrix.

The optimal control problem is now defined as follows: find the gain K such that the
feedback law (5.7) minimises the cost function (5.6) subject to the state equation (5.1).
The calculation of the control variable which minimises the criterion (5.6) is a dynamic
optimisation problem. This problem can be solved by variation calculus applying the
maximum principle due to the Bellman optimisation principle. The procedure returns the
optimal feedback matrix K,  the matrix S, the unique positive definite solution to the
associated matrix Riccati equation:

SA + ATS - SBR-1BTS + Q = 0 (5.8)

Because of the quadratic appearance of  S, there is more than one solution, and S must
be positive definite to select the correct one. The procedure returns also the matrix E, the
closed-loop roots:

E = eig(A - B*K*C) (5.9)

The vector K can be calculated by a numeric iterative formula on the basis of the Riccati
equation (5.8). The associated closed-loop system:

de/dt  =  (A - B*K*C)e (5.10)

is asymptotically stable.

To solve the LQ controller problem the lqry function can be used from the Control System
Toolbox. The synopsis of  lqry is: [K,S,E] = lqry(Ad,Bd,Cd,Dd,Q,R).

In this case the matrix Q weights the outputs y instead of the state x. For the
servomechanism Dd is the row matrix with two zero elements. The function lqry computes
the equivalent Q, R and calls lqr, the other function from the same toolbox.

The control u is not constrained. Such an assumption cannot be satisfied for a real
physical system. One must remember that if the control u is saturated during the practical,
then the obtained control is no more of the LQ type.

To return to the LQ problem the amplitude of  the u signal should be diminished. In such a
case the designer tunes the relative weights between state and control variables in (5.6).
Simulation tools are recommended to be applied in this case



CHAPTER 6
MS150 MODULAR SERVO

ASSIGNMENT 5:  Optimal Design Method: LQ Controller Teaching Manual

6-4 33-008-4M5

6.1.2. The discrete case

If we introduce the sampling period T0 then the model can be discretized. The discrete
model of the DC motor has the form:

x[(n+1)T0] = Ad⋅x[n T0] + Bd⋅u[n T0] (5.11)

y[n T0] = Cd⋅x[n T0]

where the matrices: Ad, Bd and Cd are in the form:
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,
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(5.12)

The matrix Ad  is the fundamental solution of the differential equation (5.2) calculated for
the sampling period T0. The explicit values in formula (5.12) of the servomechanism
system can be obtained numerically by the use of  c2d  program - conversion from
continuous to discrete time -from the Control System Toolbox. One must simply type the
command:

[Ad,Bd]=c2d(A,B, T0)

The optimal feedback law:

u[n] = - Ke[n] (5.13)

minimises the cost function:

(n)Ru(n)]u(n)Qx(n)x[J(u) TT
N

0n

+= ∑
=

(5.14)

subject to the state equation (5.11). The dlqry function from the Control System Toolbox is
used to solve the discrete-time linear-quadratic regulator problem. The synopsis of  the
dlqry and lqry programs are identical. The dlqr also solves and returns matrix S, the
unique positive definite solution to the associated discrete iterative matrix Riccati
equation:

S A S A A S B R B S B B S A Qi D
T

i D D
T

i D D
T

i D D
T

i D+
−= − + +1
1( ) (5.15)

and

E = eig (Ad - Bd⋅K⋅Cd) (the closed-loop roots) (5.16)

The feedback matrix K is derived from S by

K R B SB B SAD
T

D D
T

D= + −( ) 1 (5.17)
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6.2. PRACTICAL 5.1. DISCRETE AND CONTINUOUS LQ
CONTROLLERS

Objectives: The practical consists of several examples devoted to LQ controller design.

Application level: 2

The hardware and software configuration for this practical is given in Figure 4-2.

6.2.1. Example 1

Type es from the MATLAB prompt and then double click Closed-loop system design and
simulation block. Type in the proper edit windows the system parameters. (Ks=230;
Ts=0.12 in this example).

Set reference input equal to 40 (it is the level of the square wave signal), and sample time
equal to 0.01. Type in to the edit windows the following assumed weights: Q(1,1)=1,
Q(2,2)=1, R=3000. The other parameters have default values.

Next, click LQ continuous  button. In the K1 and K2 edit window will show the calculated
values of  LQ feedback gains. In our case there are : K1 = 0.018257 and K2 = 0.014921.
Now, click Continuous button. Results of simulation are shown in Figure 6-1.

Figure 6-1: Simulation of LQ controller for Q(1,1)=1, Q(2,2)=1 and R=3000

Now we can start the real-time experiment. Double click Experiment button. The window
shown in Figure 4-5 opens.
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Double click Real Time Task block and type the values of K1 and K2 parameters. Set
sample time to 0.01 and as Ref. position choose Simulink Signal Generator. Close the
block and then open the Desired Position Generator  block. Set Amplitude to 40,
Frequency  to 0.167, Units  to Hertz, and Wave form to square. Close the block and click
Simulation/Start button.

Results of the real-time experiments are shown in Figure 6-2.

Figure 6-2: Practical of LQ controller for Q(1,1)=1, Q(2,2)=1 and R=3000

6.2.2. Example 2

Invoke the design and simulation for the discrete case. The only new parameter is the
sampling period T0 = 0.1 which type to edit window. Next click LQ discrete design button
and then Discrete simulation button. In this case K1 = 0.0066784 and K2 = 0.0031829.

The response of the discrete LQ-controlled mechanism in simulation for the sampling
period T0=0.1 is given in Figure 6-3.
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Figure 6-3: Results of LQ control, the discrete case, Q(1,1)=1, Q(2,2)=1, R=3000 and T0=0.1

6.2.3. Example 3

If  the servo positioning task is more important  than the speed control task, one must
assume a greater weight for Q(1,1). For example: Q(1,1)=10 is ten times greater then
Q(2,2)=1. Simulation and experiments give the time responses shown in Figure 6-4 and
Figure 6-5.

Figure 6-4: Simulation of the LQ controller -the continuous case Q(1,1)=10, Q(2,2) =1, R=3000
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In the Real Time Task block set sampling time equal to 0.01 (continuous case) and
downsampling ratio equal to 5.

Unfortunately, when the experiment is started the control signal is saturated (Figure 6-5).

To obtain a better response of the servomechanism you can proceed in many different
ways. For example,  increase the control weight R. This parameter is changed in the next
example.

Figure 6-5: Practical of the LQ controller -the continuous case Q(1,1)=10, Q(2,2) = 1,R=3000.

6.2.4. Example 4

Set the new control weight R=6000. The following numerical values for the linear
feedback are obtained:

 K = [K1 K2] =[0.01  0.0019242]

Verify the simulated response of the servomechanism. The results of the practical for the
new parameters of the cost function is given in  Figure 6-6. The control saturations have
disappeared.
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Figure 6-6: Practical of the LQ controller -the continuous case Q(1,1)=10, Q(2,2)=1, R=6000

6.2.5. Example 5

Now, change the sampling time in the Real Time Task block to 0.5, downsampling ratio
equal to 1 and repeat the experiment. The results are shown in Figure 6-7. It is obvious
that the controller does not work properly. It was designed for continuous version. This
example shows the significant difference between discrete and continuous approach to
the design of controllers.

Figure 6-7: Practical of the LQ control - controller calculated for the discrete case Q(1,1)=10, Q(2,2)=1,
R=6000, T0=0.01 and implemented for T0=0.5
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6.2.6. Example 6

To achieve the proper work of the controller the discrete controller will be redesigned for
the sampling time T0 = 0.5. The feedback gains have the following numerical values:

K = [0.0054382      0.00065799]

Results of  the experiment using the new values of the feedback gains are shown in
Figure 6-8.

Figure 6-8: Practical of the LQ control - controller calculated for discrete case Q(1,1)=10, Q(2,2) =1,
R=6000, T0=0.5



CHAPTER 7
MS150 MODULAR SERVO
Teaching Manual ASSIGNMENT 6: Time-Optimal Control

33-008-4M5 7-1

7. ASSIGNMENT 6: Time-Optimal Control

Contents: Time-optimal controller design is presented. In the practical the time
sub-optimal algorithm is implemented to avoid chattering of control.

The important mode of operation for a servo motor is to move quickly from one state to
the next. An example of this might be the positioning servo for a robot arm. The synthesis
of the time-optimal controller leads to non-linear  systems. Usually, time-optimal control
preserves the "bang-bang" character. Many practices and techniques achieve however
near time-optimal solutions. The time-optimal control law may cause difficulties. One can
observe that even for laboratory plants, process or measurement noise will introduce the
control "chattering" between the maximal and minimal values.

7.1. PRINCIPLES OF DESIGN [2]

Let us review first the time-optimal law and later we will focused on sub-optimal or near
time-optimal control strategies.

7.1.1. Transformation to the canonical Jordan form

The state-space model:

dx

dt
 =  Ax +  Bu (6.1)

y = Cx `

with matrices A, B, C of the servomechanism:

     A =
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is transformed to the canonical form:
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where: P is the non-singular matrix in the form:
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The new state variable is defined:

z = P-1x (6.5)

The equation (6.1) is transformed then to the canonical Jordan form:

dz/dt = J(A)z + P-1Bu (6.6)
where:

P B
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For simplicity of  the coefficients the following linear transformation can be applied:

v = (Ks)-1 z (6.7)

Finally, the servomechanism model can be written as:

dv/dt = Λ v + Bλ u (6.8)
y = Cλ v

where:
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We obtain the system of two independent variables: v1 and v2. It means that the

differential equations (6.8) are de-coupled and the derivatives 
dv

dt

dv

dt
1 2 and   are  linear

functions of: v1, u and v2, u respectively.
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7.1.2. Solution of the time-optimal problem

The equation (6.8) for:

u= ± umax (6.10)
can be solved explicitly. The solution is:

v1(t) = v1(0) + t⋅u (6.11)

v2(t) = exp(-t / Ts) v2(0)  -  Ts u[1 - exp(-t / Ts)] (6.12)

From the above equations eliminating t we get the formula for the system trajectories. The
trajectories start from an arbitrary initial point v1(0) and v2(0) under the excitation u :

v2(t) = exp{[v1(0)-v1(t)] / (uTs)} [v2(0)  +  Ts u]  - Ts u (6.13)

From the above formula we find the two trajectories (for u = ± umax) which are crossing
the origin of the system i.e. the point (0, 0). Simply we put v1(t)=v2(t)=0. It results in:

 v2(0)  =  Ts u {exp[-v1(0) / (uTs)]  -  1}  (6.14)

This equation represents two curves. We are interested only in this part of each trajectory
which leads to the origin. The "switching curve" consists of two half-curves. We can write
it down in the compact form:

0 = v2(0)  + Ts u {exp[v1(0) / (uTs)] - 1} (6.15)

where:  u  =  umax ⋅ sign[v1(0)].

The "switching curve" (6.15) and a number of the system trajectories (6.13) starting under
the control u = umax (6.10) from an arbitrary initial conditions: v1(0), v2(0)  are given in
Figure 7-1.

u = - umax

u = + umax

SPEED

POSITION [deg]

[deg/s]

switching
curve

Figure 7-1: The "switching curve" and system trajectories for u = ± umax
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It is well known from the maximum principle, that for a second order linear dynamic
system described by two ordinary differential equations, under the assumption on the
control u:

 |u| ≤ umax,   (6.16)

the control u belongs to the boundary i.e. u = ± umax  and its value is switched when the
system trajectory is crossing the switching curve. The appropriate sign of the control must
be applied at the beginning of the process and must be switched to the opposite value
when the switching curve is achieved. The controller is testing the sign of the expression
(6.16) in every step of system evolution. The value of this expression differs from zero if
the point lies outside the switching curve.

The basic control rule is:

if : the right side of  the equation (6.15) > 0  then  u = - u max  else  u = u max  (6.17)

The schematic diagram of the time-optimal controller is shown in Figure 7-2. If the
simulation of the system is concerned the DC-motor and the non-linear controller are
modelled. On the contrary to the simulation, the non-linear controller is the only part which
is modelled for the practical. In this case the DC-motor model is replaced by the real DC-
motor.

Figure 7-2: Time optimal control of the DC-motor model.

The time-optimal servomechanism is very sensitive to parameter variations. Therefore the
model coefficients: Ts, Ks should be identified properly. It is a well known effect that the
time-optimal rule (6.17) results in chattering of the servo. Near the origin the motor is
excited by the  control sequence: +umax, -umax, +umax ... switched with a high
frequency. The sliding mode due to measuring noise is observed.
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To avoid these effects one can change the time-optimal algorithm in the neighbourhood of
the origin. For example: a decaying factor can reduce the amplitude of the control
proportionally.
Now the non-linear controller from Figure 7-2. is equipped with the origin zone "sensor".
This is illustrated in the Figure 7-3. The origin zone is only detected for position error. It is
sufficient to achieve the goal of control. Notice, that a great level of noise is added to the
measurements of speed.

Figure 7-3: The origin zone "sensor".

The new time-suboptimal control algorithm is :

umaxOLD = umax

If  |e1| < zone, then umax NEW = umax OLD |e1| / zone,

else: apply rule (6.17) (6.18)

However, in practice switching moments are delayed. The servomechanism control is not
switched when the trajectory achieves the switching curve but one step later. According to
this observation one can modify the time-optimal rule. The upper (v2(t)>0, v1(t)<0) and
lower (v2(t)<0, v1(t)>0) branches of the switching curve are moved  respectively to the left
and right from the origin by the interval tune. The new switching curve has the form:

0 = v2(0)  + Ts u {exp[v1(0)+tune⋅sign[v1(0)] / (uTs)] - 1} (6.19)

where:   u  =  umax ⋅ sign[v1(0)]

It results in an earlier - compared to the original switching curve - switching moment. The
new slightly modified switching curve is obtained. This curve drawn by the bold line is
shown in Figure 7-4.  As far as the servo-motor time-optimal control is concerned, only the
practical allows to select the best values of the parameters: tune and  zone.
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Figure 7-4: The "switching curve" modified by the parameter tune
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7.2. PRACTICAL 6.1. OPTIMAL AND SUBOPTIMAL MINIMUM-TIME
CONTROLLER

Objectives: The practical consists of several examples devoted to time-sub-optimal 
controller design.

Application level : 2

The hardware and software configuration for this practical is given in Figure 7-5. Note that
the external excitation source is used in this case.

Make all necessary changes in patching of the digital unit: connect the square-wave
generator, then  set the frequency  of the generator to 0.2Hz.

Modular Servo MS150

External
excitation

speed

PC - computer

RTK

y1d

filter

process data MATLAB

controller

Modular Servo Toolbox

to DC motor

from
 tachogenerator

setalgno(4)

 PCL-812PG or RT-DAC

    33-301 Analogue Control Interface

DC Motor

 Digital encoder Potentiometer

Gearbox/Tacho

brake

position

Figure 7-5: Hardware and software configuration for practical 6.1
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Example 1
To invoke the time-optimal experiment double click the Time-optimal controller block. The
window shown in Figure 7-6 opens.

Figure 7-6: Time optimal controller window

To start the time-optimal simulation click Simulation button. Introduce Max. Excitation
equal to 1 and start simulation. In the second run set Max. Excitation equal to 0.5 and
follow by instruction on the screen. The simulation will be carried out and the plot similar
to Figure 7-7. will be displayed. Both results are illustrated in Figure 7-7.

Figure 7-7: Results of time optimal simulation (phase plane)
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The servomechanism has two equilibrium points: y1d=0 and y1d=-60. The shorter time
interval of motion from one to another equilibrium point corresponds to the greater
excitation value.

Comparison of the switching times in the both cases are displayed in the Message
Window.

Now, close Simulation  window and start real-time experiments.

In the beginning you can  examine the "ideal" time-optimal control. Open the Real Time
Task block and introduce the following parameters: Umax = 0.8, zone = 0, tune = 0,
sampling time = 0.05, downsampling = 1. Next close block and click Simulation/Start
button.

Figure 7-8: The experiment results with the zone = 0, tune =0

You should obtain results similar to Figure 7-8.  The  servomechanism starts to chatter.

Example 2

Introduce a non-zero parameter zone. For example: zone =15 and Umax = 0.8.

The result is shown in Figure 7-9. The chattering character of time-optimal control (Figure
7-8) has disappeared after introducing the non-zero value of the parameter zone. The
value of this parameter can be selected experimentally. Near time-optimal character of
control is preserved for a small value of the parameter zone.
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Figure 7-9: The experiment with the zone = 15, tune = 0

Example 3

The delays of switching can be seen in Figure 7-9. Introduce a non-zero parameter tune.
For example type  tune =  6.
The new modified switching curve (given by the formula 6.19) will be obtained. Set the
parameters: zone and excitation as in the previous example. You obtain the result similar
to that which is given in Figure 7-10.
The time-optimal control is very sensitive to variations of model parameters. To achieve
the best performance without chattering of control and with a properly assumed switching
curve one must first identify the parameters of  DC-motor model: Ks, Ts, Cs and then start
to experiment with non-zero values of  parameters: zone and tune.

Figure 7-10: The results of the  time-optimal experiment with zone = 15 and tune = 6



CHAPTER 8
MS150 MODULAR SERVO
Teaching Manual ASSIGNMENT 7. Model Reference Adaptive Control (MRAC)

33-008-4M5 8-1

8. ASSIGNMENT 7. Model Reference Adaptive Control (MRAC) of the
Servomotor

One mode of operation for a servo motor is to trace the desired value. Standard
controllers use fixed settings and if the conditions of its operation has been changed the
new parameters must be set - usually by operator. The advanced idea is to tune
parameters of the controller automatically.

8.1. A SHORT VIEW OF MRAC THEORY

Model reference adaptive control [12], an explicit adaptive technique, has been very
attractive from the very beginning of the adaptive control approach. The basic idea of the
method is illustrated in Figure 7.1, where a reference model is used to specify the desired
performances of the basic loop, consisting of the. controlled process and a controller.

The reference model consists of the servo model and the same type of the controller as
used in the basic loop. In Figure 7.1 the classical feedback closed-loop controller is used
in the basic loop, but in some cases feedback controllers and pre-filters can be used as
well.

The current output of the controlled process is compared with the reference model output
and the parameters of the controller are modified in such a way that the response of the
controlled process follows that of the reference model.

DC   MOTORCONTROLLER

ADAPTATION

REFERENCE
MODEL

+

-

ym

yp

ε

uw

Figure 8-1: Block diagram of a model reference adaptive system (MRAC)
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The criterion to be minimised is:

I d
t

t t

=
+

∫1

2
2ε τ τ( )

∆

where:

( )ε τ = −y t y tp m( ) ( )

is the difference of the controlled process outputs and reference model outputs. The
adjustment of the classical controller parameters can be made using the steepest descent
technique.

8.2. ADAPTIVE CONTROLLER DESIGN

The rewritten transfer function of the DC motor is given by:

G s
Y s
U s

K

T

s
T

s

s

s

s

( )
( )
( )

= =
+2 1

To control the  DC motor we use the controller operating according to law:

u fw q y q y= − −0 1�

There are three parameters:
f proportional to the desired value
q0 proportional to the DC motor velocity
q1 proportional to the DC motor position

Figure 8-2: shows the basic control loop with the implemented controller.



CHAPTER 8
MS150 MODULAR SERVO
Teaching Manual ASSIGNMENT 7. Model Reference Adaptive Control (MRAC)

33-008-4M5 8-3

f

q0s+q1

G(s)
+

-

yuw

Figure 8-2: The applied control loops

where :
w - desired value
u - control,
y - output (position and velocity),
f,q0,q1 - parameters of the controller.

This kind of the controller is easy to implement while designing the adaptive controller.
In this case the equation of the controller in the reference model is given by:

u f w q y q ym m m m m m= − −0 1�

and the equation of the controller in the basic control loop (the real  DC motor is
controlled) is given by:

u f w q y q yp p p p p= − −0 1�

The transfer function of the reference model is given by:
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The transfer function of the basic loop is given by:
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2 1
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
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
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Assume that we attempt to change the parameters of the controller so that the error ε
between outputs of the process and the reference model is driven to zero. To make the
value of the criterion I small it is reasonable to change the parameters in the direction of
the negative gradient of I.



CHAPTER 8
MS150 MODULAR SERVO

ASSIGNMENT 7. Model Reference Adaptive Control (MRAC) Teaching Manual

8-4 33-008-4M5

Applying this concept for the first parameter leads to:

∆ f g grad I g
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p p p

= − = −
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For changing speed of the first parameter variations it follows that:
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If the performance criterion is introduced:
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Integrating leads to:
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For the remaining parameters we obtain:
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where the sensitivity functions can be obtained by corresponding derivations and suitable
approximations as follows:
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We do not know the actual parameters of the DC motor, hence we can assume the
constants determining the rate of gradient adaptation g g gq q qfrp rp rp

, ,
0 1

 as:

mp

pmm
ii TK

TKf
gg =

In this case the parameters of the controller are given by:
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8.3. MODEL REFERENCE ADAPTIVE CONTROLLER

The MRAC algorithm was implemented using the EXTERNAL INTERFACE..

To run the adaptive controller type: es_mracm  in Matlab Command Window or click
Adaptive Controller  button in the Main Control  Window.

Figure 8-3: Simulink model for the es_mrac.dll library (es_mracm.mdl file).

The es_mracsf.m file contains the S-function associated with the Real Time Task block.
The function has six parameters:

• Reference source - this parameter is set by selecting the appropriate element in
the listbox which contains three fields:

◊ Simulink generator - this option causes the Simulink signal generator
Desired Position (see Figure 8-4) to be the source of the reference angle,

◊ External signal - the reference signal comes from the MS150 hardware,

◊ Built-in generator (square) - the signal generator built into the RTK is the
source of the square wave which determines reference value,

• Reference model parameters [Km Tm]  - Km and Tm parameters of the reference
model,

• Reference model controller parameters [f q0 q1] - Parameters to control the
reference model,

• Constants rate of gradient adaptation [gf gq0 gq1] - gain factors of gradient
adaptation
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• Max control - maximum value of the control,

• Downsampling ratio - this parameter decreases the rate of output data flow from
the output of the Real Time Task (Figure 8-5). For example, if the downsampling
coefficient is 10, for each 10 sampling periods only one is transferred to the output
of the block.

Figure 8-4: Parameters of the Real-Time Task block.

1

out_1

es_mracsf

Real-Time Task

1

In

Figure 8-5: The Real-Time Task block.



CHAPTER 8
MS150 MODULAR SERVO

ASSIGNMENT 7. Model Reference Adaptive Control (MRAC) Teaching Manual

8-8 33-008-4M5

Mask edit fields:

Mask field Parameter (s)
Reference model parameters [Km Tm]  [Km Tm]
Reference model controller parameters [ f q0 q1 ] [ fm  q m0  q m1 ]
Gain factors of gradient adaptation [gf gq0 gq1] [ gfp

 gq p0
gq p1

]

Initial controller parameters [ f q0 q1] [ ( )f p 0  ( )q p0 0  ( )q p1 0 ]

Max control [Umax] |Umax|
Downsampling ratio see s-function description

8.4. EXAMPLE

The main goal of this example is to follow the reference position signal set as a square
wave.

Set the brake “on” and the start the algorithm with the following parameters (Figure 8-6):

Parameter (s) Value
 [Km Tm] [80.0 0.05]

[ fm  q m0  q m1 ] [0.092 0.058 0.092]
[ gfp

 gq p0
gq p1

] [0.00002 0.00001 0.00002]

[ ( )f p 0  ( )q p0 0  ( )q p1 0 ] [0.1 0.08 0.1]

|Umax| 0.6
Downsampling ratio 0
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Figure 8-6: Tracking the reference signal (brake is on)

Next, switch off the brake  and  observe the behaviour of the DC motor (Figure 8-7).
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Figure 8-7: Tracking the reference signal before adaptation (brake is off)

Notice, that the parameters of the DC motor controller started to adapt.

After few periods you can observe a better response of the DC motor (Figure 8-8).
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Figure 8-8: Tracking the reference signal after adaptation (brake is off)

The algorithm is ready to make experiments with different model reference parameters,
gradient adaptation constants and initial values of the real controller.
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