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ABSTRACT 

DEVELOPMENT OF A DC-MOTOR CONTROL

LABORATORY EXPERIMENT 

ARDM H.MOHAMMEDALI

M.Sc., Department of Electronic and Communication Engineering 

Supervisor: Assoc. Prof. Dr. Klaus Werner SCHMIDT

NOVEMBER 2012  52 Pages 

Control laboratory experiments are usually expensive and do not allow much 

flexibility regarding controller designs and controller implementation. Because of 

this reason, the subject of this thesis is the development of a low-cost DC motor 

speed control experiment that can be used for various controller designs and different 

controller implementations. The thesis both describes the hardware components of 

the experiment and performs controller designs using the pole placement method, 

root locus method, symmetrical optimum and magnitude optimum method. In 

addition it is shown that control architectures such as disturbance forward can be 

used for the DC motor speed control. All controller designs are evaluated by 

simulations in Matlab/Simulink and are applied to the hardware experiment in the 

form of discrete-time control algorithms.  

Keywords:  DC motor, laboratory experiment, control system design, discrete-time 

control, microcontroller. 
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ÖZ 

DC-MOTOR KONTROL GEL M
LABORATUVAR DENEY 

ARDM H.MOHAMMEDALI 
KAHYA

Yüksek Lisans, Elektronik ve Haberle me Bölümü 
Tez Yöneticisi : Doç. Dr. Klaus Werner Schmidt 

NOVEMBER 2012, 52 sayfa 

Kontrol laboratuvar deneyleri genellikle pahalıdır ve denetleyici tasarımları ve 
denetleyici çok esnek izin vermezler. Bu nedenle, bu tezin konusu, çe itli kontrol 
tasarımları ve farklı kontrol uygulamaları için kullanılabilecek dü ük maliyetli bir 
DC motor hız kontrol, hem deney donanım bile enleri hem de kutup yerle tirme 
yöntemi, kök yer e risi metodu, simetrisi uygun ve büyüklü ü uygun yöntemi 
denetleyici tasarımları. Buna ek olarak, ileri bozukluk gibi kontrol mimarilerinin DC 
motor hız kontrolü için kullanılabilece i gösterilmi tir. Tüm kontrolör tasarımları
Matlab / Simulink de ve kesikli zaman kontrol algoritmaları eklinde donanım
deneylerine uygulanmı tır. 

Anahtar: DC motor, laboratuar deney, kontrol sistemi tasarımı, ayrık zamanlı
kontrol, mikrodenetleyici 



vi

ACKNOWLEDGEMENTS 

In the name of Allah : The Most Gracious, the Most Merciful 

I would like to express my profound gratitude to my supervisor, Assoc. Prof. Dr. 
Klaus Werner Schmidt , who has supported me throughout my thesis with his 
patience and knowledge. 

Special thanks is also given to University of Cankaya for awarding me this 
opportunity to improve my knowledge and experiences. 

 Last but not least, my deepest gratitude goes to my beloved parents and my fabulous 
wife for their endless support, prayers and encouragement during my studies. 



TABLE OF CONTENTS

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii
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INTRODUCTION

Education in control systems is compulsory in many engineering curricula such as

Electrical and Electronics Engineering, Mechanical Engineering and Mechanical En-

gineering. In the related courses, the analysis and design of control systems is studied

mostly on a theoretical level. Frequently, experimental control laboratories are only

offered for a smaller number of students in the form elective courses. In many cases,

this is also due to the high cost and the limited usability of control equipment.

In view of the above discussion, the subject of this thesis is the development of a

low-cost DC motor speed control laboratory experiment that can be used in com-

pulsory control courses. The system is designed to support analytical modeling,

which enables the use of a large variety of control design methods [5, 13, 4, 8, 14, 1].

In addition, the system is suitable for the application of disturbances in order to

validate disturbance rejection of different controller design methods. The main com-

ponents of the system are a DC motor with optical encoder, a load generator, a PIC

16F877A microcontroller and a L293D motor driver.

In the practical part of the thesis, the hardware setup is described in detail and sam-

ple measurements are taken for illustration. In the theoretical part of the thesis, first,

an analytical model of the DC motor system is developed. Based on step response

measurements of the DC motor system, the parameters of this model are identified

for the later controller design. Various controller design methods are applied includ-

ing pole placement [5], root locus design [13], symmetrical optimum and magnitude

optimum [18]. All controller designs are accompanied by Matlab/Simulink simula-

tions and a comparison to measurements of the real hardware setup. All controllers

are converted to discrete-time control algorithms in order to support implementation

on the PIC microcontroller. In addition the disturbance feedforward architecture

[5] is applied in order to make use of direct measurements of a load disturbance.

The organization of the thesis is as follows. In Chapter 1, the basic properties of
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the DC-motor speed control system are described. In addition, this chapter provides

details of the hardware setup used in this thesis. Regarding Chapter 2, the analytical

model of the DC motor is developed and the methods that are used to design DC

motor controllers are explained. Chapter 3 applies the described methods to the

hardware setup and provides simulations as well as measurements from the DC

motor experiment.
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CHAPTER I

DESCRIPTION OF THE DC MOTOR SPEED CONTROL SYSTEM

In this chapter, the hardware setup for the DC motor control experiment is ex-

plained. Section 1.1 gives an overview of the experiment. The DC motor component

is described in Section 1.2 and its driver circuit is given in Section 1.3. Section 1.4

elaborates the working principle of the speed encoder used in the experiment and

in Section 1.5, the features of the microcontroller for the controller realization are

outlined. The data exchange between the mı́crocontroller and a PC is described in

Section 1.6 and an extension of the DC motor experiment by a load generator is ex-

plained in Section 1.7. Finally, sample measurements using the different components

of the experimental setup are shown in Section 1.8.

1.1 OVERVIEW OF THE DC MOTOR CONTROL EXPERIMENT

The DCmotor experiment requires several electronic components in order to perform

measurements, process measurement data and actuate the motor. This section gives

an overview of the required components. A general overview is shown in Figure 1.1.

The DC motor speed depends on its input voltage. The higher the voltage, the

higher the motor speed. The easiest and most power efficient way to adjust the

input voltage is the usage of pulse width modulation (PWM) together with a motor

driver circuit. This solution is also chosen in our experiment as can be seen in the

figure. A driver circuit L293D is connected to the DC motor and receives a PWM

input from a PIC microcontroller. In order to perform feedback control, an encoder

3



Figure 1.1: Schematic diagram of the DC motor speed control system.
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sensor is used for measuring the DC motor speed. This encoder is also connected to

the PIC microcontroller. The PIC microcontroller is mainly used to implement the

control algorithm in the experiment. It receives the sensor data from the encoder

and computes the characteristic values of the PWM signal for the motor driver.

Finally, the PIC microcontroller is connected to a PC using serial communication

via RS232. This enables the processing of measurement and control input data using

the software Matlab.

1.2 SERVO DC MOTOR

The main function of each DC Motor is to take electrical energy as input and trans-

form it into mechanical energy as an output through the interaction two magnetic

fields. The basic parts of a DC motor are shown in Figure 1.2. There is (1) the

magnets part (stator) that is considered as the non-turning part, (2) the rotating

shaft (rotor) that is considered as the turning part, the rotor windings that produce

a magnetic field depending on the supplied voltage.

Figure 1.2: Basic parts of a DC motor.
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1.3 DRIVER

The power for driving the DC motor is supplied by the driver circuit L293D [16].

It is a 16-pin DIP integrated circuit that is designed to provide output currents up

to 600mA at voltages from 4.5 V to 36 V. The peak output current is 1.2A per

channel. The L293D contains two built-in H-bridge driver circuits and can hence be

used to drive two motors simultaneously.

Figure 1.3 illustrates the pin layout of the L293D driver. In order to drive a single

DC motor, it is connected between pins OUTPUT1 and OUTPUT2. Then, the pins

INPUT1 and INPUT2 can be used to determine the motion of the DC motor. It

stops if both pins are high (5V) or low (0V). Otherwise, the DC motor turns in

clockwise or counter-clockwise direction. Power for the DC motor is supplied via

pin Vs (12V for our motor) and the logic voltage is supplied at pin Vss (5V). The

driver circuit is activated if the pin Enable1 is 5V.

Figure 1.3: L293D pin description.
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1.4 ENCODER

An encoder as shown in Figure 1.4 is used to measure the speed of the DC motor.

The type of encoder is called rotary encoder because it used to convert the rotary

motion into electrical pulses. Such encoder is used in many practical applications

such as industrial control, robotics, special purpose photographic lenses [3]. In our

experiment, we use the encoder to measure the speed of the DC motor. It has 24

slots and when the encoder rotates, the photo sensor in the encoder counts the slots

by generating voltage pulses at its output pins. With this operating principle, it

is possible to determine the speed in rad/sec from the number of pulses that are

counted per time unit. If we write NT for the number of pulses per time unit T and

ω for the rotational speed, we obtain the following equation.

ω =
NT

T
. (1.1)

Figure 1.4: Encoder for the DC motor speed control system.
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1.5 MICROCONTROLLER (PIC16F877A)

Microcontrollers are used today widely in embedded applications such as the mod-

ern car (antilock braking System (ABS), central locking, electrical mirror and seat

adjustments, etc) toys, telephones, household appliances as well as peripherals for

computer systems. Basically, microcontrollers integrate the fundamental resources

available in a microprocessor system such as the CPU, memory, and I/O resources in

a single chip. In our thesis we use the Microcontroller PIC 16F877A [11] that can be

considered as one of most popular models of the PICMicro family microcontrollers.

The PIC 16F877A have 40 pins as show in Figure 1.5 but it is not necessary to use

all the pins of pic16f877a to control the speed of the DC motor.

Figure 1.5: PIC16F877A pin layout

Besides the standard pins for logic voltage supply, ground and flash programming,

our experiment uses further pins for PWM signal generation, interrupt measure-

ment and serial communication. A PWM signal can be generated using the pin

RC2/P1A/CCP1 of the PIC. Hence, this pin is connected to the input of the DC

motor driver in order to perform speed control. The following code is used to set

the duty cycle of the PWM signal.

PORTC = 0xff; // PORTC is output

8



PWM2_Init(8000); // Initialize with oscillator frequency 8MHz

PWM2_Start(); // Start the PWM routine

PWM2_Set_Duty(150); // Set the duty cycle to 150 (out of 255)

Pin RB0/AN12/INT is used to generate an interrupt whenever a pulse is detected

at the pin. Hence, this pin is connected to the encoder in order to detect the encoder

pulses. The following interrupt routine is implemented on the PIC to count pulses.

unsigned int count=0; // This count use in interrupt routine

void interrupt() // enter when falling edge is detected

{

count++; // increment counter

INTCON.INTF=0; // clear interrupt flag

}

Pins RC7 and RC6 are used to perform serial communication. Because of that

reason, they are connected to the driver circuit MAX232. In our experiment, mea-

surement data and control input data are transmitted via this serial communication.

The following code is used for this purpose.

char* input[7];

char* text[9];

char* output[7];

char $uart_rd$;

void main()

{

PORTC = 0xff; // PORTC is output

UART1_Init(9600); // Initialize serial communication 9600 baud

intToStr(60,output); // output value 60

UART1_Write_Text(output); // Transmit output value

intToStr(150,input); // input value 150

UART1_Write_Text(input); // Transmit input value

}

9



1.6 SERIAL COMMUNCATION

Measurement data are transmitted by the PIC microcontroller using pin RC7 and

RC6 on a TTL voltage level. However, serial communication with RS232 requires a

voltage level between -15V and 15V. The conversion of the voltage level is performed

by a MAX232 integrated circuit [17]. The MAX232 is an integrated circuit that is

mostly used to convert RS232 voltage level to be compatible with TTL level and

vise versa as is shown in Table1.1.

RS-232 TTL to/from MAX232 Logic
-15V · · · -3V +2V · · · +5V 1
+3V · · · +15V 0V · · · +0.8V 0

Table 1.1: Voltage levels on RS232 and MAX232

The MAX232 contains two receivers (converts from RS-232 to TTL voltage levels)

and two drivers (converts from TTL logic to RS232 voltage levels) as is show in

Figure 1.6.

Figure 1.6: MAX232

In our experiment, we use pins 11 and 14 for the transmission of data from the

10



PIC to a PC. The connection between MAX232 and the PC is done by RS232.

The RS232 serial interface communications standard has been widely used today to

transfer data serially between two devices. The data is transmitted in one direction

over two wires,Tx is labeled as data going out while Rx is labeled as data coming

in. In addition, a third wire GND is needed as ground. Figure 1.7 illustrates pin

description for the RS232 serial port (not all pins need to be used in our experiment).

Figure 1.7: DB-9 pin connector for RS232

1.7 SECOND MOTOR WITH LOAD

One objective of our experiment is to achieve a constant DC motor speed even there

is a load. We use a second DC motor that is operated in generator mode as load. It

is mechanically connected to the first DC motor as is shown in Figure 1.8. A load

resistance of 57Ω is chosen.

In addition, the following block diagram in figure 1.9 shows the interaction between

the different components of the overall setup. In particular, the load can be switched

on or off.

11



Figure 1.8: DC Motor with load generator.

Figure 1.9: Block diagram including the DC motor with load generator.
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1.8 EXAMPLE MEASUREMENT

This section shows different measurements from the experimental setup in order to

illustrate the basic functionality of the DC motor experiment. Section 1.8.1 and

1.8.2 illustrate the functionality of the encoder and the PWM unit. Section 1.8.3

to 1.8.4 show different step responses. In these experiments, measurement data are

transmitted from the PIC to a PC and then processed using Matlab.

1.8.1 Pulse Measurmenet for Encoder

Figure 1.10 shows a snapshot of the encoder output for a constant speed of the DC

motor measured by an oscilloscope. Each pulse generates an interrupt on the PIC

microcontroller as is explained in Section 1.5.

Figure 1.10: Encoder pulses measured by the PIC microcontroller.
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1.8.2 PWM Measurmenet and duty cycle

The PIC microcontroller uses PWM in order to control the speed of the DC motor.

That is, the signal given to the driver circuit is a square wave, whose duty cycle

determines the level of the output voltage. Here, the term duty cycle refers to the

percentage of one cycle (time Tc) during which the signal level is high (time Ton).

Since the frequency is held constant while the on-off time is varied, the duty cycle of

PWM is determined by the pulse width. The expression of duty cycle is determined

by:

Dutycycle =
Ton

Tc

× 100% (1.2)

Figure 1.12 illustrates the meaning of the duty cycle.

Figure 1.11 shows a PWM measurement from our experimental setup for a duty

cycle value of 40%.

Figure 1.11: Pulse width modulation.
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Figure 1.12: Duty Cycle
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1.8.3 DC-Motor Step Response

In the first experiment, a step response of the single DC motor is recorded. To this

end, the duty cycle of the PWM unit is set from 0 to 191 in the PIC program and

the motor speed (in terms of counted pulses from the encoder) is measured every

50ms. Figure 3.2 shows the resulting step response measurement. It can be seen
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Figure 1.13: Speed measurement

from the figure how the speed of the DC Motor is effected by changing the duty

cycle value. The speed increases to a value of 65 pulses per 50ms after a short rise

time of less than 0.5 sec. The speed can be converted to the classical representation

of angular velocity ω in rad/sec by considering that one round (2π) corresponds to

24 pulses as described in Section 1.4. Denoting the number of pulses counted as p,

we can write

ω =
p · 2π

24 · 0.05 sec
(1.3)

Hence, 65 pulses per 50ms corresponds to 340.3 rad/sec or f = w
2π
( red
sec

).
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1.8.4 DC-Motor Step Response with Load Generator

We next study the step response for the experimental setup with two DC motors,

whereby the second motor works as generator. First a step of the duty cycle from 0

to 191 is performed and later (around time 10 sec) a the load is switched on. Figure

1.14 shows that the speed increases to a value of around 54 rounds per 50ms after

the first step and decreases to about 43 rounds per 50ms after the load step. 6mm
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Figure 1.14: Step response with load generator.
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CHAPTER II

CONTROL METHODS FOR THE DC-MOTOR EXPERIMENT

During this chapter we cover the following topics. In section 2.1, the analytical

model of the DC motor is described and in Section 2.2 the basic feedback control

loop is recalled. Section 2.3 explains the pole placement method that is used to

design controllers for LTI systems and Section 2.4 outlines the root locus design

method. The symmetrical optimum and magnitude optimum control methods are

explained in Section 2.5 and Section 2.6, respectively. Section 2.7 points out the

disturbance feedforward mathod that is used to reduce the effect of measurable

load disturbances and finally Section 2.8 presents methods for the conversion of

continuous time controllers to discrete time.

2.1 DC MOTOR MODELING

We first derive a model of the DC motor. It is based on the following schematic in

Figure 2.1.

As can be seen in the figure, the model description is divided into an electrical com-

ponent (so-called armature circuit) and a mechanical component (so-called motor

shaft). The relevant variables in the armature circuit are the input voltage u, the

armature current ia, the armature resistance Ra, the armature inductance La as well

as the voltage uM = cΦF ·ω that is induced by the motor motion (cΦF is the so-called

motor constant). The motor shaft is driven by the motor torque TM = cΦF · ia, the

load torque TL and the momentum (JM + JL) · ω̇ (we write Ja = JM + JL in the

18



u
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uM = cΦF · ω
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ω

M

Figure 2.1: DC motor with load momentum.

future) that is induced by the inertia of the rotating masses (JM and JL are the

moments of inertia of the motor shaft and the load).

Based on the above description, it is now possible to derive a state space model of

the DC motor using the following equations.

Conservation of torque

Ja
d

dt
ω = TM − TL (2.1)

Motor torque equation

TM = cΦF · ia (2.2)

Voltage equation

La
d

dt
ia = u−Ra ia − uM (2.3)

Induced voltage

uM = cΦF · ω (2.4)

Combining the equations (2.1) to (2.4), and choosing the state variables ia and ω,

the following state equations are obtained.

d

dt
ia =

1

La

(−Ra ia − cΦF · ω + u) (2.5)

d

dt
ω =

1

Ja
(cΦF · ia − TL) (2.6)
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u

Ra

1/La

ia

uM

TL 1/Ja

ωTM

cΦF

cΦF

Figure 2.2: Block Diagram of the DC motor.

In addition, Figure 2.2 shows the block diagram of the DC motor model.

Using classical block diagram simplification rules, the simplified block diagram in

Figure 2.3 is obtained.

u
G1(s) G2(s)

TL

ω

Figure 2.3: Transformed block diagram of the DC motor.

The transfer functions G1 and G2 in this block diagram evaluate as

G1(s) =
cΦF/Ra

1 + sLa/Ra

(2.7)

G2(s) =
Ra

cΦ2
F

·
1 + sLa/Ra

1 + s (Ja ·Ra)/cΦ2
F + s2 (La · Ja)/cΦ2

F

(2.8)
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2.2 FEEDBACK LOOP

The DC motor speed control requires the use of feedback. Based on the speed

measurement by the encoder, our goal is to adjust the PWM signal that is considered

as the input of the DC motor. The basic feedback control loop is shown 2.4.

Practically, the controller is realized on the PIC microcontroller in the form of a

Figure 2.4: Feedback control loop.

discrete-time control algorithm. Based on the measurement of the encoder at pin

33, the PIC microcontroller adjusts the PWM duty cycle. The PWM signal at pin

16 then controls the output voltage of the driver circuit L293D.
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2.3 POLE PLACEMENT

Pole placement method is one of the classical controller design methods for LTI

systems in the basic feedback control loop [9] that is shown in Figure 2.4. It can

be applied to both continuous-time systems and discrete-time systems. The basic

idea of the pole placement is to first choose the desired poles of the closed-loop

transfer function of the system according to given performance specifications. That

is, the denominator polynomial Q(s) of the closed-loop system is pre-determined.

Then, the controller transfer function C(s) is directly computed. This method is

studied in the courses ECE 441 (continuous-time systems) and ECE 438 (discrete-

time systems).

Suppose that we have a closed-loop system described by the rational transfer func-

tion:

G(s) =
B(s)

A(s)
, (2.9)

where B(s) is the numerator polynomial

B(s) = bns
n + bn−1s

n−1 + ....+ b0 (2.10)

and A(s) is the denominator polynomial of the system:

A(s) = ans
n + an−1s

n−1 + ....+ a0 (2.11)

n is called the degree of the system. The controller transfer function is

C(s) =
P (s)

L(s)
(2.12)

with the controller numerator

P (s) = Pms
m + Pm−1s

m−1 + ....+ P0 (2.13)

and the controller denominator
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L(s) = lms
m + lm−1s

m−1 + ....+ l0 (2.14)

m is the controller degree. Now assume that Q(s) represents the desired closed-loop

polynomial. The task is to compute the coefficients of P (s) and L(s) such that the

closed-loop polynomial Q(s) is obtained. This is achieved by the design equation

Q(s) = A(s)L(s) +B(s)P (s). (2.15)

In the lecture, basically two versions of the pole placement design are discussed:

pole placement without additional requirements and pole placement with integral

action.

• For the pole placement method without additional requirements, the controller

degree is usually chosen as m = n−1. This means, if the degree of the system

is n = 1, the controller type will be proportional controller m = 0 but when

the system order is larger (n > 1), then the controller type will be a lead/lag

compensator in the following form

C(s) =
p0 + ...+ pn−1 s

n−1

l0 + ...+ ln−1 sn−1
(2.16)

with l0 �= 0. The only disadvantage of this method is that it does not lead

to an integral controller. That is, the feedback loop will generally show a

non-zero steady-state error for reference and disturbance steps.

• Pole placement with integral action solves this problem by increasing the con-

troller degree. The choice is now m = n and the controller transfer function

:

C(s) =
p0 + · · ·+ pn s

n

(l0 + · · ·+ ln−1 sn−1) s
(2.17)

is used. Evaluating the design equation leads to integral control. Depending

on the system degree n, different controller types are achieved. For example,

n = 1 leads to PI-control and n = 2 leads to PID-control.
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2.4 ROOT LOCUS

Root locus design is a graphical technique for the closed-loop design in the basic

feedback control loop. The root locus allows us to find the poles of the closed-

loop system by starting from the open-loop system’s poles and zeros. Using this

information it is possible to perform controller design based on the root locus for

both stability and transient system response. The root locus method can be applied

to systems of arbitrary order, however, the root locus can become very complex for

systems of degree n = 4. The root locus design is explained in ECE 388 (Automatic

Control), ECE 441 (Control System Design) and ECE 438 (Digital Control).

The basic steps in applying the root locus method are as follows.

• Determine the open loop transfer function with a free gain parameter K:

Go(s) = K C(s)G(s).

• Sketch the root locus plot of Go(s) (this can be done manually or using Mat-

lab).

• Move the closed-loop poles to desired locations according to the closed-loop

specification.

• Determine the controller gain K.

• Simulate the feedback loop with the designed controller and verify if the closed-

loop behavior is as desired.

2.5 SYMMETRICAL OPTIMUM METHOD

The (Kessler’s) symmetrical optimum method is used for controller designs that

lead to reasonable responses both for reference steps and disturbance steps. Usually,

responses are fast with zero steady-state error but with overshoot. The symmetrical

optimum method requires plant models that can be represented in the following

form.

G(s) =
K

(1 + s T1) · · · (1 + s Tn)(1 + s τ)
. (2.18)
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In this model, T1, . . . , Tn are time constants that are large compared to the single

time constant τ . If the plant model is accordingly, a controller of the following form

is used.

C(s) = Kp
(1 + s Tp)

n

s (1 + s τP )n−1
, (2.19)

where

• n+ 1 is the order of the plant

• KP is the controller gain

• TP is the numerator time constant

• τP is the denominator time constant that is usually chosen as τP < 0.1TP

Using the plant parameters n, T1, . . . , Tn, τ and K, the design equation for the

symmetric optimum controller is given by

Kp =
1

2K τ

T1 · · ·Tn

(4n τ)n
(2.20)

Tp = 4n τ (2.21)

In summary, the symmetrical optimum enables the design of PID-type controllers

for systems with several large time constants and one small time constant. It has

a straightforward design equation, and leads to closed loops with fast responses to

reference and disturbance steps. The symmetrical optimum is studied in ECE 441

(Control System Design).

2.6 MAGNITUDE OPTIMUM METHOD

The magnitude optimum method is usually used to achieve good reference tracking.

It is based on the assumption that we want to obtain T (s) ≈ 1 for the complementary

sensitivity of the basic feedback loop.

The magnitude optimum can be applied to stable time-lag plants that can be rep-

resented in the form

G(s) =
1

A(s)
=

1

a0 + · · ·+ ansn
(2.22)
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The controller transfer function is chosen as an integral controller with

C(s) =
P (s)

2s
=

p0 + · · ·+ pms
m

2s
(2.23)

Then it is desired to find the numerator coefficients of the controller transfer func-

tion. We basically study the cases of PI control (P (s) = p0 + p1 s) and PID control

(P (s) = p0 + p1 s + p2 s
2). For these cases, closed-form formulas for the controller

parameters are as follows.

PI-control: P (s) = p0 + p1 s

p0 = a0
a21 − a0a2
a1a2 − a0a3

(2.24)

p1 = a1
a21 − a0a2
a1a2 − a0a3

− a0 (2.25)

PID-Control P (s) = p0 + p1s+ p2s
2

D =

∣
∣
∣
∣
∣
∣
∣
∣

a1 −a0 0

a3 −a2 a1

a5 −a4 a3

∣
∣
∣
∣
∣
∣
∣
∣

(2.26)

p0 =
1

D

∣
∣
∣
∣
∣
∣
∣
∣

a20 −a0 0

−a21 + 2a0a2 −a2 a1

a22 + 2a0a4 − 2a1a3 −a4 a3

∣
∣
∣
∣
∣
∣
∣
∣

(2.27)

p1 =
1

D

∣
∣
∣
∣
∣
∣
∣
∣

a1 a20 0

a3 −a21 + 2a0a2 a1

a5 a22 + 2a0a4 − 2a1a3 a3

∣
∣
∣
∣
∣
∣
∣
∣

(2.28)

p2 =
1

D

∣
∣
∣
∣
∣
∣
∣
∣

a1 −a0 a20

a3 −a2 −a21 + 2a0a2

a5 −a4 a22 + 2a0a4 − 2a1a3

∣
∣
∣
∣
∣
∣
∣
∣

(2.29)

2.7 DISTURBANCE FEED FORWARD

Disturbance feedforward is a method that can be used if a disturbance, that acts on

the plant, can be measured [1]. In that case, it is possible to directly react to the
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disturbance. We consider the block diagram in Figure 2.5, that has the structure of

a DC motor speed control system. This disturbance is generated as the load torque

L.

Figure 2.5: Disturbance feedforward controller architecture.

If we want to remove the disturbance before its effect to the output, we must fulfill

the following equation according to the block diagram.

−1 + F (s)G1(s) = 0 (2.30)

Here, F (s) is the disturbance feedforward transfer function and P1(s) is the DC

Motor transfer function. Solving for F (s) leads to

F (s) =
1

G1(s)
(2.31)

If F (s) in (2.31) is not proper, it is generally multiplied by a lag transfer function.

An example of this is shown in Section 3.7. Disturbance feedforward is part of the

lecture ECE 441 (Control System Design).

2.8 CONTINUOUS AND DISCRETE-TIME CONTROL

In many cases, controllers are designed in the s-domain but realized on a digital

computer such as a microcontroller or programmable logic controller (PLC). That

is, the continuous-time controller transfer function has to be converted to a discrete-

time (digital) representation. We use three classical approximation methods to

perform this task.
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• Euler method when:

s =
z − 1

T
(2.32)

• Euler backward method when:

s =
z − 1

zT
(2.33)

• Trapeziodal method when:

s =
2

T

z − 1

z + 1
(2.34)

where T is the sampling period. This technique is studied in detail in the course

ECE 438 (Digital Control). After performing the integral approximation, the result

is a transfer function in the z-domain of the form

C(z) =
U(z)

E(z)
=

bn z
n + bn−1 z

n−1 + · · ·+ b1 z + b0
zn + cn−1zn−1 + · · ·+ c1 z + c0

(2.35)

In order to implement such controller on a microcontroller, the z-transfer function

is converted to a discrete-time difference equation as follows

U(z) (zn + cn−1z
n−1 + · · ·+ c1 z + c0) = E(z)(bn z

n + bn−1 z
n−1 + · · ·+ b1 z + b0)

U(z) (1 +
cn−1

z
+ · · ·+

c1
zn−1

+
c0
zn

) = E(z)(bn +
bn−1

z
+ · · ·+

b1
zn−1

+
b0
zn

)

Considering that the factor 1/z in the z-domain corresponds to a time delay of one

sampling time, we get the following difference equation.

uk = −cn−1 uk−1−· · ·−c1 uk−n+1−c0 uk−n+bn ek+bn−1 ek−1+· · ·+b1 ek−n+1+b0 ek−n

(2.36)
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CHAPTER III

CONTROLLER DESIGN FOR THE DC-MOTOR EXPERIMENT

In this chapter, Section 3.1 performs the identification of the DC motor model

parameters. Section 3.2 to 3.5 apply different controller design methods to the

DC motor experiment. Disturbance rejection is discussed in Section 3.6 and the

disturbance feedforward method is described in Section 3.7.

3.1 DC MOTOR MODEL IDENTIFICATION

The mathematical model of the DC motor is explained in Section 2.1 and it is

described by the transfer function

G(s) =
Ω(s)

U(s)
=

1

cΦF

1

1 + Ra Ja
cΦ2

F

s+ La Ja
cΦ2

F

s2
(3.1)

Here, U is the Laplace transform of the control input voltage u and Ω is the Laplace

transform of the output angular velocity ω. In addition, it has to be considered that

the actual control input in our experiment is not the input voltage but the duty

cycle of the PWM signal that is provided by the PIC. Furthermore, it has to be

noted that the actual sensor measurement on the PIC is not the angular velocity

but the number of pulses per time unit. We consider the relationship between duty

cycle δ and input voltage u as

u = Ku δ = 12V/255 δ. (3.2)
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and the relationship between angular velocity ω and pulse count p per time unit T

as

p = Kω ω =
24T

2π
ω. (3.3)

Hence, the actual plant transfer function can be written as

Ga(s) =
P (s)

Δ(s)
= KuG(s)Kω, (3.4)

In order to determine the plant model, the unknown parameters Ra, Ja, La and

cΦF have to be identified. The resistance Ra of the DC motor can be directly

measured and evaluates to 20Ω. The other parameters are determined using a step

response measurement of the DC motor with an input duty cycle step from 120 to

200. Output measurements are taken with a sampling time of T = 0.05 sec. The

step response measurement is shown in Figure 3.1.

0 1 2 3 4 5 6 7
120

140

160

180

200

220

240

260

280

300

time [sec]

sp
ee

d 
[r

ad
/s

ec
]

simulation
measurement

Figure 3.1: Step response of the DC motor.

In the next step, the identification tool of Matlab is used to determine the transfer

function corresponding to the measured step response. In accordance with the DC

motor model, we choose a second-order lag transfer function and obtain

Ga(s) =
687.5

s2 + 218.5 s+ 2545
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Figure 3.2: Comparsion of step response measurement and simulation

Hence, the missing parameters can be computed as

cΦF =
1

K
= 0.0333

Ja =
a1 cΦ

2
F

Ra

= 4.7517 · 10−6

La =
a2 cΦ

2
F

Ja
= 0.0915

The parameters of the transfer function Ga(s) are summarized in Table 3.1. Figure

Ra cΦF Ja La Ku Kω

20 0.0333 4.7517 · 10−6 0.0915 12V/255
24T

2π
Table 3.1: Parameters of Ga(s)

?? shows a comparison of the measured step response and a simulation of the iden-

tified plant model. It is readily observed that both measurement and simulation

are very close. Hence, the plant model is considered as suitable for a model-based

controller design. It only has to be noted that a small oscillation can be observed

in the step response measurement of the DC motor. This oscillation is due to a

mechanical misfit between the two connected DC motors.
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3.2 APPLICATION OF POLE PLACEMENT

The plant transfer function is actually a second-order lag transfer function with one

large and one very small time constant as follows.

Ga(s) =
0.2701

(0.081 s+ 1)(0.0049 s+ 1)

In order to simplify the pole placement design, this transfer function is approximated

by neglecting the small time constant. Hence, the transfer function used in the design

is

Gapp(s) =
0.2701

(0.081 s+ 1)

For the pole placement design, we choose two different closed-loop polynomials. In

the first case, we obtain a slow closed loop without oscillations by placing all poles

at s = −5. In the second case, we want a faster closed loop with poles at s = −10.

In order to achieve integral control, we choose a controller transfer function with

integrator according to Section 2.3.

C(s) =
p0 + p1 s

l1 s
. (3.5)

Using the closed-loop polynomial Q1(s) = (s + 5)2 = s2 + 10 s + 25, the first case

yields the controller parameters p0 = 92.55, p1 = −8.681 and l1 = 12.35. That is,

the controller transfer function for the first case is

C(s) =
−8.681 s+ 92.55

12.35 s
. (3.6)

The discrete-time controller transfer function is computed for the sampling time

T = 0.05 with the trapezoidal method in Section 2.8. The resulting z-transfer

function is

C(z) =
6.576 z − 3.475

z − 1
. (3.7)

Finally, the inverse z-transform as described in Section 2.8 leads to the discrete-time

controller equation

uk = uk−1 + 6.576 ek − 3.475 ek−1 (3.8)

Considering the case of T = 0.05, the exemplary controller code is as follows.

int dutycycle = 0;
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unsigned int count=0; //This count used in interrupt routine

unsigned countOld =0; //Counter for the previous time

int eold=0; // old error value

int ek=0; // current errot value

unsigned short uold=0; // old value of the control input

unsigned int difference;

void interrupt() // count the encoder pulses

{

count++; // If "+" direction

INTCON.INTF=0; // Clear flag

}

void main()

{

TRISB = 0xff; // PORTB is input for endocer

PORTC = 0xff; // PORTC is output for PWM

INTCON=0b11010000; // enable RB0 interrupts

OPTION_REG=0b01000000; //Enable portB internal PULL-UP resistors

PWM2_Init(8000); // Initialize PWM 8MHz

PWM2_Start();

while(1)

countOld = count;

Delay_ms(50); // wait for 50 msec

difference = count - countOld; // pulses counted per ms

ek=34-difference; // error signal

//control input computation

dutycycle= (int)(6.576*(float)ek + (float)uold + 3.475*(float)eold);

if (dutycycle > 255)

dutycycle=255;

if (dutycycle < 0)

dutycycle = 0;
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uold = (unsigned short)dutycycle; // old control input

eold = ek; // old error

// set the value of the dutycycle

PWM2_Set_Duty((unsigned short)dutycycle);

}

}

Applying this code on the PIC microcontroller, the following reference step response

measurement in Figure 3.3 is obtained for a reference step of 52.4 rad/sec.
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Figure 3.3: Pole placement control with slow closed-loop poles.

The figure shows the measurement from the real DC motor experiment in comparison

with the simulation of the continuous time and discrete-time closed loop in Simulink.

It can be seen that the measurement result is very close to the simulation. It only

has to be mentioned that there is a slight overshoot in the measurement that does

not appear in the simulation. This deviation is caused by the mechanical misfit as

discussed in Section 3.1.
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Using the closed-loop polynomial Q2(s) = (s + 10)2 = s2 + 20 s + 100, the second

case yields the controller parameters p0 = 370.2, p1 = 28.34 and l1 = 12.35. That

is, the controller transfer function for the first case is

C(s) =
28.34 s+ 370.2

12.35 s
. (3.9)

The discrete-time controller transfer function is computed for two different sampling

times T = 0.05 and T = 0.02 with the trapezoidal method in Section 2.8. The

resulting z-transfer functions are

C0.05(z) =
12.77 z − 6.885

z − 1
C0.02(z) =

11 z − 8.65

z − 1
. (3.10)

Finally, the inverse z-transform as described in Section 2.8 leads to the discrete-time

controller equations

For T = 0.05

uk = uk−1 + 12.77 ek − 6.885 ek−1 (3.11)

For T = 0.02

uk = uk−1 + 11 ek − 8.65 ek−1 (3.12)

The comparison of measurement and simulation for a reference step of 52.4 rad/sec

is shown in Figure 3.4 (T = 0.05) and Figure 3.5 (T = 0.02).

Again, there is very good agreement between measurement and simulation. In ad-

dition, it has to be mentioned that there is small overshoot for a sampling time of

T = 0.05 but no overshoot for T = 0.02. This difference illustrates the effect of

decreasing the sampling time.

It has to be noted that another approximation of the second-order transfer function

Ga(s) is possible by considering the residuae for the different poles of the transfer

function. In this case, a partial fractional decomposition of the form

Ga(s) =
A

1 + 0.081 s
+

B

1 + 0.0049 s
=

is performed. The computation of A and B results in

Ga(s) =
0.2701

(1 + 0.081 s)(1 + 0.0049 s)
=

0.2875

1 + 0.081 s
+

−0.0174

1 + 0.0049 s
.
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Figure 3.4: Pole placement control with fast closed-loop poles and T = 0.05.
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Figure 3.5: Pole placement control with fast closed-loop poles and T = 0.02.
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In that case, Ga(s) is approximated as

Gapp(s) =
0.2875

1 + 0.081 s
.

The controller computation and control experiment for this approximation is very

similar to the result obtained for the previous approximation.

3.3 APPLICATION OF ROOT LOCUS DESIGN

3.3.1 Proportional Control

We follow the root locus design method as described in Section2.4 using the plant

transfer function

Ga(s) =
687.5

s2 + 218.5 s+ 2545
=

687.5

(s+ 12.3) (s+ 206.2)
. (3.13)

The root locus plot of Ga(s) (for the case of proportional control) is shown in Figure

3.6.
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Figure 3.6: Root locus plot for proportional control.

In this experiment, we choos K = 4 in order to achieve a closed loop that is not too
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Figure 3.7: Root locus design for proportional control and T = 0.02.

fast for control by the PIC microcontroller. It has been observed in the experiment

that faster closed loops lead to large oscillations. In the experiment, we perform a

reference step from 125.7 rad/sec to 178 rad/sec and use the discrete-time control

input computation

uk = 120 + 4 ek. (3.14)

Here, 120 is the duty cycle for achieving the initial speed 125.7 rad/sec. Using this

control input equation, the resulting comparison for simulation and measurement

and a sampling time of T = 0.02 is shown in Figure 3.7.

In this experiment, it can be seen that there is a deviation between the steady-state

values of simulation and measurement. According to the experimental evaluation,

this deviation is most likely caused by the low precision of the speed measurement

for small sampling times as T = 0.02. Hence, it is suggested to increase the precision

in future experiments by using a more precise encoder or by using a DC motor with

larger speed.
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3.3.2 PI Control

We use the same plant as in the case of proportional control but modify the controller

structure as

C(s) = KP
s+ 12.3

s
(3.15)

That is, we suggest to compensate the slow pole at 12.3. The resulting root locus

plot for Ga(s)C(s) is shown in Figure 3.8.
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Figure 3.8: Root locus plot for PI control.

Again, in order to achieve a closed loop that is not too fast for the PIC microcon-

troller, we choose KP = 12.2. This results in the PI controller transfer function

C(s) = 12.2
s+ 12.3

s
. (3.16)

The conversion to the controller z-transfer function with the trapezoidal method for

a sampling time of T = 0.02 leads to

C(z) =
13.7 z − 10.7

z − 1
(3.17)

and the discrete-time control input equation is

uk = uk−1 + 13.7 ek − 10.7 ek−1. (3.18)
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Figure 3.9: Root locus design for PI control.

Figure 3.9 shows the comparison between the reference step responses of simulation

and measurement for a reference step from 125.7 rad/sec to 178 rad/sec. Again,

there is a small deviation of the steady-state value and the measurement observes

oscillations that are not present in the simulation. However, the dynamics of closed-

loop measurement and simulation are in very good agreement.

3.4 APPLICATION OF SYMMETRICAL OPTIMUM DESIGN

We next perform the symmetrical optimum design as described in Section 2.5 using

the plant transfer function

Ga(s) =
0.2701

(0.081 s+ 1)(0.0049 s+ 1)
(3.19)

It is readily observed that Ga(s) has a small time constant τ = 0.0049 and a large

time constant T1 = 0.081. In addition, K = 0.2701 and the number of large time

constants is given by n = 1. Using these values, the controller parameters KP

and TP can be directly computed using the formulas in Section 2.5. They result in
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KP = T1

2K τ 4 τ
= 0.081

8 0.00492 0.2701
= 3982 and TP = 4 τ = 0.0194. That is, the controller

transfer function is

C(s) = KP
1 + s TP

s
= 3982

1 + 0.0194 s

s
. (3.20)

The computation of the controller z-transfer function is performed for the two sam-

pling times T = 0.01 and T = 0.02 using the trapezoidal method. The result is

C0.01(z) =
154.5 z − 74.89

z − 1
C0.02(z) =

77.27 z + 2.378

z − 1
. (3.21)

and the discrete-time equations for the control input computation evaluate as

For T = 0.01

uk = uk−1 + 154.5 ek − 74.89 ek−1 (3.22)

For T = 0.02

uk = uk−1 + 77.27 ek + 2.378 ek−1 (3.23)

Figure 3.10 and 3.11 show the simulation for the two different sampling times.

It can be seen that the symmetric optimum controller results in a very fast closed

loop. As a consequence, choosing a too large sampling time as T = 0.02 already

leads to an instable feedback loop. Because of that reason and because of the lacking

precision of the speed measurement it was not possible to achieve a stable closed

loop for the real experiment. It is suggested to improve the precision of the speed

measurement and to use a DC motor with a larger nominal speed.
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Figure 3.10: Symmetrical optimum design for T = 0.01.
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Figure 3.11: Symmetrical optimum design for T = 0.02.
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3.5 APPLICATION OF MAGNITUDE OPTIMUM DESIGN

We finally apply the magnitude optimum design as described in Section 2.6 with

the plant transfer function

Ga(s) =
1

3.7018 + 0.3178 s+ 0.0015 s2
. (3.24)

The resulting PI-controller parameters for this plant are computed as Find p0 =

a0
a2
1
−a0 a2

a1 a2−a0 a3
= 765.73 and p1 = a1

a2
1
−a0 a2

a1 a2−a0 a3
− a0 = 62.0396. Hence the resulting

controller transfer function is

C(s) =
p0 + p1 s

2 s
=

62.0396 + 765.73 s

2 s
. (3.25)

The controller z-transfer function is computed for a sampling time of T = 0.01 as

C(z) =
32.93z − 29.11

z − 1
(3.26)

and the control input equation is

uk = uk−1 + 32.93 ek − 29.11 ek−1 (3.27)

The simulation of the closed-loop system for a reference step from 125.7 rad/sec to

178 rad/sec is shown in Figure 3.12. Similar to the symmetrical optimum design the

closed-loop response is too fast for the PIC microcontroller and leads to an instable

measurement result. The simulation shows that the steady-state value is achieved

very fast.
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Figure 3.12: Magnitude optimum design for T = 0.01.

3.6 DISTURBANCE REJECTION

In this section, the effect of a load disturbance on the open-loop and closed-loop

behavior of the DC motor experiment is discussed. We know from Section 2.1 that

the plant has the structure as shown in Figure 3.13. According to the parameter

u
G1(s) G2(s)

TL

ω

Figure 3.13: Transformed block diagram of the DC motor

identification in Section 3.1 we obtain the transfer functions

G1(s) =
7.828 · 10−5

0.004577 s+ 1

and

G2(s) =
Ra

cΦ2
F

·
1 + sLa/Ra

1 + s (Ja ·Ra)/cΦ2
F + s2 (La · Ja)/cΦ2

F

=
7.74 s+ 1691

9.629 · 10−4 s2 + 0.21 s+ 2.451
.

We apply a load torque by using the second DC motor in generation mode as a
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generation. To this end, a load resistor RL = 80Ω is connected to the second DC

motor. Depending on the voltage Ug supplied by the generator, the generated power

Pg is evaluated as

Pg =
U2
g

RL

. (3.28)

Considering that this electrical power is equivalent to the mechanical power supplied

Pm = TL ω of the DC motor, it holds that

Pg =
U2
g

RL

= TL ω = Pm. (3.29)

Here, TL is the load torque and ω is the angular velocity of the motor. It is now

possible to find the load torque from the previous equation. We compute

TL =
U2
g

RL ω
. (3.30)

In the next experiment, we run the first DC motor at a constant speed of 230.4 rad/sec

and connect the load resistor to the second DC motor. We measure a voltage of 3.9V

at the load resistor, that is, the load torque is TL = 3.92 V 2

80Ω230.4 rad/sec
= 8.25 · 10−4Nm.

The following figure 3.14 shows a comparison of the disturbance measurement and

simulation.
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Figure 3.14: Disturbance step response measurement.

It can be seen that there is very good agreement between simulation and measure-

ment. We next study the applicability of control in case of disturbances for the
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different methods in the previous sections. We first refer to the pole placement

method as studied in Section 3.2. The resulting measurement and simulation for

the controller in (3.6) is shown in Figure 3.15.
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Figure 3.15: Disturbance step response measurement for pole placement control
with slow poles.

In addition, Figure 3.16 shows the analogous measurement for the controller in (3.9).

3.7 APPLICATION OF DISTURBANCE FEED-FORWARD CONTROL

Finally, the concept of disturbance feedforward as described in Section 2.7 is applied.

According to (2.31), the disturbance feedforward filter should be chosen as

F (s) =
1

G1(s)

1

1 + s θ
=

0.004577 s+ 1

7.828 · 10−5

1

1 + s θ
, (3.31)

whereby θ is a small time constant. Since the time constant of G1(s) is very small,

the application of disturbance forward in our experimental setup only allows to use

a proportional filter F (s) = 1/7.828 ·10−5 = 12.7 (otherwise the time constant θ has

to be chosen smaller than the possible sampling times on the PIC microcontroller).
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Figure 3.16: Disturbance step response measurement for pole placement control
with fast poles.

That is, the filter can be realized by the simple discrete-time equation

Δuk = 12.7 tl,k. (3.32)

Figure 3.17 shows a disturbance step response measurement. In this measurement,

the pole placement controller in (3.6) is used in conjunction with the disturbance

feedforward in (3.32).

In comparison with Figure 3.15, it can be seen that the effect of the disturbance is

smaller if disturbance feedforward is used. However, since the lack of speed of the

PIC microcontroller does not allow to use a more complicated filter transfer function

than the proportional transfer function in (3.32), the effect is relatively small.
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Figure 3.17: Application of disturbance feedforward.
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CONCLUSIONS

As reported in the literature, the DC motor speed control experiment is very suitable

for control laboratories. It allows to study basic aspects of control system design such

as linear system modeling and parameter identification. Second it allows applying

a large number of different controller design methods. Third, it enables the easy

implementation and test of discrete-time control algorithms.

In this thesis, a DC motor control experiment for control laboratories is designed.

In the practical part of the thesis, basic components of this system are described

and assembled to perform feedback control. The main components are.

• PIC microcontroller.

• DC motor with encoder for speed measurement.

• Motor driver.

• Serial communication for data analysis on a PC.

• Load generator and load measurment.

In the theoretical part of the thesis, basic properties of the system are investigated

and suitable control designs are evaluated. The works include.

• Linear modeling and parameter identification of the DC motor system.

• Application of various controller design methods.

• Discretization of continuous-time control algorithms for the digital controller

implementation.
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• Simulation and validation of control systems using Matlab/Simulink.

Using the above steps and equipment, a very good agreement of the real system

measurements and the simulations in Matlab/Simulink could be concluded. How-

ever, it also has to be mentioned that one disadvantage of the current setup is the

low speed of the selected DC motor. One consequence of this low speed is the low

precision of the speed measurement, which has a negative effect on controller designs

with fast closed loops. A similar effect is observed when choosing small sampling

times for the control algorithm. In this case, the PIC microcontroller is not suitable

due to its computational limitations. Hence, a necessary step for future work is the

selection of DC motors with a larger nominal speed.

In summary, the following tasks remain for future work in order to further improve

the DC motor experiment.

• A microcontroller with better performance might be used to achieve smaller

sampling times.

• A DC motor with higher nominal speed an without gearbox might be used to

improve the measurement accuracy.

• A mechanical design for properly aligning the two DC motors should be per-

formed.
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