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ABSTRACT

SIMULATIVE AND REAL TIME DC MOTOR SPEED CONTROL

AHMED IMAD MAHMOOD
M.Sc., Department of Electronic and Communication Engineering
Supervisor: Assist. Prof. Dr. Ulas BELDEK

August2016, 52 pages

DC motor velocity control is one of the most commonly encountered control
applications in literature as DC machines are exclusively used in industrial
applications. The DC motors are assumed to have linear and stable characteristics,
and for this reason, they are supposed to be controlled easily. However, that is not
the case in real time applications. This thesis provides a real time controller design
approach in cooperation with system identification. Primarily the linear mathematical
model of an experimental DC motor speed control system set-up is constructed in
simulation and this model is used to obtain a controllerfor the speed control mission
but the controller obtained in the simulation turn out to be unsuccessful in the real
time application. Hence, a real time system identification step is executed to attain an
approximate system linear model and it is observed that identified system structure
varied from the mathematical model significantly. Finally, A new controller is
designed for the identified system and it verified by different tests that this controller
operates comparably well in real time applications.

Keywords:DC Motor Control, PID Controller, System Identification, Root Locus



0z

DC motor hiz kontrolii, DC makineler endiistriyel uygulamalarda siklikla
kullanildigindan, literatiirde en sik karsilasilan kontrol problemlerindendir. DC
motorlarin dogrusal ve kararli karaktere sahip olduklar1 varsayilir ve be nedenle
kontrollerinin kolaylikla yapilabilecegi zannedilir. Buna karsin gercek zamanli
uygulamalarda bu 6nerme tam anlamiyla dogru degildir. Bu tez sistem tanimlamayla
isbirligi icinde gercek zamanl bir denetleyici tasarimi yaklagimimi sunmaktadir. lk
olarak deneysel DC motor hiz kontrolii sistemi diizeneginin matematiksel modeli
benzetimde olusturulmustur ve bu model hiz kontrolii goérevi igin denetleyici
tasariminda kullanilmistir. Fakat benzetimde elde edilen denetleyici gergek zamanl
uygulamada basarisiz olmustur. Bu nedenle yaklasik sistemin dogrusal modelini elde
etmek icin ger¢ek zamanl bir sistem tanimlama adimi uygulanmistir ve tanimlanan
sistemin yapisinin matematiksel modelden belirgin sekilde farkli oldugu
gbzlemlenmistir. Son olarak, tanimlanan sistem igin yeni bir denetleyici tasarlanmis
ve bu denetleyicinin gergek zamanli uygulamalarda kiyaslanabilir sekilde daha iyi

calistig1 farkl testlerle gosterilmistir.

Anahtar kelimeler:DC Motor Kontrolii, Oransal-Entegral -Tiirevsel Denetleyici,

Sistem Tanilama,Yer Kok Egrisi.
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CHAPTER 1

INTRODUCTION

1.1. Background

In today's’ world, roughly all mechanical processes that we observe aroundare
accomplished by different kinds of electrical motors. For this reason, using
experimental set-ups to enables implementing and testing of different control
applications [1] is important to increase their practical usage and efficiency. These
machines are producers of rotational energy and their principle of operation depend
on transforming electrical power to mechanical motion. Subject to the processes they
are involved, electrical motors come in different dimensions. Enormous motors
might be employed to carry loads of 1000’s of Horsepower especially in production
processes. Several examples of big motor applications include hoists, road electrical
trains, elevators and big rolling mills. Furthermore, medium or small sized motors
also have many application areas such as transportation machines, artificial
intelligent robots, hand power instruments and food mixers. Besides, due to the
development in science and technology, new operational usage fields such as
medicineare also opened for these machines. Therefore, electrical motors cover a
huge space in our day life. Hence, their properties and characteristics such as
efficiency, accessibility and convenience in applications and processes, power
density, price and ease of control are vital in daily life to promote high productivity.
From this perspective, controlling the speed of electrical motors is one of the most
important issues. Speed control of motors faces with various sorts of difficulties such
as precision [2] and applicability in altering load conditions[3]hence the design of the
control system for speed control should cope with such problems. To deal with the
challenges that are encountered during speed control of motors, many control
procedures and algorithms are implemented. For this task fuzzy logic
[3,4,5,6,7,8]neural-networks [9,10]and machine learning[11,12,13,14] tools are also
applicable. However,these tools most of the time are developed off-line and some

priori information about the system are necessary to design and implement them.



Nevertheless, in real time applications there are uncertainties about the parameters of
the system and hence the system dynamics these methods are applied can be
erroneous, Hence most of the time a system identification is necessary to estimate the
systems characteristics in real time applications. One of the most convenient and
favored control settlements to handle the challenges in control applications is
calledas proportional-integral-derivative (PID) control[15]. PID controllers are also
widely used for speed control of electrical motors [16]. This algorithm is highly
preferred as its implementation is easy and as it usually meets the requirements
corresponding to the control application by suitable choice of its parameter setting.
Hence, the crucial aspect while employingPID controller is the determination of PID
controller parameters. If the PID controller parameters are selected appropriately the
requirements in the speed control such as tracking different types of referenceinput
signals properly in a short period of time with conceivable smallest overshoot
andalso with the minimum rate of error as quickly as possible can be satisfied with
high efficiency. Additional technique can also assist to determine the parameters of
PID controllers. One of these techniques is called as root locus[17, 18].The technique
uses a mathematical function analysis background in order to designate the locations
of the closed loop poles of a linear system, whichis represented by an open loop
transfer function. Evans proposed a modern and simple graphical approach to explain
the closed-loop characteristic of the roots of the characteristic equation and for this
reason it is called as the root locus. It is a graphical technique for testing how the
roots of a structure changes with dissimilarity of definite system parameters. It has
been widely used in control engineering and it offers excessive facilities to the
engineers working over control and stability of various systems. The technique can
be employed to determine the sensitivity of poles of a transfer function to parameters
being measured, to define the steadiness of the system, to resolve the rate of damping
ratio and naturalistic frequency. In addition if it is coupled with PID control it can
also be used to set some of its parameters as well[8].Thus root locus can be engaged
to improve the system performance in control applications and hence it enables the
engineers to stabilize and control the systems outputs. Occasionally, we might
possess less or contradicting information about the system characteristics and

properties to be controlled. Especially the mathematical model representing the



dynamical system concerned might be incomplete, at times also inaccurate and more
dangerously erroneous to represent it adequately. These drawbacks generally arise
due to insufficient analysis of the dynamical system as well as deficiencies in
mathematical modeling and uncertainties in the system parameters. The worst is the
case that we got nothing about the system. In these circumstances, the process, which
is called as system identification, should be performed deliberately to attain
approximate model of the system. In this thesis, the intention is devising a suitable
controller structure that is fruitful in DC motor speed control application both in
simulation environment and real time application. Primarily, the mathematical model
a DC motor control system that is implemented in a well-known laboratory
experiment set up is employed in order to design the controller structure to be used
for the speed control simulations in MATLAB. To inject the controller with specific
properties such as demonstrating better performance criteria in speed control, the
capability of root locus technique is appealed. The designed controller is then tested
in the simulation environment and its capacity is experienced. However, in real time
applications, the performance of the designed controller is experienced to be
insufficient and inefficiency in some of the performance criteria is displayed at the
outputs. Due to these negative results, a system identification process is also carried
out in advance to obtain the approximate model of the system transfer function. It is
observed that the transfer function obtained due to system identification deviates
from the mathematically modeledsystem significantly. Due to the system
identification outcomes, a new controller is designed to handle speed control practice
in real time applications. In the design of the controller similar principles are
employed as done for the simulation case. This new controller structure is tested in
real time applications and with some simple parameter changes, it is observed that it
works properly in diverse circumstances. The main contribution of this thesis is the
integration of system identification process with controller design procedure for real
time application. The simulation part is just a preparatory step that enables the

system identification and controller design for real time application.



1.2. Organization of the Thesis

This thesis contains fivechapters:Chapter lpresents the introduction part.Chapter
2present the fundamental information about the DC motor modeling for speed
control, feedback control loop, PID controllers and system identification are
emphasized.In Chapter 3, a simulative model is implemented in MATLAB for the
dealt DC motor speed control application. The mathematical model of the DC motor
is used to develop controller structure and for this task means of root locus technique
is employed. Later the designed controllers’ performance is tested for reference
signal tracking and finally the controller’s durability is monitored under different
loading and disturbance conditions.Chapter 4is devoted to design of a similar
controller structure as in Chapter 3 for the real time speed control application.
However different from Chapter 3 it also includes the system identification process
applied to the real time system to attain a better approximate model of the real time
system that is used in the control design procedure.Chapter 5presents the concluding

remarks and the future work.



CHAPTER 2
DC Motor Control System, PID Controllers
2.1. DC Motor Control System

The DC motor control system consists of electrical and mechanical parts, which
contains the DC motor and also supportive components like tachometer/gearbox,
input and output Potentiometers, digital encoder andmagnetic brake as it is shown in
Figure 2.1[1].

Figure 2.1:Precision Modular Servo electrical and mechanical components

The electrical parts in Figure 2.1 include the electronically manipulated signals
responsible for controlling the motor. The measured signals are transferred to the
computer via an 1/0O card. The electrical and mechanical parts create a very complete

control system setup as it is shown in Figure 2.2 [1].
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Figure2.2:Servo motor complete control system[1]

2.2. System Mathematical Model

DC motor main parts are the rotational and fixed parts.Every control project starts
with plant modeling.If we decide to design an efficient model, we should know about
the process itself. The mechanical parts of the servo motor system is presented

inFigure 2.3

Figure 2.3:DC motor mechanical parts



For a DC motor, the torque induced over the motor is proportional with the current
passing from the electrical part. This equation can be written as,

T= Kt .1(21)

whereK; is the torque constant for the DC motor, | is the current passing from the
electrical part of the motor and 7 is the induced torque. Similarly, the back
electromotive force induced over the electrical part of the motor is proportion with

the angular velocity of the shaft of the motor. This linear equation can be written as

where the induced electromotive force iV, the electromotive force constant of the

motor is Ky, angular velocity of the shaft is 8.Using Newton’s law, the mechanical

dynamic equationcan be described by:

J0 = —dO+ 17— 1, = —dO + K. ] — 7,0 (2.3)

whered is a linear the viscous friction coefficient, J is the moment of inertia of the
motor and 6 is the angular acceleration of the motor and 7., is the load torque

(disturbance).Similarly, the electrical equation of the motor can be written as,

Vin = Vems = +L o+ R.1 (2.4)

whereVis Voltage applied to the armature of the motor, L the inductance value of
the armature part of the motor and R is the internal resistance of the armature part.

Using Equation 2.2, Equation2.4can be transformedinto
dal :

Vn=L—+R.I+K;.0 (2.5)
Equations 2.3 and 2.5 can be reorganized as a state space representation as,

a1 |77 e, :

— ] -
E[I]_ Ky R .[I]+l%l.vm+lojl.rext (2.6)
L L

We know that the derivative of the angular positiond is equal to angular velocity w,

6 =w(2.7)



There are also amplifiers to amplify the signal coming from the computer (between
2.5 Volt and -2.5 Volt) to levels that can be employed to the motor (between 24 Volt
and -24 Volt) and this conversion ratio is 9.6. This equation is given by

Vo, = 9.6 X u(2.8)

Hence, the state-space representation becomes

& 0 ,
o1 A A4 O

L L

If the output of the system is angular velocity (we have to convert it from rad/sec to

rot/min), we get the output equation as

y=|= 0|.[]@10

27

Finding the transfer function of the system, we get

w(s) Kadd*Kt

s) e

U(s) - 52 :(]R+dL)Q : dR+K, K¢ (211)
JL JL

G(s) =

where W(s) is the Laplace form of output signal w and U(s) is the Laplace form of
the input signal u and Kagqg is the additional gain value coming from the amplifiers

and conversion from rad/sec to rot/min which is given by the,

(2.12)

60X9.6
21

The parameters of the DC motor are given in Table 2.1 (these parameters are taken
from [1].

Kaaa =



Table 2.1: DC motor parameters

Parameter Value
J-moment of inertia 140.1077 Kg.m?
K,-torque constant 0.052 Nm/A
K, -electromotive force constant 0.057 Vs/rad
d-linear approximation of viscous 1.107% Nms/rad
friction
R-resistance 25Q
L-inductance 2.5 mH

Using Equation 2.9, we can design a SIMULINK model for our system as in Figure
2.4

@

externs| torque ( Texd)

:
T - Js+d
in

Transfer Font

mator tarque (T)

Figure 2.4: DC motor model.

The SIMULINK model in Figure 2.4 can be implemented as a sub-block as in Figure
2.5.




\¥J

input (u)

A\

external torque (Text)

motor velocity (w)

motor position (theta)

current (1)

motor torque (T)

v

v

v

DC motor model

Figure 2.5: The sub-block for the DC motor model

2.3. PID Controller

The main structure of a PID (proportional+ integral+ derivative) controller is

C(s) =P+ ’ + Ds(2.15)

It is widely used in industrial applications. However its parameters should be

adjusted intelligently to achieve noble performance in the process control.

Thecontrollers have robust structure.The basic configuration of the PID control

system is shownin the block diagram in Figure 2.6. The block diagram also gives the

notation used for the signals in the control system.

Disturbance noise

input signalerror control signal

+ Controller

Y

Process

_»output signal

Figure 2.6:General control system scheme.
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The implementation of the feedback control scheme in Figure 2.6 in SIMULINK for
the DC motor speed control simulationsis shown in Figure 2.7.

simout

_ meotor velocity (w)
. Gontroller input (uy
motor position (theta)

desired velocity Contral
ontrolier

@ extemal torque (Text)

external torque motor torque (T)

To Workspace

current (1)

L]

scope

DC motor model

Figure 2.7:SIMULINK control model for DC motor speed control
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CHAPTER 3
Simulations
3.1. Simulation Models

In this chapter, the mathematical model of the DC motor system is employed in order
to devise controllers for velocity control simulations under different disturbance
conditions. The mathematical model gives clues about the possible applicable
controller structures. Lucky the system is linear and an extra linearization for the
control task is unnecessary. The starting point for the controller design is obtaining
the root locus of the open loop system. The transfer function of the open loop system

IS given by the formula,

G(s) =

1.362x108 p )
$2+10005+8.476Xx104\""

The transfer function is obtained using Equation 2.11 and Equation 2.12 with the

parameters given in Table 2.1

The model is implemented using MATLAB and as the result, we have obtained the

root locus plot as in Figure 3.1 for the system.

Root Locus
250 T

200

150 -

100 [~ b

50

50 - -

Imaginary Axis (seconds‘1)

-100

-150 -~ -

-200

50 L 1 1 1 | J
-1000 -800 600 -400 -200 0 200

Real Axis (seconds'*)

Figure 3.1:Root locus transfer function in Equation 3.1
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The root locus of the system can be used to implement different controller structures.
As can be observed from the root locus plot the system has originally two poles and
no zeros. The poles are both on the left hand side of the imaginary axis and for
positive gain values, this system will always be stable. However, the gain value
should be chosen wisely to yield comparably the finest performance. The
performance can be implemented depending on different criteria such as rise time,
settling time, maximum overshoot and steady state error. For us the most important
criteria seem to be the steady state error as the system seems to settle down very
rapidly. However due to applications of different disturbances the motor may settle
down at different velocities rather than the desired velocity values. Therefore, the
controller performances will be tested under different disturbance and velocity set

point conditions.

3.2 Proportional Control with Root Locus

The first controller structure that is implemented using the root locus method is the
simplest one, which is a sole proportional (P) controller. To implement this
controller, we moved along the root locus plot in Figure 3.1 and find the point where
both poles of the system overlap with each other. These poles coincide at the location
-500 and the corresponding gain value is nearly 0.00121. So this gain value is used as

the proportional gain value P. Hence the first proposed controller structure is
C(s)=0.00121 (3.2)

This controller is used in the closed loop feedback system and the performance of the
controller is tested under different conditions. In the first simulation, the set point for
the reference value of motor velocity is adjusted to 400 rot/min (unit step input with
an amplitude of 400) and no disturbance is applied to the system. Under these

conditions, the following velocity profile in is observed inFigure 3.2.
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Figure 3.2:Velocity profile obtained using the controller structure in Equation 3.2
for tracking unit step reference signal of 400 rot/min.

From Figure 3.2 it is obvious that there is a very huge steady state error value as
expected for P controllers when the proportional gain value is small. Hence, it is
necessary to increase the proportional control gain value P but as this happens, it is
possible to observe some damped oscillations in the system as well as overshoot.
From the root locus plot, when the gain value is taken to be 0.031 the closed loop
system poles are moved to locations nearly to -500+2010j. Secondly, we choose a

controller with the mathematical structure as
C(s)=0.031 (3.3)

Corresponding velocity profileobtained this new proportional controller is given in

Figure 3.3.
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Figure 3.3:Velocity profile (red plot) obtained using the controller structure in
Equation 3.3 for tracking unit step signal of 400 rot/min (blue plot).

As seen from Figure 3.3, some under damped oscillations are being observed which
are not very outsized in magnitude. However, the output begins to exhibit overshoot,
which reaches, nearly to a value of 558 rot/min suddenly after a few milliseconds.
The only improvement is observed for the steady state error. The motor velocity
settles around 392 rot/min, which is close to the set point 0f400 rot/min. It is also
intended to monitor the control input (applied voltage to the motor). The

corresponding input profile (voltage) applied to the motor changes as in Figure 3.4.

15



Voltage (Volt)
o
T
1

5 i i I i i i
005 01 015 02 0.25 03 035
Time (seconds)

o

Figure 3.4: Voltage profilewhen the proportional gain is increased

As observe in the beginning with increased proportional gain value the voltage
applied to the motor exceeds 12 volt and -5 volt, which is not a desired situation. If
the proportional gain value is further increased, it is sure to observe higher overshoot
values and increased damped oscillations. Due to these drawbacks, sole proportional
control is not yielding desired performance indices as expected. Hence, new control
structures should be tried. Since this controller is not working as satisfactory as

desired, no extra disturbance simulations are carried out using this controller.
3.3 Proportional-Integral Control with Root Locus.

In order to observe better steady state performance, it is healthier to offer a Pl
controller structure that exhibits nearly zero steady state error value for unit step
reference change in the set values. However, this time the controller should contain a

pole at the origin. The structure of the PI controller is of the form
C(s)=P+ 2(3.4)

This controller structure can be also written as a gain value P which as applied to as
sub-system having a single pole at the origin and a zero at the left hand side of the

imaginary as,
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C(s) =P X %(3.5)

After this step P and | parameters should be determined such that the controller has
the desired zero location to eliminate the effect of dominant pole of the original
system and necessary gain value to relocate the closed loop system poles. The poles
of the original system are located at -906.5804 and -93.4910. Hence, the zero of the
controller should be located to -93.4910 to suppress the dominant pole of the original
system. This means

~ = 93.4910(3.6)

Having found the ratio of | to P now we can obtain the root locus of multiplication of
the original system and the PI controller which gives us the open loop system
transfer function T(s) as

1.362x1085+1.273x101°
53+100052+8.476Xx10%s

T(s)=C(s)XG(s)=P x

=P x G,(s)(3.7)

For T(s), P can be taken as a free gain parameter and adjusting the value of P is very

easy by considering the root locus plot of Go(s) where,

8 10
Gy (s) = 1.362X10%5+1.273X10 (3.8)
s34+100052+8.476x10%s

In Figure 3.5 the root locus plot of Go(s) is given
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Figure 3.5: Root locus plot of Equation 3.8.

From the root locus plot if the gain value is taken as 0.00151 than the closed loop
poles of the system coincides at the location -453 and they do not have any
Imaginary parts which is assumed to prevent oscillations at the output. Hence, the P
parameter should be taken as 0.00151. In this case, using equation 3.6 and taking P

as 0.00151, I value can be computed as 0.1412. Hence the controller structure will be

0.1412
S

C(s) = 0.00151 + (3.9)

Using this controller structure, the feedback system was simulated also the
corresponding voltage (control signal), velocity, position and current profiles are
showninFigure 3.6.
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Figure 3.6: Voltage, velocity, position and current profiles for trackingunit step

reference signal of 400 rot/min.

As seen from Figure 3.6 the controller works very well for unit step change in
reference signal when there are no external disturbances. The steady state error value
is zero, there is no overshoot, and undamped oscillations are not observed at the
output. The input voltage applied to the motor is not exceeding the limits hence we
can declare that the controller works perfectly under no load conditions. Next step is
to test the performance of the controller for various load conditions. These loads will
act as disturbances. Now, it is required to see the outcome of different disturbances.
This time the designed controller test will be connecting with external load and the
effect of this load shown in Figure 3.7. The external load is assumed to provide a
pulse like external torque of 0.1 Newton-meter between time instances 1 and 2
seconds. The results show that the angular velocity of the motor returns to the
reference set value of 400 rot/min very rapidly besides no steady state error is

observed. The current and applied voltage values are also in the desired ranges.
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Figure 3.7:Voltage, velocity, external torque and current profiles for unit step

reference signaltrackingof 400 rot/min in case of pulse type external torque

As an alternative application, we want to apply a reference set point signal for the
angular velocity, which is composed of different sinusoidal with some random

nature. This signal is given by the formula
r (t) =200xSin(2t)+150%Sin(0.1t)+400x (0.33t)+1000xp(t) (rot/min) (3.10)

Where (t) is the reference signal and p(t) is a random signal sampled at every 5
seconds whose mean value is 0 and variance value is 0.02. Thus, this p(t) creates

some specific extra jumps at the reference signal. This signal can be in Figure 3.8.
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Figure 3.8: Angular velocity(reference signal) given in Equation 3.10

Applying the reference signal in Figure 3.8 coupled with a pulse type external
Torque of 0.1 Newton-meter that is applied between the time instances 8" and 10"
seconds the controller have achieved the following velocity profile which is plotted

with the reference signal together as depicted in Figure 3.9.
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Figure 3.9: Velocity profile when pulse type external torque applied while tracking
the reference signal given in Equation 3.10.

In Figure 3.10, the voltage, velocity, external torque and the current profiles are
given.
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Figure 3.10: Voltage, velocity, torque and current profiles when pulse type external
torqueapplied while tracking the reference signal given in Equation 3.10.
As can be understood from the figures in presence of even sinusoidal reference and
pulse like external torques the controller performs very well. As a last simulation, the
effect of sinusoidal disturbances coupled with the reference velocity signal given in
Equation 3.10is monitored. The external torque is given by

0 Newton — meter, t < 10 seconds
0.1 + 0.1 x Sin(2nt)Newton — meter ,t > 10 seconds

Texternal = { }(3 11)

The simulation run for 20 seconds and corresponding voltage, external torque,

velocity and current profiles obtained in figure 3.11.
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Figure 3.11:Voltage,velocity, external torque and current profiles forsinusoidal

reference signal tracking when external torque in Equation 3.11 is applied

In order to see the effect of sinusoidal torque for reference tracking, the reference

velocity signal and obtained velocity signal drawn together in Figure 3.12.
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Figure 3.12: Velocity profile for sinusoidalreference signal tracking when external
torque in Equation 3.11 is applied
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As seen from Figure 3.12, even in case of sinusoidal disturbance the designed
controller is able track the reference signal. Additionally, we want to see the effect of
increasing the frequency and the amplitude of the disturbance signal. First we
increased the frequency of the disturbance signal (the frequency is increased to 2
Hertz)while leaving the amplitude unchanged. Hence, the new external disturbance is

taken as

T _ { 0 Newton — meter, t < 10 seconds
external = 10,1 + 0.1 X Sin(4nt)Newton — meter ,t > 10 seconds

} (3.12)

Obtained actual and reference velocity profiles given in Figure 3.13.
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Figure 3.13:Effect of changing the external disturbance as in Equation 3.12 for
sinusoidal reference signal tracking

As seen from Figure 3.13, increasing the frequency spoils the tracking performance.
Same thing can also be observed for the amplitude change. We also monitored the
effect of amplitude change in the disturbance. This time the external disturbance is
taken as

T _ { 0 Newton — meter, t < 10 seconds
external = |02 + 0.2 x Sin(2nt) Newton — meter ,t > 10 seconds

}(3.13)

Where the frequency of the sinusoidal term is 1 Hertz however, the amplitude is 0.2.
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The reference and the actual velocity profiles are shown in Figure 3.14.
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Figure 3.14:Effect of changing the external disturbance as in Equation 3.13 for

sinusoidal reference signal tracking.

As seen from figure 3.14 increasing the amplitude of disturbance also spoils the
performance of the controller for reference signal tracking task.As a last simulation,
the effect of increasing the reference signal frequency is monitored in case of pulse
disturbance. This time the reference signal is taken as

r(t)=200%Sin(20t)+150xSin(0.1t)+400x (0.33t)+1000xp(t) (rot/min) (3.14)

where r(t) also includes a high frequency sinusoidal wave component whose angular
frequency is 20 rad/sec. Besides, in the simulation we also imposed the system with a
pulse like external torque disturbance of 0.1 Newton-meter that is applied between
8" and 10" second. The voltage, current, velocity and external torque profiles
obtained in Figure 3.15.
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Figure 3.15:Voltage,velocity,external torque and current profiles in case of external
square torque

To see the effect in reference signal tracking, both the reference velocity signal and
the actual velocity signal are drawn together in Figure 3.16.
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Figure 3.16:Reference and actual velocity profile in case of external square torque.
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It seems the velocity-tracking task accomplished well. However, to have a better
insight, Figure 3.16 drawn with higher resolution between the 7" and 11%seconds in

Figure 3.17 to observe the effects of disturbance between 8" and 10™ seconds.
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Figure 3.17: Reference and actual velocity profile with higher resolution in case of
external square torque.

As seen from Figure 3.17 the tracking task is nearly perfect except for the time
instances that the disturbance pulse is applied. Even few milliseconds after those
instances the motor begins to track the reference velocity signal very rapidly by the
influence of the controller.
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CHAPTER 4

Real Time Applications

4.1 Methodology

The designed controller in Chapter 3 is tested for real time applications in this
section. Due to the nature of the real time application, some unexpected outputsmight
be observed and the controller structures obtained in the simulation modelsmightturn
out to be ineffective. This drawback is also observed in the real time application we
conducted. Hence, an extra system identification step coupled with the controller

design is performed in this chapter for real time controller design.

4.2. Test of the Developed Simulation Model Controller in Real Time

Application

The first application is utilizing the controller given in Equation 3.9 and checking its
performance in real time application. This controller accomplishes many different
velocity-tracking tasks successfully under different disturbance conditions in
simulations. Hence, it is a good candidate to start with. This time a real time
application model for the DC motor velocity control experiment is implemented and
the controller in Equation 3.9 isset as the PID controller structure. The real time
SIMULINK model is shown in Figure 4.1.
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Figure 4.1: The real time SIMULINK model

In this model,the analog voltage signal attained from the Analog Input block is
multiplied by 415 to convert it to the rotation per minute (rot/min) value. This signal
gives us the actual velocity in rot/min. This function is compared with the desired

velocity signal. The desired velocity signal (reference signal) is given by the formula,
r(t)=200xSin(2t)+150xSin(0.1t)+400x (0.33t)+1000xp(t)+1000%s(t) (rot/min) (4.1)

In Equation 4.1, p(t) is a random signal which is sampled at every 5 second with a
variance value of 0.02 and a mean value of 0 and s(t) is a square wave with 0.3
amplitude and 0.1 Hertz frequency. As seen from the block diagram in Figure 4.1,
the difference between the desired velocity and actual velocity signal is inserted into
the PID controller given in Equation 3.9 and the corresponding control signal is
obtained. The control signal is fed to the Feedback DAC and it is supplied to the
system and the system is run by this control signal finally. The obtained desired
velocity and actual velocity signals and the fed control signal to the real time system

are given in Figure 4.2.
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Figure 4.2:Desired, actual velocity and voltage signals for real time system using the
controller given in Equation 3.9.

As can be understood from Figure 4.2, the best control strategy obtained in the
simulation models in Chapter 3 is insufficient to make the system track the desired
velocity signal. Hence, a system identification phase should be
implementedbeforehand and a new controller structure should be proposed according

to the results of the system identification phase.
4.3. System ldentification

System identification is the process of obtaining an approximate model of the
considered system based on the input and output data. If the system to be identified is
known to be stable and further assumed to be linear this mission is straightforward.
Luckily, the DC motor control system seems to possess these two characteristics. To
obtain the approximate model structure, first the system is driven by a specific
control signal and then based on this control signal the system output (for our case
the output is the motor angular velocity) is recorded. Finally the input and output
signals are used altogether to identify the system structure.

30



4.3.1. System ldentification with Sinusoidal and Random Signal

For this purpose real time model structure in Figure 4.3 is used.

control signal k(t) PCI1711
multisinusoidal signal 4>{ 1 -V..@ > Lab I/O Board
Feedback DAC

sinuscidal excitation

il

Random
Number

Analog >
415
Input angular velocity (rot/min)

volts to RPM

Feedback DAC

simout

To Workspace

DC Motor velocity
Advantech
PCI-1711 [auto]

Figure 4.3:Real time model structure

In the model in Figure 4.3, the control signal is obtained as the summation of some

sinusoidal signals coupled with a random function, which is given by the formula,
k(t)=0.2xSin(t)+0.4xSin(02t)+0.4x (6.7t+0.3)+0.2xSin(10t)+p(t) Volt (4.2)

where p(t) is a random signal with Gaussian distribution with 0.02, variance and 0
mean value that sampled at every 0.1 seconds. Using this control signal (input data),
the corresponding angular velocity signal (output data) is obtained in real time
application and these values are recorded. After this step, the input and output data
are used in the identification toolbox of MATLAB to obtain the approximate
identified model. System identification toolbox has many facilities. One can obtain
the approximate transfer function for the system as well as the state space model by
using system identification toolbox. Our intention is to obtain the transfer function.

As the ideal system model has two poles and no zeros we decided to use the same
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transfer function structure and run the system identification toolbox accordingly. The
transfer function obtainedas the result of system identification step is

2.55x10°
$2+505.55+840.8

G(s) = (4.3)

This transfer function has poles at the locations -503.8082 and -1.6689 (dominant
pole). The corresponding root locus plot for the transfer function at Equation 4.3 is

shown in Figure 4.4.
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Figure 4.4:Root locus plot for the transfer function in Equation 4.3

As seen the transfer function obtained due to system identification step in Equation
4.3 is very different form the transfer function given in Equation 3.1 corresponding

to the mathematical model.
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4.4 Design Update and Test of Controller for the Identified Real Time System

Having the root locus plot of the identified system,it is possible to implement new
controllers to control the identified system instead of the simulated system. Hence, a
similar strategy is applied as done in Chapter 3to design the controller for the

identified system. We proposed a Pl controller,
C(s) = P +(4.4)

That has pole at the origin and a zero at the location of the dominant pole of the
identified system (the controller will have a zero at the location -1.6689). Hence, the

controller can be restructured as

1
C(s) = P x —E(4.5)
Where
_ = 1.6689(4.6)

Having found the ratio of | to P, now we can obtain the open loop system transfer
function T(s) which is multiplication of the identified system and the PI controller,

2.55X10%54+4.256x10°
$34+505.552+840.8s

T(s)=C(s)XG(s)=P x

= P X G,(s)(4.7)

Indeed, there is a pole-zero cancellation in T(s) since zero of the controller is taken
the same as the pole of the identified system. Thus the minimal realization of T(s)
(after pole-zero cancellation) is

2.55%x10° ( )
524503.8082s

T(s)=P x

There is now only a single parameter P left to complete the design and for this

purpose, we obtain the root-locus of Go(s) in Figure 4.5.
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Figure 4.5:Root locus plot for Equation 4.8

From the root locus plot if the gain value is taken as 0.0249 than the closed loop
poles of the system coincides at the location -252 and they do not have any
imaginary parts which is assumed to prevent undamped oscillations at the output.
Hence, the P parameter should be taken as 0.0249. In this case, controller structure

will be

0.04155
S

C(s) = 0.0249 +

(4.9)

We put this controller structure as the PID controller block shown in Figure 4.1 and
the real time application run for the reference signal r(t) given in Equation 4.1. The
resultant angular velocity and desired velocity signal profiles with the controller

output values as a function of time are shown in Figure 4.6
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Figure 4.6: Voltage and velocity profiles for sinusoidal reference signal tracking

using controller in Equation 4.9

We also tested the performance of the controller for square wave velocity tracking.

Hence, the reference signal is given as
r(t)=1000x%s(t) (rot/min) (4.10)

Wheres(t) is a square wave of 0.3 amplitude, and0.1Hertz frequency. Using the same
controller with this new reference signal, we observed the following control signal

and velocity profiles shown in Figure 4.7.
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Figure 4.7:Voltage and velocity profiles for square reference signal tracking using

controller in Equation 4.9.

As seen from the Figures 4.6 and 4.7, the controller performs comparably well.
However, at times when there are sudden changes (due to jumps originating from
square waves or sudden jumps observed due to application of random signals in
sinusoidal waveform) it takes some time for the controller to track the reference
signal. Besides some overshoot is observed especially while tracking the square
wave in Figure 4.7.To eliminate overshoot, the first alternative is further update of
the controller parameters around their selected values. This is possible by decreasing
the amount of integral given to the system. However, decreasing the integral may
also decrease the steady state performance and the response may reach to steady state
value more slowly. To eliminate this side-affect, this time the proportional gain
should be increasedslightly.Nevertheless, it should be considered that these
parameters changes should be around the selected parameters that are given on the
controller structure in Equation 4.9. The second alternative is to change the
identification parameters or to reapply the identification process due to some
different input signal. We will choose the first alternative. For this reason, we have
run the real time application for velocity tracking of square wave reference signal

given in Equation 4.10 by decreasing the value of integral according to the parameter
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set given in Table 4.1. To see the effect of decreasing the integral we calculated the
overshoot and the steady state error of the system by the formulas

overshoot(%) = 100 x M@.ll),

€ss = Vref — Vg5(4.12),

In Equations 4.11 and 4.12vmax is the maximum value of the angular velocity
observed in the real-time application vsis the steady state value of the angular
velocity signal and vrer is the reference signal amplitude for the square wave which is
300 rot/min. We also want to see the rise time values tr which is the first time
instance the response passes the steady state value. The results for these performance

indices are also tabulated at Table 4.1.

Table 4.1: Motor velocity, overshoot, steady state error and rise time values

Parameters Observations

Vmax(rot/min) Vss(rot/min) Overshoot Ess tr(sec)

(%)

P=0.0249, 387 300 29 0 0.1095
1=0.04155
P=0.0249, 340 300 13 0 0.1174
1=0.02
P=0.0249, 320 300 6 0 0.111
1=0.01
P=0.0249, 310 300 3 0 0.105
1=0.005
P=0.0249, 306 300 2 0 0.111
1=0.002
P=0.0249, 304 300 1 0 0.108
1=0.001
P=0.0249, 302 298 0 2 0.107
1=0

As observed from Table 4.1, the most satisfactory results are obtained when there is
very small integral 1=0.001. When 1=0, we began to observe some steady state error
in the system. Thus we update the | parameter to 1=0.001 and the corresponding
velocity and control signal profiles are obtained as in Figure 4.8 for the reference

signal given in equation 4.10.
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Figure 4.8:Voltage and velocity profiles when P=0.0249 and 1=0.001for square

reference signal tracking

We also want to see the performance of the updated controller for sinusoidal
reference signal tracking. Hence the updated controller with P=0.0249 and 1=0.001 is
also check in case of a reference signal given in Equation 4.1. The results are given

in Figure 4.9.
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Figure 4.9: Voltage and velocity profiles when P=0.0249 and 1=0.001for sinusoidal

reference signal tracking
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As can be seen from the results, the controller is very successful for reference signal
tracking. Only one small extra additional change can be inserted into the controller
structure. That is a saturation block that limits the output (higher limit is 2.5 Volt and

lower limit is -2.5 Volt) of the controller to prevent outputs with high amplitudes as
in Figure 4.10.

desired velocty (reference signal r(t))
desired velocity

Velocity function
actual velocityin RPM |t control signal Lagtljfggtlard
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(Il
»
desired velocty/ actual velocity

Desired angular velocity / Motor angular velocity
& Control signal

Figure 4.10: The real time SIMULINK model with a saturation device (block)

This new design with saturation block tested by using the reference given in
Equation 4.1and the results given in Figure 4.11
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Figure 4.11:Voltage and velocityprofiles with the effect of saturation block for

sinusoidal reference signal tracking

We also want to see the effect of using solely square wave reference signal as given

in Equation 4.10. The results are shown in Figure 4.12.
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Figure 4.12:Voltage and velocity profiles with the effect of saturation block for

square signal reference tracking
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Applying the saturation block the control signal is limited. Nevertheless, this new
design did not cause any drastic alteration in velocity tracking performance of the
controller. Thus, the controller now can be challenged by a new complication: its
performance can be tested in applications including some external disturbance. The
external disturbance for this system can be given by a kind of magnet. The magnet
has two positions one is when it is not touching the moving disc of the DC motor (no
load condition) and the other one is the case when it is touching to the disc (full load
condition). Unfortunately, there are no other easy means or extra devices in the
experimental set-up to apply as a source of disturbance in real time application that
applied to test the controllers' performance. Therefore, the disturbance will be on or

off type. First, we tested our system with a reference signal of
r(t)=1000x%s(t) (rot/min) (4.13)

Wheres(t) is a square wave with 1 amplitude and 0.1 Hertz frequency. The magnetic
disturbance is lowered at the 10" second and it is removed nearly at 40" second. The

following results in Figure 4.13 are obtained.
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Figure 4.13:Voltage and velocity profiles with the effect of magnetic disturbance for

square reference signal tracking
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From Figure 4.13, it can be realized that between the time instances 10 to 15 the
controller produced excessive voltage signal to catch the reference velocity value of
1000 rot/min. Between the time instance 15 to 20 seconds the reference signal is
suddenly changes from 1000 to -1000 rot /min and this causes longer duration for the
system to settle down at the steady state value of -1000.However, in the proceeding
signal cycles, the system adapts itself to the disturbance change and it becomes easier
for the controller to follow the reference signal. As a last example, we want to test
the performance of the controller when some sinusoidal are used as the reference
signal. Hence, the equation 4.1 is used as the reference signal and the disturbance is
applied at the 10" second of the simulation while it is removed ant the 30" second.

The results are shown in Figure 4.14.
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Figure 4.14:Voltage and velocity profiles with the effect of magnetic disturbance for
sinusoidal reference signal tracking

As seen from the Figure 4.14 at instants where the disturbance is more effective,
excessive voltage supplied by the controller to the system, nevertheless, the

controller is successful and the reference signal tracked easily.
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4.5 Controller Design with P Controller

One thing that strikes to the eyes of a careful observer for the controller design is that
using the initial controller parameters P=0.0249 and 1= 0.04155 is not as good choice
to improve the performance criteria. Instead we obtained better results with the
controller parameters P=0.0249 and I= 0.001. What is the reason to decrease the ‘I’
value so much to have the best performance? The answer for this question lies in the
root locus plot given Figure 4.4 and the Equation 4.3 that gives the transfer function
of the identified system. This transfer function has poles at the locations -503.8082
and -1.6689 (dominant pole). As one can quickly realize one of the poles of the
identified open loop system is very close to zero (-1.6689). This situation creates a
very important benefit to minimize steady state error value. We will check two
different cases. The first case is the case when P=0.0249 and I=0 and the second one
is the case when P=0.0249 and 1=0.001 and see the effect of these two controller

parameters mathematically in computation of the steady state error value,

The steady state error value of a linear system is computed by the formula,

(4.14)

s T R(s)
ess = ImsE(s) = M s e oem

In Equation 4.14 e is the steady state error value in time domain, E(S) is the Laplace
domain error signal, R(s) is the Laplace domain reference signal, G(s) is the system
transfer function and C(s) is the controller transfer function. Let ustake the reference

signal as unit step function whose magnitude is 300. In this case

R(s) = Z2(4.15)
Using Equation 4.15 in Equation 4.14 the steady state error for unit step reference of
300 will be

ess = limsE(s) = lim 29 __(4.16)

s—0 1+G(s)C(s)

Let us use the controller parameters P=0.0249 and 1=0.001 (PI controller) and use the
identified system structure given in Equation 4.3 as the G(s). In this case,ess will be

equal to 0. This isbecause ofthe identified system is a type-0 system (no poles at the
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origin) and this system is controlled by a controller which has a single pole at the
origin (PI controller always have a pole at the origin). Now, let us use the control
parameters P=0.0249 and 1=0 (solely P controller) and use the identified system
structure given in Equation 4.3 as the G(s), in this case ess will be equal to 3.93
(namely 3.93 rot/min error in case of a unit step reference change of 300 rot/min).
The reason of non-zero steady state error is that O-type system G(s) is being
controlled by a controller which does not contain any poles, that will sure to bring a
non-zero steady state error to the system. However, the dominant pole of the system
is so close to the origin such that it nearly plays the role of a pole at the origin and
hence the steady state error value is limited even if the proportional gain value P is
not increasedtoo much. For this reason, if only P controller is used instead of Pl
controller, the change in the steady state value is not very significant. Hence, to
control the system a very slight integral control is enough. As checking the root locus
plot of the identified system given in 4.4 same deductionscan be obtained from
another perspective by only designing a P controller. If we want to design solely a P
controller for the identified system the best P value should be P= 0.0247. This value
is the gain value where the two poles of the root locus plot collide with each other.
As seen, this P value is very close to the P value selected for the actual controller
(P=0.0249 for the designed controller). Thus choosing P=0.0249 and taking | as
small as possible to reset the steady state error and prevent overshoot is a perfect idea

for the DC motor speed control system.
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CONCLUSION

In this thesis simulative and real time DC motor speed control is addressed. Many
different methodscan be applied for this purpose. One of the most convenient
methods is to use a PID controller. This thesis tries to give a simple idea about how
to determine and later adjust the parameters of the controller both in simulation and
real time application. The DC motor system is generally assumed to be linear system
and besides the order of the system is just second order. For these reason, designing a
controller might seem straightforward for a simulation. However, in real time
application this process is much more difficult.For simulation,the controller
parameters are determined using root locus method. However, it is also observed that
the controller parameters obtained for the simulation are proven unsuccessful inthe
real time application. This problem might arise due to imperfections in the linear
model of the system and the uncertainties in the motor parameters. Besides, there is
always some non-linearity inherent due to nature of the real time application.
Hence,in order to develop competent controllers, the linear mathematical model
revisedand the non-linearity of the system shouldconsiderin the mathematical
equations of the system.For the controller design task in real time application, instead
of obtaining the exact mathematical model of the system, it is required to obtain a
new approximate model (again second order) that can be employed instead of the
main model with the preliminary parameter settings. To obtain this approximate
model a system identification application is carried out and a second order
approximate model of the real time system is obtained. After this approximate model
is obtained, through using root locus methodagain, a new controller is designed for
the real time system. This new controlleris tested in the real time applications and by
a few parameter changes, itbecomes more successful. The structure of the controllers
obtained for both simulation and real time application are either P or PI controller
type. It is observed that P or PI controllers with appropriately adjusted parameters
could be sufficient to nearly accomplish most of the control tasks such as reference
signal tracking, and enduring to external disturbances. With the use of these designed
controllers, there are also improvements nearly in all of the performance indices.

Forthe future work, we want to put machine learning methods and optimization into
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our focus for system identification and controller design. These identified real time
systems and the controller designed for the identified system can be trained as a
neural network instead of transfer functions obtained for the identified system and
controller in this thesis. We believe this procedure will be beneficial for high order

non-linear systems that have no mathematical model available.
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