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RINGKASAN : Sistem AT motor digunakan dengan meluas di dalam pelbagai bidang teknologi. la 

digunakan di da/am loji kuasa untuk menghasilkan kuasa elektrik dan di dalam pekerjaan industri untuk 

melengkapkan keperluan kuasa gerakan mekanik bagi memacu mesin mekanikal dan mengawal pelbagai 

proses industri. Motor AT bertindak sebagai salah satu bahagian terpenting, jika kawalan kedudukan 

bagi motor merupakan tumpuan utama. Pelbagai usaha dalam kawalan kedudukan bagi motor ~T 

menyebabkan terhasilnya pelbagai jenis skim kawalan untuk tujuan yang dinyatakan. Sebahagian daripada 

skim kawalan tersebut akan diterangkan dan dibincangkan secara ringkas di dalam kajian ini. Perbincangan 

/ebih lanjut akan ditumpukan kepada pengawa/-pengawa/ yang dikaji, iaitu pengawal PIO dan pengawa/ 

suai. Penerangan /engkap tentang merekabentuk pengawal melalui SIMULINK juga dipersembahkan di 

dalam kajian ini, termasuk konfigurasi perkakasan dan rekabentuk perisian. Akhir sekali pengawa/ yang 

telah direkabentuk akan dilaksanakan ke atas /oji nyata melalui perisian masa nyata. 

ABSTRACT : DC motor systems are used widely in various fields of technology. They are used in power 

plants to generate electrical power and in industrial occupancies to furnish the required mechanical 

motive power to drive mechanical machinery and control various industrial processes. DC motor acts as 

one of the vital part, where the position control of the motor is the major part to be given attention to. 

Efforts made on controlling the position of DC motor result in so many types of control scheme for the 

mentioned purpose. Some of these control schemes will be explained and discussed briefly in this study. 

More detailed discussions will be centered upon the studied controllers, which are the PID and adaptive 

controllers. Detailed explanation on designing the controller via SIMULINK is also presented in this study 

which includes the hardware configurations and software designs. Finally the designed controllers were 

both implemented to the real plant via a real time software. 

KEYWORDS : PID Controller, real time, DC servo motor, position control, simulink 
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INTRODUCTION 

The rapid development of electronics world has not left the area of motor control deserted. 
The initiation of motors has brought about profound changes in everyday life for over a 
century. At present, there are numerous system topologies for motor control depending on 

the motor type and application. Servo motors have replaced traditional gears, belts, and 
pulleys, thereby eliminating the wear and failure problems associated with the use of these 

older technologies. These servo motors are used in applications that require position and 
speed or torque control, and these range from robotics and semiconductor equipment to 

packaging, food and beverage, and printing. Use of servo motors in factory machines and 
equipment are helping to improve productivity in a wide array of processes (Erny et al., 

2002). 

Direct Current (DC) servo motor is mainly studied for its speed and position control. This 

study however, concentrated only on the position control part. The technology of position 
control of DC servo motor has evolved considerably over the past few years. To date, various 
types of DC servo motor position control scheme have been developed. These include 

microcontroller-based control, PC based control, adaptive control and optimal control. 

In this study, a simulation and a real time implementation of DC servo motor position control 
are presented. The types of controller designed and tested are the proportional integral 
derivative (PID) controller and the adaptive controller. PID control scheme is chosen mainly 

because of its simplicity while the adaptive scheme is chosen due to its ability to adapt. 

This study is among the earliest attempt to make use of the MATLAB Real Time Toolbox 
for real time implementation. The two designed controller schemes have been interfaced 
via MATLAB Real Time Toolbox to a servo trainer as the plant. This toolbox contains a 

library of blocks with real time input and output support. The mathematical design or model 
of the controller was then simulated in MATLAB before being interfaced to the real plant. 

The PID and adaptive controller have been successfully implemented to the plant with 
satisfactory results. 

Servo Motor 

There are varieties of servomotors available in the market today. These variations are 
suitable for many different applications. Naturally, some types of motors are more suited 
for certain applications than others. These motors are not only utilised in the industrial 

field, but also play a vital role in expanding the research area in engineering especially in 
control field. Servomotors are available as AC or DC motors. Early servomotors were 
generally DC motors because the only type of control for large currents was through SCRs 
for many years (Kissell, 2000). 
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A 'servo system' term is actually not attached to a meaning of any particular device or 
apparatus. It is more like a term, which applies to a function or a task (Baldor Electric Company, 
2001). Figure 1 illustrates the concept of a servo system. From the diagram, it is understood 
that a servo involves several devices. It is a system of devices for controlling some item 
(load), which can be controlled in any manner, i.e. position, direction, speed, etc. The speed 
or position is controlled in relation to a reference, as long as the proper feedback device 
(error detection device) is used. The feedback and command signals are compared, and the 
corrections made. Thus, the definition of a servo system is that it consists of several devices, 
which control or regulate speed or position of a load . 

Interface 
Panel 

• 
Low Level 

Power 

Programmable 
"DC" Power . 

High Level 
Power 

Programmable 
--• Positioning 

Serve Control 
(Amplifier) 

.__ __ __.Command .__c_o_n_tro_ll_er~ 

Signal 

Figure 1. Servo system (Baldor Electric Company, 2001) 

PID Controller 

One type of controller chosen to be considered in this study is the PIO controller. Although 
lots of other architectures exist for control systems, the PIO controller is mature and well 
understood by practitioners. For these reasons, it is often the first choice for new controller 
design. PIO stands for Proportional-Integral-Derivative. This is a type of feedback controller 
whose output, a control variable, is generally based on the error between the set point and 
the measured process variable. 

Each element of the PIO controller refers to a particular action taken on the error: 

• Proportional: error multiplied by a gain, KP . 

• Integral: the integral of error multiplied by a gain, J<; . 

• Derivative: the rate of change of error multiplied by a gain, Kd . 

Ahmed et. al. (1998) in his publication in fact mentioned that the Pl controllers without the 
derivative term might have an undesirable speed overshoot, sluggish response due to 
sudden change in load torque and sensitivity to controller gains, K; and KP. This has proven 

51 



Erny Aznida Alwi, Samsul Bahari Mohd Noor and Azura Che Soh 

that the derivative term plays an important role in getting a desired response. However, to 
achieve "optimal" character of system response, the PID needs to be tuned and it involves 
adjustment of KP, /<;, and Kd. 

The proportional controller, KP, has the effect of reducing the rise time and also reducing, but 
not eliminating, the steady state error. While Ki, the integral control has the effect to eliminate 
the steady state error. However, Wai (2000) has proposed a special integral term, Ki designed 
to eliminate the reaching phase, not to reduce steady state error, since the design proposed 
has not considered any boundary layer. In this study, Ki is designed to eliminate steady state 
error since it does have a certain point to reach. Nevertheless, tuning I<; may cause the 
transient response to worsen. To improve this, tuning the derivative controller, Kd might help. 
Besides improving the transient response, it also has the effect of increasing the stability of 
the system and reducing the overshoot (Messner and Tilbury, 1997). Due to the dependency 
of KP, I<;, and Kd, these correlations may not be accurate. In fact, changing one of these 
variables can change the effect of the other two. For this reason, these correlations may only 
be used as a reference to determine the value for KP, Ki, and Kd. 

Tuning the PIO Controller 

There are different types of objectives to be addressed by a controller: error can be minimised 
in different ways, as can control variable activity. Some systems have interactions, and those 
interactions may be of various strengths. Any interaction affects tuning of an individual PIO. 
There is no single definition of best tuned that applies to all loops, so no single tuning aid will 
tune all loops optimally. Tuning is part of the design of the loop. A loop may need to be tuned 
if it responds slowly, or if it oscillates too much, or if it has a steady-state error; and most 
definitely if it is unstable (Graham, 2000). 

A PIO controller may have to be tuned when careful consideration was not given to the units 
of gains and other parameters and so that the controller may perform better. Besides, if the 
process dynamics were not well understood when the gains were first set, or the dynamics 
have (for any reason) changed, then the controller may have to be tuned (Graham, 2000). 
However, before tuning the PID, the hardware needs to be checked first. There are possibilities 
that it need not be tuned at all. 

The PIO controller may not need to be tuned due to hardware defects, like when the control 
valve sticks or is stripped out from high pressure and is not able to respond to commands. 
A valve's response to a command must have some effect on the system. Also, when the 
measurement taps are plugged, or sensors are disconnected. This is because bad 
measurement errors have nothing to do with the tuning of the controller. 

The easiest conventional way of tuning the controller is by changing some values, for instance, 
make a step change on the output, trend the response, pull two values off the trend, and 
apply a few simple equations. Then check how well the tuning works in real life and for many 
loops, this works fine. Nevertheless, for a worse case, which does not reduce to a simple 
procedure, it is better to be able to come up with acceptable techniques (Graham, 2000). 
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Adaptive Control Scheme 

Simulation and Real Time Implementation 
of DC Servo Position Control 

The era of adaptive control has emerged, as there have been major advances in the design 
of adaptive control systems recently. This technique can be implemented simply because of 
the availability of increasingly versatile digital hardware. Furthermore, many theoretical 
problems that had baffled researchers have also been solved during the past few years. 
Another factor contributing to the expansion of adaptive techniques is they have great potential, 
as only these methods can cope with increasingly complex systems in the presence of extreme 
changes in system parameters and input signal (Chalam, 1987). 

There are a few methods to design an adaptive controller for position, depending on the 
problems to be solved and the result required. Four types of adaptive systems, namely gain 
scheduling, model reference adaptive control, self-tuning regulators and dual control will be 
discussed. These types can be categorised into feedforward and feedback adaptive controllers 
(lsermann et al, 1990). Gain scheduling method is a feedforward controller. Feedback adaptive 
controllers are subdivided into two types, dual adaptive controllers and non-dual adaptive 
controllers. The non-dual adaptive controllers are model reference adaptive control and the 
self-tuning regulators. In this study, pole placement approach of self tuning control was 
employed for de servo. 

Concerning the choice of adaptive controller algorithm, pole placement was chosen due to 
its capability in handling unknown transport delay and in computing the controller parameters 
instantaneously (in fact directly in implicit implementation) and thus allows fast adaptation. 
This algorithm is considered robust due to its ability in tracking the parameter changes (Samsul 
and Erny, 2002). 

MATERIALS AND METHODS 

This study is realised using the CE110 Servo Trainer (Figure 2) as the experimental equipment. 
The servo trainer used in this study is designed specifically for the theoretical study and 
practical investigation of basic and advanced control engineering principles. It relates 
specifically to velocity and angular position control problems, as they would typically occur in 
industry. The first step to the design is to find the transfer function of the servo, which is 
called the modelling method. In order to model the design, the servo trainer parameters, i.e. 
the motor sensor gain, velocity sensor gain and angle sensor gain, need to be determined. 
Experiments need to be carried out to obtain these parameters. Using the data obtained 
from different experiments for each parameter, graphs are plotted and the slopes determined 
to get the value of the parameters. 

Subsequently, the second step of methodologies is to design both the PIO and the adaptive 
controller via Matlab SIMULINK. To model the PIO controller, various values of KP, K;, and Kd 
will be tested. With trial and error method, the best combination of these three parameters to 
yield the best result will be chosen. As reference, the value of KP, K;, and Kd will be picked 
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based on that used by Yaacob (2001) in her research to determine the value of KP,/<;, and Kd 
for the PIO controller used in the modelling of liquid level system control. For the adaptive 

controller, the pole placement method of self-tuning will be utilised. This is to give the adaptive 

behaviour to the controller. This technique provides a desired closed loop response. 

The next step will be the controller designs with the application of Real Time Toolbox. These 

designs are enabled for communication with the real plant. The Real Time Toolbox is a 

package for connecting Matlab and SIMULINK to the real world. It adds the capability of 

acquiring data in real time, immediately processing them by Matlab commands or SI MU LINK 

model and sending them back to the outside world. This package contains library blocks with 

real time input and output support (HUMUSOFT, 1999). The same controllers designed 

previously will be modified. 

Figure 2 . Servo Trainer 

Methods of System Representation 

The servo's electrically operated clutch has to be engaged for position control purpose. 

This clutch will enable the motor driven shaft to be connected to the position output shaft. 

With the electric clutch engaged, the gearbox and output position shaft are connected to 

the main shaft as shown in Figure 3. The output shaft position (8), is related to the main 

shaft velocity (co) by: 

co(s) 
8(s) = --

30s 
(1) 

it is mentioned in the servo trainer manual (TecQuipment Ltd., 1999) that the constant '30' 

in the equation above is associated with the 30:1 reduction in speed through the gearbox. 

To provide the system model of the servo-control system dynamics, the equations below 

are used: 

co(s) 
= k'mv(s) _ kiJs) 

Ts+l Ts+l 
(2) 
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where k'm is motor constant, K, is gain constant of load and v, load control voltage, while time 
constant, Tis given by: 

and, 

T = ...lB.__ 
bR+k2 

m 

k' - km m---
bR+k2 

m 

k' 
I ---

bR+k2 
m 

(3) 

(4) 

(5) 

where I is the inertia of flywheel, R is motor armature resistance and bis friction coefficient 
of rotating components . 

. Consider the situation when the servo-control system only has an inertial load. In this case, 
the load voltage value is very low and an assumption can be made, where v, (s) = 0 and 
therefore equation (2) simplifies to: 

k' 
m{s) = m v (s) 

(Ts+}) 
(6) 

It can be noticed that the addition of the gearbox load will also change the gain and time 
constant characteristics of equations (2) and (6): 

Flywheel with 
inertia, I 

Shaft Bearings I 
I/ ~I 

Load 

t I t I 
Angular V (t) 

velocity, co 

Gearbox 

Motor 3n.1 

V(t) 

Position 
output 
shaft 

Angular 
position, e 

L - motor armature inductance 

Figure 3. Servo control system: clutch engaged (TecQuipment Ltd., 1999) 
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Servo System Model 

A system is determined by finding the transfer function to represent the system in mathematical 

equation form for the designing purpose. All servo trainer's parameter values need to be 

obtained to get the mathematical solution. Some experimentation may need to be carried 

out in order to attain the values of the servo trainer's required parameters. 

When the servo-control system is used as a feedback control system, the motor speed, m, is 

controlled (or actuated) by adjusting the applied voltage to the motor drive amplifier, v. 

Likewise, the shaft speed and angular position are sensed by transducers which produce 

output voltages, Yro and y0 which are proportional to the shaft velocity, m, and position, e, 

respectively. The overall system of the servo position control system may be represented 

schematically as shown in Figure 4 below. 

v Drive motor Servo-control 

amplifier 
~ system module r 

ro 111 O Position 

I> ~~~~~s~en:Br, 

Speed ~ 
sensor 

Figure 4. Block diagram representation of servo control system 

The motor voltage, v and the shaft speed,m, are related by a steady state actuator characteristic 

which is assumed to be linear. The velocity sensor and angular position sensor also have 

linear characteristics. 

If, k;, kroand k0 are the motor, velocity sensor and angle sensor gain constants respectively, 

then; 

(1) = k. (7a) 
I 

y =km w w 
(7b) 

Yo = koe (7c) 

Note that k; is, as stated previously, a steady state constant which is equal to the motor 

constant k'"', obtained earlier in equations (2) to (5). To get the first order system transfer 

function, substitute equation (7) into equation (6). This would yield: 

yJs) = G1 v (s) 
(Ts+]) 

(8) 
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Where G1 = k,k,,,, is the steady state gain of the transfer function from the input drive voltage, 
v , to the sensed shaft position, Yw. In addition, the sensed output shaft position y8 is 
related to the sensed velocity y w by: 

(9) 

where 

(10) 

The values of ki, k,,, and k8 can be obtained through experiments which will be described later. 

Therefore, the overall transfer function for the servo control system can be drawn as in 
Figure 5 and written as follows: 

GG 
yefs) = s(Ts ~ ;) v(s) (11) 

v(s) 
>~~~Y._ro(_s_)~-~~~~~~---Y._o_(s_)_• 

Figure 5. Block diagram of overall transfer function 
for servo control system 

All the servo control system characteristics are approximately linear. The output and gains 
will change slightly over a period of time. This phenomenon is known as drift and is common 
in industrial sensors and actuators. The motor characteristics will change significantly 
according to operating conditions. Specifically, the gain G1, and the time constant Twill 
change when the clutch connecting the gearbox and output position shaft is enabled. Also, 
the servo-control system allows for the inertial load to be varied by altering the flywheel 
thickness (load mass of CE110 servo) either by adding or removing load discs. 

Measurements of k,, k., and k8 

These three constants, k;, k,,, and k8 values can each be obtained via different experiments. 
Experiment 1 is done to determine k;. The trainer potentiometer reading is set to OV. This 
potentiometer reading represents the value of motor drive voltage. Then, the potentiometer 
voltage is increased slowly until the motor just starts to turn. This potentiometer value indicates 
the size of the positive dead-zone for motor drive amplifier. Next, the potentiometer voltage 
is increased to 1 V and the corresponding motor speed from the speed display is recorded. 
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The potehtiometer voltage is then increased to 1 OV in steps of 1 V, and the corresponding 

motor speed is recorded. These procedures are repeated for the negative voltages. A 

graph is then drawn to get the value of k; through calculation. The slope of the graph will 

be the value of the required k;. This experiment is also used to calibrate the circuit of the 

servo trainer, namely the input actuator, which is the motor circuit. 

To determine the value of k"', the same procedure as the previous experiment are done, but 

in this case, the potentiometer values represent the value of speed sensor output voltage, 

instead of motor drive voltage. With the clutch disengaged, the potentiometer voltage is 

increased slowly until the speed sensor reads 1 V. The corresponding motor speed reading 

will be recorded. The process is repeated in steps of 1 V for positive and negative speed 

sensor readings in the range -9V to +9V. After that, plotting the obtained result may give a 

required graph to determine the value of k"' by calculating the slope of the graph. 

The value of k9 is next to be determined in Experiment 3. In this experiment, potentiometer 

voltage slowly increased until the output shaft starts to turn. The clutch is engaged in order to 

get the reading of the position shaft. The angular position output is measured at the angular 

increments of 30° starting at -150° to + 150° and the results are recorded. Similar to the 

previous method, the value of k9 is obtained by calculating the slope of the plotted graph. 

Experimental Results 

Equipment involved in the experiments are the servo trainer and the controller unit. Experiment 

1 is to attain the value of k;, the motor gain constant. The experimental data captured are 

featured in Table 1. The experiment is done twice to get the average of the data. Figure 6 is 

then plotted based on the captured data. It can be observed that the dead zone of the servo 

trainer increased with the clutch engaged (dead zone is the value of potentiometer voltage 

when the motor just starts to turn). This is due to the increment of the static friction in the 

gearbox when the clutch is engaged. However, the slope of the characteristic is not affected 

since the rotating friction coefficient is low for the gearbox (TecQuipment Ltd., 1999). Therefore, 

the slope of the graphs will be the same for both with the clutch engaged and disengaged. 

From the plotted graph, the slope, or the value of k; can be calculated as follows: 

k. = 1134.5 - 359 r,pm I volt 
I 7-3 

775.5 
k; = 4x60 rev I sec.volt 

k. = 3.23125 "" 3.2 rev I sec. volt 
I 

(12) 

Experiment 2 gives the velocity or speed sensor gain constant, . The captured data is shown 
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in Table 2. From the acquired data, a linear graph (Figure 7) is obtained. The value of which 
is the slope of the graph, can be calculated as follows: 

9-3 
k = volt I rpm 

"' 1808- 604 

k = 6x6 volt.sec I rev 
"' 1204 

k,,, = 0.0299 "' 0.03 volt.sec I rev (13) 

Experiment 3 is done to determine the value of k6 • From the results, the value of k6 , the 
angle sensor gain constant can be calculated. Data shown in Table 3 are captured during 
this experiment. Figure 8 is then plotted and the following result obtained: 

k = 6·67-3355 volt I degree 
6 120-60 

k = 3315 volt I degree 
6 60 

k6 = 0.05525 volt I degree (14) 

However, since the other constants are measured with respect to revolutions per second, 
the angle constant can also be written as: 

k6 = 0.05525 x 360° = 19.89 "'20 volt I rev (15) 

since one revolution equals to 360°. From all the graphs plotted, it can be concluded that all 
the servo system characteristics are approximately linear, proving that stated earlier. 

Table 1. Data of Experiment 1 

Motor Drive Motor Speed Motor Drive Motor Speed 
Voltage, V (rpm) Voltage, V (rpm) 
(Positive) Data 1 Data 2 Ave (Negative) Data 1 Data 2 Ave 

0 0 0 0 0 0 0 0 
Dead zone 1.47 1.51 1.49 Dead zone 1.46 1.49 1.475 

width width 

2 178 182 180 -2 -177 -178 -177.5 

3 357 361 359 -3 -366 -369 -367.5 

4 548 552 550 -4 -556 -560 -558 

5 730 743 736.5 -5 -736 -758 -747 

6 919 937 928 -6 -921 -945 -933 

7 1131 1138 1134.5 -7 -1130 -1149 -1139.5 

8 1298 1320 1309 -8 -1318 -1345 -1331 .5 

9 1487 1507 1497 -9 -1512 -1534 -1523 

10 1692 1698 1695 -10 -1700 -1731 -1715.5 
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Table 2. Data of Experiment 2 

Speed Sensor Motor Drive Speed Speed Sensor Motor Drive Speed 

Output, V (rpm) Output, V (rpm) 

(Positive) Data 1 Data 2Ave (Negative) Data 1 Data 2 Ave 

1 199 202 200.5 -1 -201 -202 -201.5 

2 405 401 403 -2 -403 -403 -403 

3 605 603 604 -3 -604 -606 -605 

4 803 802 802.5 -4 -804 -805 -804.5 

5 1004 1002 1003 -5 -1006 -1005 -1005.5 

6 1197 1195 1196 -6 -1205 -1207 -1206 

7 1403 1400 1401.5 -7 -1 404 -1408 -1406 

8 1599 1598 1598.5 -8 -1603 -1609 -1606 

9 1809 1807 1808 -9 -1808 -1811 -1809.5 

Table 3. Data of Experiment 3 

Indicated Angle 
Position Sensor Output (V) 

(0) Data 1 Data 2 Average 

-150 -8.59 -8.61 -8.60 

-120 -6.87 -6.90 -6.885 

-90 -5.21 -5.30 -5.225 

-60 -3.51 -3.61 -3.56 

-30 -1.86 -1.91 -1 .885 

0 0 0 0 

30 1.71 1.79 1.75 

60 3.32 3.39 3.355 

90 4.97 5.01 4.99 

120 6.65 6.69 6.67 

150 8.32 8.37 8.345 

Motor CalibfationCharacteristk 

- ~i -+--+--+--+---'900.+--+-+---~~~- +-~ 
I : J. ~ l ~: -t--t--t--t--f"'>-t-~~y~• --j---j----j----j 

0 .1:2 • 0 • • ./ /' 1 1 

~ I ~ 
! I/.-' 
I :,--

Motor 0rrve Yolege (V) 

+ Mdor Speed (rpm)- ckAch cisengeged • Motor Speed (rprn)-clutch engaged 

Figure 6. Result of Experiment 1, to determine the value of k; 
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Figure 7. Result of Experiment 2, to determine the value of kw 

Angular Position Sensor Calibrdtion 

. ··-40·· --·-·····- ·-- - -- - ··--- ---- ·-1 
.... ! 
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~ s - _/ 
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+ Posdion Sensor Outpl.t (V) - Linear (Posdion Sensor Output (V)) 

Figure 8. Result of Experiment 3, to determine the value of k9 

Mathematical Solution of System Model 

The values of k;, k,,, and k9 obtained from the experiments will be used to splve the model of 
the system. The value of T is assumed to be 0.5, the ideal value for the least load - one disc 
applied. By substituting the values of these parameters into equation (7), where, k;= 3.2 rev/ 
sec.volts, k,,, = 0.03 volts.sec/rev, k9 = 20 volts/rev and T = 0.5, equation (1) becomes: 

=---- (16) 
15s2 + 30s 
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Therefore, the transfer function of the system can be written as: 

G (s) = __ 64 __ 
15s2 + 30s 

This is the system model which will be used in the PID controller design. 

(17) 

However, prior to the design of the adaptive controller, this equation needs to be transformed 
into discrete form, since the adaptive controller will be designed as a digital controller. The 
first step is to convert equation (17) into a simpler form for Laplace transform and Z-transform. 
Dividing the transfer function by 15 will yield: 

G (s) = 4.2666 (1B) 
s(s+2) 

Applying second order Laplace transform to equation (19) will construct: 

G(s) = ( 1-e·") ( 4.2666 ) (19) 
s s(s+2) 

Subsequently, applying Z-transform only to the first term of equation (19) will make: 

G (z) = (] -z·1) z { 4.2666} 
s2 (s +2) 

(20) 

To solve the second term of the equation, partial fraction method has to be applied in order to 
apply Z-transform. Therefore, from the second term of equation (20), the partial fraction 
equation is; 

4.2666 A + B + C 
-----
s2 (s +2) s s2 s +2 (21) 

Solving equation (21) gives the values of: 
A= -1 .0666, B = 2.1333, C = 1.0666 

Substituting these values into equation (21) and hence inserting this equation into equation 
(20) will give the result below: 

G (z) = (] _ z·l) Z { 2.1333 _ 1.0666 + 1.0666} 
s2 s s +2 

(22) 

Now Z-transform can be applied and the equation can be solved to yield: 

G (z) = (] _ z·l) [ Tz(2.1333) _ l .0666z +-l_.o6_6_6z_] 
(z-1)2 (z-1) (z-e·1 0666T) 

(23) 
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By substituting the value of T into the above equation and simplifying, the following result 
is obtained: 

(:) 0.6258z·l - 0.1849 
Gz =------

z2- l.5867z + 0.5867 
(24) 

The process does not end here. Next, the equation needs to be multiplied with z-2 to obtain 
the required discrete form of transfer function to be used in the adaptive design. 

Therefore, the equation now becomes: 

G (z·I) = 0.6258z·1 - O. l 849z·2 

1 - 1.586h1 + 0.586h 2 
(25) 

Simulink Model Designs 

This section will feature the completed SIMULINK model designs to be simulated. The 
designed models are the servo system with PIO controller and with adaptive controller. The 
design of PIO controller is simpler, contrary to the design of adaptive controller. The reason 
is that the adaptive controller needs estimator and pole placement design blocks to perform 
adaptive behaviour. The controller designs with real time feature are also shown in this 
section. The servo system model block is omitted from the controller designs with real time 
feature, since the controllers are virtually connected to the real plant. 

The data acquisition card is used to interface servo trainer and computer (Figure 9). This 
data acquisition card comes in package with Matlab Real Time Toolbox software. In SIMULINK 
Library, this card is what is referred to as the adapter, which will be featured in the design. 
The type of card used in this design is the PCL711 b card. To make this card usable, the 
hardware driver named pcl711 b.rtd needs to be loaded into Matlab (Advantech Co. Ltd., 
1993). The hardware driver is a module which interfaces the real time software to the data 
acquisition card. It has to be loaded and configured appropriately for proper communication 
with the board. The concept of loadable hardware drivers allows to servo virtually any input
output board without the need to know its hardware details. 

Figure 9. Hardware Setup 
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Figure 10. Model of Servo System with 
PIO Controller 

Figure 12. Model of PIO Controller for Real 
Time Implementation 

RESULTS AND DISCUSSION 

Figure 11. Model of Servo System with 
Adaptive Controller 

Figure 13. Model of Adaptive Controller 
for Real Time Implementation 

The simulations run in SIMULINK show the following results. For the first simulation, step 

input was used as the input signal for both controllers. Figure 14 shows that the output of PID 

controller produced an overshoot of approximately 30 %, while there is no overshoot produced 

by the adaptive controller, as shown in Figure 12. This is due to the ability of adaptive controller 

to adapt with the required output. However, by comparing the settling time of both outputs, it 

reveals that the response of PID controller is very much faster. The PID takes about 0.25 

seconds only to reach the steady state while the adaptive takes a very long time, about 

approximately 13 seconds. 
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Figure 15. Output of adaptive controller 

Evaluating the control signal of both schemes may indicate which scheme is less costly in 
terms of power consumption. Signal with more fluctuations indicates that it consumes more 
power in order to control the system. Figure 16 and Figure 17 depict the control signal of the 
adaptive and PIO controller respectively. 

Figure 16. Control signal for 
adaptive controller 

Figure 17. Control signal for 
PIO controller 

The systems are then tested · with different input signals. Instead of using step input, square 
wave and sawtooth signals were also applied. With the same settings of all variables, the 
results showed a little difference. Figure 18 and Figure 19 show the output for square wave 
and sawtooth inputs respectively for the adaptive controller. Figure 20 and Figure 21 show 
the output for square wave and sawtooth inputs, respectively for the PIO controller. 
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Figure 18. Square wave output for 
adaptive controller 

Figure 20. Square wave output for 
PIO controller 

Figure 19. Sawtooth output for 
adaptive controller 

Figure 21. Sawtooth output for 
PIO controller 

For adaptive controller, the sawtooth input produced the worst response since the output 

did not manage to reach the desired value as shown in Figure 22. This is due to a very fast 

transition time at the peak, which the controller cannot manage to catch up. Therefore, at 

this very time, the output is forced drastically to follow the input while it is still trying to 

reach the top. For the square wave input, the output did not show a big difference if compared 

to the output of step input. However, referring to the control signal (Figure 25) the sawtooth 

input might be economic in power consumption. 

By analysing both Figure 26 and Figure 27, it can be concluded that as for the PID controller, 

the square input produced a slightly higher overshoot compared to the step and sawtooth 

input. While the settling times for both responses are almost the same as can be observed 

from both figures. Analysis of the control signal has discovered that the control for sawtooth 

signal is better since fewer fluctuations were produced as can be observed in Figure 28 

and Figure 29. 
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Figure 22. Input signal of square wave input 
Vs the output for adaptive controller 

Figure 24. Control signal for square input of 
the adaptive controller 

Figure 26. Output of PIO controller for 
square input 
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Figure 23. Input signal of sawtooth input Vs 
the output for adaptive controller 

Figure 25. Control signal for sawtooth input 
of the adaptive controller. 

Figure 27. Output of PIO controller for 
sawtooth input 
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Figure 28. Control signal of PIO controller 
for sawtooth input 

Figure 29. Control signal of PIO controller 
for Square input 

The real time implementation results are shown in Figure 30 to Figure 35. For both controllers 

the input signal used is the step input for simplicity. While the output from the servo being fed 

into the controller design is the physical position of the input dial, which is the angle of the 

motor position dial, e. When the motor spins, at the same time, the angle indicator dial will 

also spin, following the rotation of the motor. The angle dial indicates the value of -150° to 

+ 150° at the inner edge of the dial with a pointer. The simulation was run for 100 seconds. 

The motor was running before the simulation started. The speed of the running motor was 

approximately 350 rpm as indicated by liquid crystal display (LCD) of the servo trainer. The 

speed as the controller was applied and gradually stopped after a few seconds. 

The basic principle of the operation is, when the input signal and output signal from the 

position dial are aligned, the error of the actuating voltage is zero. When the motor moves, 

the position dial also moves, causing potentiometer voltage to occur at typically 0.1 V per 

degree of misalignment (Kashno, 2000). This voltage is multiplied by the controller's gain. 

The motor responds to this signal by moving in such a direction that the angle dial rotates 

nearer to the voltage value of the input signal. As the angle dial moves, the error signal 

becomes smaller and the actuating voltage starts to fall until eventually the voltage equals 

the input signal. At this point, the actuating signal becomes zero and the motor stops. 

From Figure 30 and Figure 31, it can be concluded that the output of PIO controller shows a 

faster adaptation compared to adaptive controller, as proven in the simulation done previously. 

As observed from the graphs, the PIO needs only10 to 15 seconds to stop the running motor. 

While the adaptive controller shows a longer settling time, about 20 to 25 seconds. The 

output of the PIO controller is in discrete form, similar to the adaptive controller output because 

the analog output from the servo has been converted into digital form before being fed directly 

into the controller. Analysis on the control signal of Figure 32 and Figure 33 shows that the 

adaptive controller seems to need more energy to stop the running motor referring to the 

controller output value from the graph. 
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Figure 30. Real time output of 
PID controller 

Figure 32. Real time control signal for 
PID controller 
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Figure 31. Real time output for 
adaptive controller 
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Figure 33. Real time control signal for 
adaptive controller 

SIMULINK simulation results and real time implementation results have been successfully 
obtained. Analysis has shown that a controller can be designed depending on the purpose. 
It depends on one's preference. If the requirement is to have a system with a fast response, 
then the PID controller might be of interest. If the need is a system with a precise adaptation 
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Figure 34. Step input Vs real time output 
for PIO controller 
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Figure 35. Step input Vs real time output 
- for adaptive controller 

regardless of time consumption, then the adaptive controller will be a good choice. Even if 
the adaptive controller in this design gives a rather slow response, it does not imply its 
incapability. This controller may give a fast response, depending on the designed system 
and application. 

However, there are ways to improve the performance of this adaptive controller. According to 
Song et. al. (1999), even though the adaptive controller has the ability to learn from the 
experience of controlling the system, it has the disadvantage of often exhibiting poor transient 
response. This author, however, has proposed that this problem can be overcome by 
employing the robust control method, which can estimate the error convergence rate, and 
therefore the desired transient response can be achieved by adjusting control parameters. 
Hence, this integrated adaptive-robust controller would perform better. Another solution is 
proposed by Lin et. al. (2000), featuring an adaptive backstepping controller applied to the 
mover position of a linear induction motor. This controller has been approved and possess 
the advantages of good transient control performance and robustness to uncertainties for 
the tracking of periodic reference input. 

Despite the success of acquired results, an undesirable problem arises. As observed, the 
output responses of the simulation part and the real time simulation part do not match each 
other. This causes the comparison between the simulation and the real time implementation 
to be not possible. The reason for this is that the real time simulation output is measured 
from the angle dial, which is associated with the motor speed. Therefore, the recorded 
responses are actually the actual movement of the angle dial, and not the responses from 
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the angle signal. However, the performance of the controller can still be observed and 
evaluated from the acquired graphs. The controller still manages to control and stop the 
moving motor. This is proven by the angle dial output which stops at the same value with the 
step input, at 1 volt. 

CONCLUSION 

This study has successfully demonstrated the design and implementation of a PIO and an 
adaptive controller for the position control of DC servo system. Simulations of both designed 
controllers were done before being implemented to the real plant, a servo trainer, to furnish 
greater degree of confidence. This will ensure that the designed controllers reach the desired 
output response, thereby ensuring that they are safe to be implemented to the real plant. 
From the simulations and experimental results under current setup, the control of DC servo 
positioning proved much more efficient under the influence of PIO controller. Results may 
differ under different setup and hardware used. The analysis on transient response of both 
designs shows that the adaptive controller exhibits a not-so-good performance comparatively. 
This is probably due to the pole placement and estimator designs, which cause the controller 
to give a slow response. 

As an overall conclusion, based on the results obtained, these designs are considered to be 
successfully implemented to a real plant using the Matlab Real Time Toolbox, which connects 
MATLAB and SIMULINK to the real world. The objectives stated at the beginning have also 
been achieved. The plant model development has been described in detail while the 
construction of controller models via SIMULINK has been presented step by step. Analysis 
and comparisons of controller performances have also been carried out. 
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