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ABSTRACT

Servomotors are used in a variety of industrial applications, which required
reliable and precise control of the servo motors on the mechanism’s joints. The
conventional feedback (FB) controller, which the Proportional-Integral-Derivative
(PID) controller has good performances, while is not robust enough for non-linear
system such as a motor. A feedforward (FF) compensator is added to the PID
controller for the purpose of load disturbance rejection, and it had successfully
increased the control performance by decreased the overshoot (O.S.) value when a
load distribution is added. However, in order to obtain better control result,
Proportional (P), Integral (1), and Derivative (D) parameters need to re-tune by every
attempt of load changes. Thus, intelligent control algorithms (1A) are indeed to
compensate the lacking of an ordinary controller. The servomotor is mathematically
modelled into MATLAB/SIMULINK to obtain a virtual model of a servomotor for
simulation use. The model is used for the servomotor’s position control simulation,
and the control performances are compared among of the relevant conventional,
fuzzy, and hybrid controllers. The PD controller gives the best result when no load is
applied on MS150. Meanwhile, when a load disturbance is applied on MS150, PID
controller performs the best, with the Integral (I) element brings the control
performance to zero steady-state error (SSE). The Mamdani FLC with 7x7 MFs
results in a better control performance compared to 5x5 and 9x9 MFs’ FLC that it is
able to produce smallest SSE. Yet, FLC has its drawbacks too. The SSE for FLC is
hardly to eliminate and gives a slower response compare to PID controller. There
still a 0.001 rad of SSE for the 7x7 MFs FLC, when a load is applied on the
servomotor. Consequently, the idea of the hybrid of Fuzzy-PID was present to use
each other’s strengths to make up for each other’s weaken points, and this control
architecture was robust enough to the load changes and performed better with zero
O.S. and SSE compare to the conventional controller and the ordinary FLC.
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CHAPTER 1
INTRODUCTION

According to the Robot Institute of America (1979), a robot is a
programmable, multifunctional manipulator designed to move material, parts, tools
or specialized devices through various programmed motions for the performance of a
variety task. The advantages of a robot manipulator are: they are replacing human
operators who involve hard reaching places, monotonous task and dangerous
environments, such as fire, chemicals, nuclear facilities, underwater and etc. to
complete a task efficiently and effectively in a higher accuracy [2]. The major
problem to study with a robot control is the mathematical modelling of the robot arm and
the actuators on the manipulator. These mainly involves the analysis, modelling, and
control of the direct current (DC) motor that drive each joint of a robot. Therefore,
modelling, analysis and control of the DC motor are the crucial parts of a
servomechanism control. Henceforth, this study is focused on the modelling and control
of DC motor.

1.1  Background of the study

Servomechanisms are used in most industrial applications like manufacturing,
logistic, biomedical, cars, outer space and recently in the military field [21] that
include precision control on the servomotor of their joints [14]. Servomotor uses FB
controllers to control the operation. The basic continuous FB control, which is PID
controller, has good control performance but it is not robust enough when there is
disturbance. The fuzzy logic system that using the linguistic solutions is suitable for
handling the non-linear dynamics such as servomechanisms. However, the control
response of the FLC is slower than a PID controller and its SSE is difficult to

eliminate. Thus, it is probable that the hybrid of PID and Fuzzy Logic control system



can overcome the problem of FLC as well as compensate the drawback of a

conventional controller.

The system identification technique is used to mathematically derive a
transfer function (TF) of the system, to build a virtual control model that almost
equivalent to the real MS150 system. The model is used for the position control
simulation and the control performances are compared among of the relevant
conventional, fuzzy, and hybrid controllers. The project is aiming to improve the

controller’s performance by hybridizing the Fuzzy and PID controller.

Industrial Application of
Servomechanism

ervomotor
1. Speed control

2. Position control
[
| |

Conventional controller: PID Fuczzy Lolglif (;'controller (FLC)
= trol Performance ;
+ Control performance on Hybrid
—>Zero Steady-State Error Eéngﬁ)n-Zero Steady-State controller:
- Classical approach + Advanced approach PID + FLC
" INGE Elova: + Good robustness
| o J 7

Compare

Figure 1: Overview of study background

1.2 Problem Statement

During the past few decades, servomechanisms have become important in
most industrial applications. They serve as intelligent alternatives for man into many
unknown and unreachable explorations. As the applications of servomechanism have
been increasing in numbers, the demand imposed on their reliability and precision
operation have also to be increased simultaneously with the growth of the complexity

of the mechanism and the automation control area.



As mention previously, modelling, analysis and control of the DC motor that
drive each joint of a robot are the very important parts of a servomechanism control.

Henceforth, this study is focused on the modelling and control of DC motor.

The conventional controller (PID) was unable to provide adequate control
performance for load disturbances, while FLC alone as an intelligent controller
demonstrates in inadequate control performance. Thus, the advance control
algorithms such as a hybrid controller are indeed to compensate the lacking of the

ordinary controller.

1.3 Objective

The aims of the project are to design and develop an advanced controller,
which is the hybrid PID-Fuzzy controller for servomotor application and to
investigate the control performance of PID, Fuzzy and Hybrid PID-Fuzzy

controllers.

1.4 Scope of study

The main scopes of this project consist of research, modelling, simulation,
and analysis results. The researches in this final year project (FYP) help the student
to understand about the new technology, which is the FLC in controlling the
servomechanism. Then, the basic knowledge and the techniques learnt from
researches will be applied to model the servomotor into MATLAB/SIMULINK to
obtain a virtual model of servomotor. Lastly, again the basic knowledge of control
will be applied to improve the simulation testing and analyzing project outcomes.
The simulation will be done by using MATLAB/SIMULINK to present the final

results.

This project required of the fundamental knowledge about the MS150
servomotor and servomechanisms such as crane and robot arms. It also required the

control knowledge about the FLC and the Fuzzy-PID Hybrid Controller too.



CHAPTER 2

LITERATURE REVIEW

This chapter provides an overview of the project related research topics,
followed by the basic theories starts with DC servomotor, PID controller, FLC and
finally the Hybrid of Fuzzy-PID Controller. The work main related papers were
summarized in a table attached in APPENDIX I.

8 main study related research topics had been studied, which from the year of
1998 to 2010. Paper number 7 will be the main reference throughout the project. The
study outcome shows that both PID and FL controllers have the advantages and
disadvantages. However, each of the controllers has the qualities that the other lacks.
5 out of 8 papers show that better control performance can be obtained by the hybrid
of FLC and PID controller. Table 1 reviews the research summary, which had
majorly compared PID controller and FLC on the control performance and
robustness features.

Table 1: PID versus FLC

Proportional- Integral- .
Controller Derivaptive Controlle? (PID) Fuzzy Logic Controller (FLC)
Improve the transient response Slow response,
Control The steady - state error of the
and steady-state error at the same . A
Performance time co_ntrolled variable is difficult to
' eliminate.
Better robustness:
Not robust: Suitable for handling uncertain,
Parameters are fixed during non-linear and mathematically
Robustness | operation, intangible dynamics,
Based on a linear system. Wider range of operating
conditions and customizable
(linguistic control rules).
" Advance approach,
Others Traditional approach But need experiences and skills




2.1 Servomotor

The servomotor is an electric motor that has control system components. Any
motor can be used in a servo system and there are two types of motors, which are DC
motors and alternative current (AC) motors [1]. DC motor is a common actuator in
many mechanical systems and industrial applications such as industrial robots,
educational robots, different types of cranes and etc. [11, 14, and 21]. DC motors are
preferable in industrial application because they have better starting torque compare

to AC motors, although they are more expensive than AC motors [3].

A DC motor has two main components, electrical component and mechanical
component. Figure 2 shows the schematic of the armature controlled DC motor with a

fixed field circuit.

Rotor
.I.IVI( I’

f\l 6,,(1)

J 'A‘\

/

.
v, (1) Armature | v, (f)
. circui[/
1) ==

Figure 2: Schematic of DC motor system [5, 6]

In modelling of the DC motor, the motor is divided into three major components
of the equation: electrical equation, mechanical equation, and electro-mechanical
equation [7]. The electrical equation for a DC motor system is obtained based on
Kirchhoff's Voltage Law (KVL) as follows:

0iq (1)
ot

v (8) — vy () = L + Riy (£) (2.1)

The mechanical equation is obtained as follows, based on Newton law of motion:

020, (1) 20,,(t)

) =]— 5 +B—; (2.2)




When the input voltage v, (t) is applied, the armature current i, (t) goes through
resistance R, and inductance L, producing magnetic flux, @ and causing the motion of

the rotor according to the motor torque as illustrated in the following equation.

Tm(t) = Kiio(0) (2.3)

The back electromagnetic force (EMF) was induced by the angular speed of the

motor shaft as follows:

v, (t) = Kpwy, (t) = K,

(2.4)

Substituting Eqg. (2.4) into Eq. (2.1) and Eq. (2.3) into Eq. (2.2) the results are:

V(i) =L aigit) + Ri,(t) + K, agg‘t(t) (2.5)
and
0%6,,(t 20,,
K.i,(t) =] 0t2( ) +B at(t) (2.6)

Transforming the above two equations using Laplace transform to obtain the two

equations as follows:

V(s) = sLI,(s) + Rl (s) + sK;,0,,(s) (2.7)
and
K.1,(s) = s?]6,,(s) + sB6,,(s) (2.8)

Substituting Eqg. (2.7) and Eq. (2.8) gives the motor TF,

Q () _ K,
V,(s) JLs?+ (JR+ BL)s + BR + K;K,

Gmotor () = (2.9)

In 2007, Lacevic et al. [4] performed an experiment of speed and position control
in cascade mode shows that the position is the time integral of speed. Hence, the TF of

the motor position is determined by multiplying the transfer function of the motor speed

by the term i :

O (s) _ K,
V,(s)  s[JLs?+ (JR + BL)s + BR + KK, |

Gposition (s) = (2.10)



The schematic diagram in Figure 2 is modelled as a block diagram in Figure 3.

This block diagram represents an open-loop system, and the motor has built-in FB EMF,

which tends to reduce the current flow. Block diagram gives a clear picture of the TF

relation between each block of the system.

Tids

Tuls} % -
+

Vafs) " I
’( ) b R+ls
4

Jors + By

4 12.{5}

F

Kp

Figure 3: Reduce Block Diagram of DC motor system [6]

Enfs)

From the instruction manual of the MS150, the system parameters were

summarized in Table 2 [8].

Table 2: The main system parameters of MS150

Parameter

Values

Gain of IP/OP Potentiometer

Ki/o =4.8 V/rad

Gain of Tacho Generator

Kq = 0.025 V/rad/ s

Gain of Op Amplifier Kop =10

Gain of attenuator unit Ka= 0.256
Gain of pre-amplifier Kpa= 25

Gain of Servo Amplifier Ksa= 2
Resistance of armature of motor R=3.2Q
Inductance of armature of motor L=8.6 x 1073H

Torque constant of motor

Ki=3.3 x 103Nt m/A

Back EMF constant of motor

K,=100 x 1073 V/ rad/ s

Inertia of motor rotor

Jn=30 x 107% kg m?

Inertia of additional inertia disc

JL =412 X 10~ %kg m?

Viscous friction coefficient of motor shaft

Bn=50 X 10"® Nt m s

Viscous friction coefficient of load shaft

B, =160 x 10"°Ntm s

To study the behaviour of the DC motor when no load, substitute the

parameter values of DC motor from Table 2 into equation (2.9). The open loop

transfer function of the motor is:

Qp(s) 3300

Gmotor (S ) =

7

V,(s)  0.258s2 + 965 + 490

(2.11)



The block diagram of the plant is shown in Figure below.

Tuls
a5 . Vils) K r"fij = 1 205} [ .t
—*1 Ke 'PO_ K TR+l Ja+E, ™
F Y
K d
Ko

Figure 4: Block Diagram of the MS150 Modular

The system transfer function for the system can be derived from the analysis
and results in [9, 10] as:

_ 90(5) _ Ki/o KK
0;(s)  RBs(1+1,5)(1+715) + (K.Kp + K, K;Ky)s

H(s) (2.12)

Where Ks = KopKauKpaKsa, T, = L/R, and t = J/B. Substituting the system
parameters into Eq. (2.12), the TF for no load case is,

Bo(s) 2027520
0;(s)  0.258s3 + 9652 + 11050s

H,(s) = (2.13)

However, since the electrical time constant, T,can be negligible compares to

the mechanical time constant, 7 Eq. (2.12) can be simplified to

Bo(s) Ki/o KsK¢

H(s) = =
(<) 0:(s)  RJs?+ (RB +K.K, + K,K.K,)s

(2.14)

Substituting the system parameters into Eq. (2.14), the TF for no load case

becomes,

0,(s) 21120

H(s) =55 T T+ 1151s

(2.15)



2.2 PID controller

Traditionally, servomotors use FB controllers to control their operations. The
conventional continuous FB control is PID controller has good performance for a
huge number of control applications. Since the development of PID control in 1910
and Ziegler-Nichols’ (ZN) tuning method in 1942, PID controllers became popular in
control engineering due to their simplicity of implementation and design. The ability
to be used in a variety of applications also made it to be famous [11]. Moreover, PID
controller is available at low cost and it able to provide robust and reliable
performance for most systems if the parameters are tuned properly. According to [11,
12], PID controllers or PID variations (P-only, PD, and PI) are widely used in more
than 90% to 95% of control applications. However, it has the limitation. PID
controller can gives only satisfactory performance if the requirement is reasonable
linear and the process parameters change are limited.

PID is a type of FB controller output a control variable (CV), based on the
error between user-defined set point (SP) and measured process variable (PV). Each
element of the PID controller refers to a particular action taken on the error:

Proportional gain, Kp: It act as an adjustable amplifier that responsible for
system or process stability. If K, is set too low, the PV can drift away, while, too

high of K, will lead PV to large overshoot and oscillatory response.

Integral gain, K;: Integral control tends to reduce the effect of SSE that may be
caused by the K,, where a small integration time result a fast changing to the PV
[12]. Hence, K; is responsible to drive the SSE to zero. However, when K; is set

too high, it tempts oscillation or instability for the system.

Derivative gain, Kp: A derivative term which tends to adjust the response as the
process approaches the SP. Hence, Kp is responsible for system or process
response. Therefore, too small of Kp will brings the PV to aggressive, while, too

big of Kp leads the PV to slow response.



Table below summarized the effect of increasing a PID parameter

independently.

Table 3: The effect of increase a PID parameter independently

Parameter |Steady-State| Overshoot | Settling time, | Rising time, Stability
Error (SSE) (0.5) ts tr
Ko Decrease Increase Small change Decrease Degrade
K| Eliminate Increase Increase Decrease Degrade
Kb Theoretically Decrease Decrease Minor change |Improve if Kp
no effect is small
enough

PID algorithm can be implemented in different forms depending on the
process and control requirements. There are two types of system combination, which
are parallel and series. The easiest form introduced is the parallel form, as shown in

Figure 4, where the P, I and D elements has the same input signal, error, e (t).

Figure 5: Parallel PID controller structure

The terms, K,, K, and Kp stand for the proportional, integral, and derivative
gains. The terms e(t) and y(t) represent the error and the control signal respectively.

The TF of the PID controller in parallel is:

K;
Gpipparauet(s) = Kp + 5 + Kps (2.16)

The parameters of PID controller can be set using manual tuning method, ZN
tuning method, Cohen Coon tuning method (open-loop tuning) and etc. Table 4

below shows the advantages and disadvantages of these tuning methods.
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Table 4: The comparisons between different types of tuning method

Method

Advantages

Disadvantages

Manual tuning |-

No math required.
Online method

- Requires experienced personnel

Ziegler-Nichols |-

Proven method.

- Trial-and-error method, very

tuning - Online method aggressive tuning.
Cohen-Coon - Good process models - Some math.
tuning - Offline method.

- Only good for first-order
processes.

Whereas, ZN tuning method can be divided into 2 types, which are ZN

Process Reaction-Curve (PRC) method (ZN open-loop tuning method) and ZN

ultimate cycle method (ZN closed-loop tuning method).

ZN open-loop tuning method is based on the process reaction curve (PRC) of

the open-loop system or process [24]. It needs the PRC to determine the dead

time, O, the time constant, t, and the value when the process response reaches

steady-state, X,, for a step change of Xo, which the loop tuning constants, K, can be

calculated as following,

K():

29| &
SR

(2.17)

Hence, it also named as ZN PRC tuning method. The three combinations of

PID controller as below:

Table 5: PID parameters by ZN open-loop tuning method

Control Type Ko K, Kp
P-only Ko - -
Pl 0.9K, 3.360 -
PID 1.2K, 20 0506

ZN closed-loop tuning method is suitable to apply only to system or process

that have a time delay or having dynamics of third or higher order [25]. For this

tuning method, if K.y is the ultimate value of K,, whereby the value of K, which the

output response is constant oscillation and Py, is the ultimate period of oscillation [11,

15].
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The three combinations of PID controller are shown at Table 6 below.

Table 6: PID parameters by ZN closed-loop tuning method

Control Type Ko K, Kb
P-only 0.50K,.-y - -
Pl 0.45K,., 1.2K,/Py -
PID 0.60K,., 2K, /Py, K,P./8

2.2.1 Feedforward PID Controller (FFPID)

Disturbance is the concern in most of the control systems or process. Any
system may have unpredictable inputs which are the disturbances that drive the
system away from its desired task [27]. The algorithm that combined FF with FB
controls can significantly improve the system’s performance compared to just a
simple FB control. In the most ideal condition, FF control can completely eliminate
the effect of the measured disturbance. Even when there are modelling errors, FF
control still can reduce the disturbance effect better than FB control alone. The
following table shows the comparison between FF and FB controller.

Table 7: Feedforward controller versus feedback controller

Controller Feedforward Feedback
Advantages |- Compensates for disturbance |- Provides zero SSE
before system output is - Effective for all disturbances
affected
- Does not affect the system
stability
Disadvantages |- Cannot eliminate SSE - Does not compensate until
- Requires a sensor and model the system output deviates
for each disturbance from its SP
- Affects the control system
stability

Table 7 shown that the idea for the combination of FF and FB controller was

to use each other’s strength to make up for each other’s weakening point.
As shown in the reduce block diagram of DC motor in Figure 3 load torque

will be the external disturbance for a servomotor. Hence, FFPID should eliminate the

load disturbance input to drive the output to response to the desired input. The load

12



disturbance on the motor is considered as disturbance input that will be rejected by
the FF compensator. The block diagram of FFPID can be drawn as Figure 5.

De (=)
Feed-Forward ! Plant
Ged (8) | Ga(s)
Compensator
+
Vin(s) Va(s) + X e (s)
Ge > >
—+>(%—> (s) ce(s) )
H(s) [=

Figure 6: Feedforward compensator structure [26]

As mention before, a DC motor have 2 major components, which are
electrical component and mechanical component. Assume that the G(s), is the
electrical part that contains the resistor R and the inductance L and, G, (s), is the
mechanical part, which containing the inertia, J and the viscous friction, B elements.
By using the superposition method, the total output TF will be as below.
K:G1(s5)G2(s) G2(s)

Va(s) +

00) =17 G1(5)G2(S)K:Kp 1+ G1(5)G2(S)K:Kp D5

(2.18)

6(s) = Gp(s)Va(s) + Ga(s)De(s) (2.19)

Gp(s), is the plant that guided the input, Va(s) to the output, while, Gy(s) is the
TF from disturbance input, Dy(s) to the output.

However, as the FB controller, G¢(s) was adding to control model. The TF
will be as following.

B Go(s)Gyp(s) Ga(s)
0(s) =17 Go(5)Gy()H(S) Vin(s) + 17 G.(5)Gp ($HH () De(s) — (220)
0(s) = T(s)Vin(s) + Ty4(s)D:(s) (2.21)

T(s), is the plant from the input, Vi(s) to the output, while, T4(s) is the plant
from disturbance input, D(s) to the output.
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Since, this FFPID is designed to reject the disturbance input. Therefore, the
FF controller, Geq(s) should reject the load disturbance input without affecting the

plant, T(s). The TF from the disturbance input to the output is:

Ga(s) = Gea(s)Ge(5)Gp(s)

Ta(s) =—7 Go(5)Gy(s)H(S)

(2.22)

Tq(s) have to reach zero in order to reject the load torque disturbance. Thus,
the numerator of Eq. (2.20) should equal or approximately to zero. Consequently,

Gea(s) will be good to reject the load torque disturbances, where

Ga(s)
Gy (s)

ch(S)GC(S) = (2.23)

The performance of the controller was depending on the G,(s) parameters and
the type of the G(s) controller. When the system controller is the conventional
parallel PID controller, the final TF of the FF compensator, Ggy(s) will be as
following.

Ls? + Rs
K(Kps? + Kps + K;)

Gea(s) = (2.24)

2.3  Fuzzy Logic Controller (FLC)

Fuzzy logic (FL) is based on fuzzy set theory that established by Lofti A.
Zadeh in 1968. Unlike classical logic that only characterizes the results into true or
false values, FL also indicates the degree of truthiness or falseness of each input. FL
provides a systematic calculus to deal with incomplete information. It also performs

numerical computation by using linguistic labels required by MF.

The basic principle of the FLC is to express operator’s experiences into the
IF-THEN rules. Every rule has two parts, condition part, which is the IF-PART of
the rule, and outcome, which is the THEN-PART of the rule. The combination of
such rules is called FL rule base. Generally, FLC contains of three principal
components, which are fuzzifier, rule base and inference engine, and finally

defuzzifier. The basic configuration of FLC can be seen in Figure 5 below:
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Fuzzy Rule Base

—pel  Fuzzifier Defuzzifier -
xinU yinV

] Fuzzy Inference Engine
fuzzy sets in U fuzzy sets in V

Figure 7: Basic configuration of fuzzy system [3]

Input will go through a fuzzification interface and then converted to linguistic
signals. Subsequently, the rule base, which is a database that hold the decision-
making logic are used to summarize the fuzzy output. Then, a defuzzification method

uses to convert the fuzzy output from the interface engine to output [14].

Fuzzifier is where to define the MFs of input variables and output variables. It
involves the conversion of the input and output signals into a number of fuzzy sets.
Figure 6 shows an example input and output variables that are used in a MS150
system [15].

Input variables Output variable
A
r \ A
o A ~ / h
i
" - é 6 l‘. |
Mae ET Tae
1
ST ]
, C ]

Figure 8: Fuzzification input and output variables [15]
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The basic function of the rule base and inference engine is to represent the
expert knowledge in a form of IF-THEN rule structure. The FL can be derived into
an n xn rule which consists of n’ rules. Figure 7 shows the examples of 3 x 3 fuzzy

logic rules to control a MS150 servomotor [14].

err Ne Ze Pe J

/—-de

Antecedent '—\ Nde No No 20

zde||| No | Zo PK

Pde 2o Po Po

y

Consequents

Figure 9: The Fuzzy Logic rules [15].

The fuzzy logic rules-based of example above is shown below.

1) If error is Ne AND de is Nde THEN output is No
2) If error is Ne AND de is Zde THEN output is No
3) Iferroris Ne AND de is Pde THEN output is Zo
4) If error is Ze AND de is Nde THEN output is No
5) If error is Ze AND de is Zde THEN output is Zo
6) If error is Ze AND de is Pde THEN output is Po
7) Iferror is Pe AND de is Nde THEN output is Zo
8) If error is Pe AND de is Zde THEN output is Po
9) If error is Pe AND de is Pde THEN output is Po

, where N is Negative, Z is Zero and P is Positive.

Finally, defuzzification is used to have a crisp value from the FLC. There are
three types of defuzzifier, which are center of gravity defuzzifier, center average
defuzzifier, and maximum defuzzifier [16]. The common defuzzifier that’s been used
in most research is center average defuzzifier, which it fulfills the three criteria in

designing a defuzzifier: plausibility, computational simplicity, and continuity [3].
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The center average defuzzifier is given by the algebraic expression:

s us(s)ds
s* = ﬁ (2.25)

The servomotor is an unpredictable non-linear system, which the ordinary
PID controller was not robust enough to apply for it. Many literatures such as [3],
[11], [17] and etc. shows FLC is an advance knowledge that can be well applied to
the control of systems with disturbance and nonlinear dynamics to overcome the
weakness of PID controllers. FLC also been investigated by which has good

robustness compared to PID controller.
2.4 Hybrid controller

PID controller is the most popular control tool in many industrial applications
due to the ability to improve the transient response as well as eliminate the SSE of
the system at the same time. However, the parameters of PID controller are fixed
during operation. This cause PID controller is inefficient to control a system, when

the system is disturbed by unknown facts or have dynamic changes [3, 14].

As servomechanisms have become important in most industrial applications,
the demand imposed on their reliability and precision operations have also increased
simultaneously with the growth of the complexity of the mechanism and the
automation control area. Consequently, classical PID controller that based on linear
system theory has to simplify or linearize the non-linear systems before they can be
used, yet this still without any guarantee to provide good performance [18].

The main difficulty in designing a nonlinear controller is the lack of a general
structure [19]. In addition, most control solutions developed during the last few
decades have been based on precise mathematical models of the systems. However,
most of nonlinear systems are difficult to describe by mathematical relations
precisely [14]. For this reason, these model-based design approaches may not

provide satisfactory solutions. Consequently, this motivates the interest in using FLC.
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FL systems are the suitable approach for handling uncertain and non-linear
dynamics to overcome the weakness of a traditional controller using simple solutions
[3]. FLC has several advantages over PID controllers, as FLC is cheaper to develop.
Its operation covers a wider range of operating conditions, more readily,
customizable in linguistic terms, and provides short rise time and small overshoot for

the controlled system [14].

However, the complexity of fuzzy controllers had increased exponentially
with respect to the number of input variables. Furthermore, fuzzy controllers are
similar to the standard Proportional-Derivative (PD) controllers, which the SSE of
the CV is difficult to eliminate [20], and the response of a FLC is much slower than a

PID controller.

Thus, it is probable to develop a controller that applying FLC with a
conventional controller to overcome the problem of FLC as well as compensate the
back draw of the conventional controller. There are a lot of literatures that show the
effectiveness of hybrid fuzzy- PID controller on servomechanism in different
application area, such as robot arm control [11], anti-swing on crane applications and

furthermore, weapon control [21].
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CHAPTER 3
METHODOLOGY

Start \

o

Research

U

Literature Review

U

Modelling (mathematically):

1. Derive Transfer Function (TF).

U

Conventional controller Design, Tuning and Simulation 1:
1. PID Controller J
2. Feedforward compensator ~

U

Development of advance controllers and simulation 2:
1. Fuzzy Logic Controller (FLC)
2. Fuzzy-PID Hybrid Controller

o

Analysis:
1. Controllers performance comparison.

o

Final Report

U

>FYP1

End o

Figure 10: Project Activities Flow
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This Final Year Project (FYP) is a simulation basic project that has 3 main
parts, which are modelling the DC servomotor, designing and simulating the PID
controller and advance controllers, which are FLC and the Hybrid of Fuzzy-PID. The
important data will be obtained from the MS150 Servomotor Modular before
modelling and controller designing process. The data then can be simulated by
MATLAB/SIMULINK, which is using the control algorithms to alter the error
signals to drive the servomotor to the desire response. As a consequence, this design
can be the reference controller variables of the system to apply in various industries’
servomechanisms. The details of the main parts on this project will discuss at the
following units and the full project activities flow will show at APPENDIX II.

3.1 DC Servomotor Modelling

( Start )

- Identify process and
system parameters

Re-Modelling
- Troubleshooting

- Derive the system’s TF,
mathematically

Tests run
simulation on
the TF

Successful

Figure 11: DC servomotor modelling flow.
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The servomotor was modelled based on the Feedback group’s educational
purpose servomotor modular (MS150). System identification technique is using to
identify MS150’s important parameters, from the devices’ name plates, manuals and
etc. Henceforth, the TF of the DC servomotor can be derived mathematically to build
a virtual servomotor plant in the MATLAB/SIMULINK that equivalent to the real
servomotor system. The TF’s mathematic derivation is shown in Chapter 2 and the

system’s block diagram will be show at Chapter 4.

3.2 PID controller design and simulation

( Start )

- Identify process and system

- Choose PID correlation method
- Calculate PID constants using
model parameters

Stability: tune proportional gain
o Error (SSE): tune integral gain

o System response: tune derivative
gain

- Compute proportional action
- Compute integral action
- Compute derivative action

Unsatisfied Simulation &

Result

Satisfied

Figure 12: PID controller design and simulation flow.
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Table 4 shows that the ZN tuning method is the suitable approach to get the
PID controller’s correlations. However, this method can be divided into open-loop
tuning method and closed-loop tuning method. The ZN open-loop tuning method
also named as ZN Process Reaction-Curve (PRC) method due to it is based on the
PRC of the open-loop system. The most important criteria for the obtained PRC are it
needs to reach steady-state within the process duration. Figure 13 shows the open-
loop response of the MS150. It shows that the ZN open-loop tuning method is not
suitable for the system because the open-loop system PRC does not reach steady-

state when step is applied.

2x 10" Open Loop Response
T
— Step Input
— Output Response
L
15
g //
@
31
=
£ /
< /
0.5
0
0 10 20 30 40 50 60 70 80 90 100
Time (sec)

Figure 13: Open-loop response of MS150

Thenceforth, the ZN closed-loop tuning method that is suitable to apply on
system that having dynamics of third or higher order is certainly used to obtain the
ultimate values and then the PID controller’s parameters. After obtaining the
controller parameter, the system can be simulated and the control performance will
be analysed. If the control performance was not reach satisfaction level, fine tuning
will be carrying out using the trial-and-error method, based on the basic knowledge

of control.

FF compensator also been applied to the system together with the PID
controller to reject the external disturbance that cause the system output drift away
from desire response. The TF of the FF sensor is derives as Chapter 2. The PID
constants and some of the motor’s parameters were applied on Eq. (2.24) to obtain

the FF compensator’s TF.
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3.3 FLC design and simulation

( Start )
- Identify process and controller’s
input and output variables

W

- Derive fuzzy control rules

) 4

- Choose defuzzification method
function

ET——

Mapping of membership function - Fuzzification
- fuzzy inference rules - Fuzzy rule base and Inference
- Scaling factor - Defuzzification

nsatisfi
Unsatisfied Simulations &

Results

Figure 14: FLC design and simulation flow.

As Chapter 2, FLC comprises of three principal components, which are
fuzzifier, rule base and inference engine, and finally defuzzifier. Thus, each of these
components has to be design before FLC can operate on the servomotor system.
After designing the controller, the system can be simulated using FLC. The control
performance then will be analysed and compared with the PID controllers. Parameter
tuning needs to be carried out if the control performance does not give satisfaction
control response.
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Besides, student also analyzes the effect of the number of rules and fuzzy
logic MFs onto the system response in terms of SSE. Hence, the comparison is
makes between 5 x5, 7 x7 and 9 x9 FLCs to pick up the best FLC, with minimum

SSE value to control the servomotor.

3.4 Fuzzy-PID Hybrid Controller design and simulation

( Start )

Unit 3.3

- Identify the output variables

- Derive fuzzy control rules

- Using the defuzzification method
function from Unit 3.3

Using the PID constants obtained
from Unit 3.2

Fuzzy controller operation
PID controller operation

function
- Fuzzy inference rules
Scaling factor

Unsatisfied Simulation &
Result

Satisfied

Figure 15: Fuzzy-PID Hybrid controller design and simulation flow.
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Hybrid of FLC and PID controller is to apply the FLC together with the
conventional PID controller to gain each other’s strength and cope with their
disadvantages. Therefore, each of these controllers has to be design or modify from
the previous model before they can put with each other to operate jointly on the
servomotor system. Minor or no modification will be done on PID controller, yet the
output variable and rule base for the FLC needs to be redesigned to cope with the
PID controller. From only one output, the FLC design at Unit 3.3 will be modify to
three outputs, henceforth, the each output variable responsible to tune a P, I, or D
parameter. Different types of combination, like FLC parallel with PID and FLC
series with PID been designed and the controller performance will be analyse to
identify the best hybrid combination for MS150. This Hybrid controller output

response will be compare with the ordinary FLC and PID controller too.

The performance indicator in Figure 16 was an approach to obtain the value
of overshoot (O.S), rising time, t., settling time, t; and steady-state error (SSE).
Designed controller is desired to have minimum value of overshoot (O.S), rising time,
tr, settling time, tsand steady-state error (SSE). Parameter tuning needs to be carried

out if the control performance does not give satisfaction control response.

Amplitude

Time (sec)

Figure 16: Control performance indicator.

3.5 Activities/Gantt Chart and Milestone

Please refer to APPENDIX 1l1I.
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CHAPTER 4

RESULTS AND DISCUSSION

As described in Chapter 2, the Feedback Group’s educational purpose
servomotor been modelled and the motor’s TF is shown at Eq. (2.11). However, to
efficiently operate the servomotor modular there are some others equipment or
encoders are needed. The input/output encoder that converts angular to the motor’s
input, which is the voltage, while, the tacho-generator feedback the motor’s output
speed to the motor in the form of voltage. The plant’s TF is derived at Eq. (2.13) in
Chapter 2. These TF is then modelled into subsystems as shown in APPENDIX IV.

Before any controller been applied the system been tested in two conditions
in closed-loop, when no load disturbance and when a load disturbance is applied.
Throughout the simulations the applied step change is 1 and load is 13.7 times of the
motor shaft’s weight. The closed-loop plant performance for these two conditions are
shown as below.

Plant response without controller

= Step Input
1.8 == NO load applied
= Load applied
16 //'\\
1.4 //'\\\
8 / \\ //\\/,——\ % SSE=0.113 rad
=1
= /
: \/
<% o/
0.6
0.4 I
0.2
01 1.05 11 1.15 1.2 1.25

Time (sec)

Figure 17: System responses before any controller been applied
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The plant responses had been summarizing into Table 8 below.

Table 8: Control performances for MS150

NO Load applied Load applied
O.S (rad) 0.489 0.668
t, (sec) 0.014 0.013
ts(sec) 0.154 0.154
SSE (rad) Zero 0.113

Load torque disturbance was effected the system’s response. Even though this
disturbance brings positive effect to the rising time, t;, while, the steady-state offset

was appear and the overshoot become higher with the appearing of load disturbance.

4.1  Conventional Controller (PID)

Figure 18 shows the block diagram of the MS150 Servomotor Modular
controlling by PID controller. The subsystems of PID controller and MS150 modular
were shown in APPENDIX IV.

— ’-Nr' ]
,-=Q—> FID Outt >

L load O Scope
Input Angle PID Controller
M5150-1

lzad Disturbance

[

Figure 18: Block Diagram of plant controlling by PID controller.

4.1.1 Obtain ultimate values and PID controller parameters

The reason ZN ultimate tuning method is using to obtain the PID controller’s
parameters is explained in Chapter 3. In order to calculate the PID constants based on
Table 6, the ultimate gain, K,., and ultimate period, P, of the closed-loop system

need to be obtained.
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The ultimate value found by increasing the proportional gain, K, in PID
controller until system response is oscillating at the almost same amplitude and
frequency, while, integral gain, K; and derivative gain, Kp leave at zero to achieve
the motor’s ultimate response as Figure 19 below. The system reaches ultimate

response when the proportional gain, K, was 2.0373.

Ultimate response
2 r

AN AN NN R

5 Kp-u=1.80-0.16

g =1.64 rad

s, 11 1\

a | P2 1 | 1 | 1
£

£

<

/‘ \pu':a.l-l'm)/s! \

=0.03s /
TV VUV U
1 1.05 11 115 12 1.25
Time (sec)

Figure 19: The system’s ultimate response.

The obtained ultimate gain, K,y and ultimate period, P, for this plant was
1.64 rad and 0.03 sec. With these ultimate values, PID controller parameters are
calculated based on the formulas in Table 6. The PID parameters for this system

show in Table 9 below.

Table 9: PID parameters for MS150

Control Type Kp Ki Kd
P-only 0.82 - -
PI 0.74 29.6 -
PID 0.98 65.3 3.7x10°
PD 0.98 - 3.7x10°

Hence, these 4 types of conventional controller will be simulated to choose
the best controller that can drive the MS150 Servomotor Modular output response

closest to the desired output response, no matter load is applied or not.
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4.1.2 NO load disturbance

The results obtain for P-only, PI, PID and also PD controller with the PID

parameters obtained above.

Conventional Controllers' responses when NO load is applied on MS150

2 T T
— Step Input
= P-only Controller
=PI Controller
+ 'I\“ —PID Controller

PD Controller
|

0.5.20.12 rad /\ |
’L‘L AN N\ Zero SSE | |

7ts:0.07s /]

tr=0.017s
o

Amplitude (rad)
—

0.5

1 1.05 11 115 12 1.25 13 135 14 145 15
Time (sec)

Figure 20: Control performances when no load applies to the servomotor.

The control performances have been summarized into Table 10 below.

Table 10: Control performances when MS150 in no load condition.

P-only Pl PID PD

O.S (rad) 0.40 0.82 0.71 0.12
t (sec) 0.016 0.015 0.013 0.017
t(sec) 0.15 0.29 0.12 0.07
SSE (rad) Zero Zero Zero Zero

From Table 10, PD controller gives the best performance when there is no load
applied to the motor, with the lowest overshoot value and settling time, even the

rising time is a little bit higher than other conventional controllers.
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4.1.3 With load disturbance

The results for P-only, PI, PID and also PD controller when a load is applied to

motor with the PID parameters obtained at Table 9.

Conventional Controllers' responses when load is applied on MS150

2 T T
| = Step Input
3 = P-only Controller
L5 i =PI Controller
- 0.5.=0.75 rad —PID Controller
3 3 PD Controller
% “ : /7Q — | ‘
5 1 | P J— SSE
= ts=0.11s
£ tr=0.015s 1
< / \
0.5
/
o 1.05 11 115 1.2 1.25 13 1.35 14 145 15
Time (sec)
Figure 21: Control performances when a load is applied to the servomotor.
The control performances have been summarized into Table 11 below.
Table 11: Control performances when MS150 is with load condition.
P-only Pl PID PD
0.S (rad) 0.60 0.98 0.75 0.25
t, (sec) 0.015 0.014 0.015 0.016
t(sec) 0.19 0.30 0.11 0.08
SSE (rad) 0.14 Zero Zero 0.12

From Table 11, PID controller gives the best performance when a load is
applied to the motor, with the lowest rising time and zero steady-state error. The
settling time is higher than the PD controller but 0.11 seconds is acceptable. In terms
of overshoot PD controller have the lowest overshoot, PID controller says gives the
best controller performance because it achieves zero steady-state error. The integral

mode in the controllers can eliminate offset error.
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4131  Fine tuning

The PID controller that achieved previously at Unit 4.1.3 does not ideal for a
motor controlling due to the controller action to seek for steady-state. Even though,
the second O.S. (before the motor settle down) is approximately quart of the first
0.S., there is an O.S and undershoot in the response. The reaction will cause friction
on motor’s component especially on the gear that in a long term may cause if to

worn-out and hence cause maintenance and other issue.

Therefore, fine tuning had been carrying on the PID controller when the load
is applied on MS150. With the basic knowledge of control and also trial and error
method, the PID parameters for the best PID control performance when the motor is
with load are obtained as following: K, = 0.98, K, = 32.65, and Kp = 0.0074, where
the K, value is maintained. K, value is decreased by 2 times from the original 65.3,
while Kp value is increased by 2 times from the original 0.0037. The control
performance with overshoot values of 0.3 radians, rising time of 0.02 seconds,
settling time of 0.11 seconds and zero steady-state error was achieved. This control
performance will show at APPENDIX V.

Control performance after fine tuning is better compare to before fine tuning
in terms of smaller O.S. value. Before fine tuning, the PID controller results in 0.75
rad of O.S., 0.015 sec of rising time, t, and 0.11 sec of settling time, ts and achieve
zero SSE. After fine tuning, the O.S. value was gradually reduced from 0.75 rad to
0.3 rad, while, the rising time, t, and the settling time, ts were increased to 0.02 sec
and 0.15 sec. The SSE was not affected, which still maintained at zero SSE.
Consequently, the PID controller after fine tuning produced better performance with
smaller overshoot. Figure 22 shows the output responses of PID controller, before

and after fine tuning, when a load is applied.
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PID before fine tune versus PID after fine tune

2 T T
= Step Input
= PID before fine tune
15 = PID after fine tune |

Amplitude (rad)
—

.S.x0.75rad
.S Q.30 rad

05
0 1.05 11 115 1.2 1.25 13 1.35 14 1.45
Time (sec)
Figure 22: Comparison before and after fine tuning of PID controller.
4.1.3.2 FFPID Controller

The main purpose FF compensator applied to the system with the PID

controller is to reject the external disturbance that cause the system output drift from

desire response. The FF compensator’s TF is derived by substituting the PID and R-

L parameters into Eq. (2.24) in Chapter 2, and hence, the TF for FF compensator is:

Geg (s) =

8.6 X 107352 + 3.2s

3.126 x 107352 4+ 0.414s + 13.8

(4.1)

The block diagram of the MS150 Servomotor Modular controlling by FFPID

controller was shown at Figure 23.

Constant
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Cut1
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Figure 23: Block Diagram of plant controlling by FFPID controller.
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Figure 24 shows the comparison of the control performances of PID

controller and FFPID controller.

FFPID versus PID
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Figure 24: Comparison the step responses of FFPID and PID controllers when a

load is applied on MS150

The FFPID controller successfully improved the servomotor’s control

performance by producing a very small O.S. which is 0.04 rad and also reduces the

settling time, ts from 0.15 sec to 0.12 sec. However, it increased the rising time, t; by

0.02 sec. The comparison between these two controllers is summarized into Table

12.

Table 12: Control performances of FFPID and PID controllers

FFPID PID

0.S (rad) 0.04 0.3
tr (sec) 0.04 0.02
ts(sec) 0.12 0.15
SSE (rad) Zero Zero

This proves that feedforward control can eliminate the effect of the measured

disturbance. The combination of feedforward control and feedback control perform

better than feedback controller alone.
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4.2 Fuzzy Logic Controller (FLC)

Figure 25 shows the block diagram of the MS150 Servomotor Modular
controlling by FLC.

ﬂ g ]
s I Ourt1 o=
tep Input
pinp Fuzzy Logic kad D Scopei
Controller
Derivative MS150-0

L

load Disturbance

Figure 25: Block Diagram of plant controlling by FLC.

Simulations had been doing on five, seven and nine MFs’ FLC to pick up the
best FLC, with minimum SSE value to control the servomotor. The
MATLAB/SIMULINK for the Fuzzy Inference Engine for all types MFs’ FLC was
designed to be two inputs, which are error, e and change of error, Ae and one output
which is the change in the control signal, Au. The relationships between inputs and
output, the MF and the surface view of fuzzy inference system (FIS) for the five,
seven and nine MF’s FLC were shown in APPENDIX VI. The FLCs’ rule bases are

based on the following rules of thumbs:

1) If eis large and Ae is large then Au has to be large.

2) If eis large and Ae is small then Au has to be moderate.

3) If eissmall and Ae is large then Au has to be moderate.

4) If e is small and Ae is small then Au has to be small.

5) If eis positive large and Ae is negative large then Au will be zero and vice-versa.

The inputs range is [-0.5236 0.5236] radian, which when convert to degree is
[-30 30]. The error limit is 230 degree because the SP may vary between 0 to +180
degree while according to the MS150 user manual the output range is limited to +150
degree only. When the output exceeds these values the motor will turn uncontrollable
and non-stop. The range for the change of error could be [-6.283 6.283] radian,
which when convert to degree is [-360 360] as the SP can be vary on the equipment
for 2360 degree. The output range is [-2.618 2.618] radian, which is [-150 150] in

degree according to the instruction manual of the MS150.
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4.2.1 NO load disturbance

The control performances that compared the control performance between 5 x

5,7 x7and 9 %<9 FLCs when NO load is applied on MS150 is shown at Figure 26.
Comparison the responses between 5x5, 7x7 and 9x9 FLCs when NO load is applied on MS150

15

s 1

&

2

2

3

€

<05
—Step Input

5x5 MFs
= 7x7 MFs
=—9x9 MFs
01 1.2 1.4 1.6 18 2 2.2 2.4 2.6 2.8 3

Time (sec)
Figure 26: Comparison of the step responses between 5 5,7 x 7 and 9 <9 FLCs

when NO load is applied on MS150.
The control performances have been summarized into Table 13 below.
Table 13: Control performances of the FLCs when MS150 is NO load condition

5 x5 MFs 7 %7 MFs 9 x9 MFs
O.S (rad) Zero Zero Zero
t, (sec) 0.28 0.35 0.35
ts(sec) 0.28 0.35 0.35
SSE (rad) Zero Zero Zero

From Table 13, FLC with lesser MF has better control performances compare
to FLC with more MFs in terms of time specifications when there is no load applied

to the motor.
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4.2.2 With load disturbance

The control performances that compared the control performance between 5 x<

5,7 x7and 9 <9 FLCs when a load is applied on MS150 is shown at Figure 27.

Comparison the responses between 5 x5, 7 x7 and 9 x9 FLCs when load is applied on MS150
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Figure 27: Comparison of the step responses between 5 x5, 7 x7and 9 <9 FLCs

when a load is applied on MS150.

The control performances have been summarized into Table 14 below.

Table 14: Control performances of the FLCs when MS150 is with load condition.

5 x5 MFs 7 %<7 MFs 9 x9 MFs
0.S (rad) Zero Zero Zero
t, (sec) 0.19 0.22 0.20
ts(sec) 0.22 0.22 0.22
SSE (rad) Zero Zero Zero

When a load is applied on the servomotor, the FLC with seven MFs produced
a better control response.
produce slightly bigger rising time, t; compare to the FLC with five and nine MFs.
All the FLCs, although they have different MFs, are having the same settling time, ts.
Hence, | conclude that the FLC with seven MFs will be the best FLC for MS150 in
terms of it produced smallest SSE compare to the other two FLC with five and nine
MFs. This also answered the reason of FLC with 7 <7 MFs is most preferable

among researchers that studying motor control using FLC.
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4.2.3 Comparison with PID controllers

The control performance of this 7 <7 MFs’ FLC will be compared with the

performances of PID controller and FFPID controller that had discuss previously.

Figure 28 compared of the control performances for the controllers mention above.

Comparison between PID, FFPID and FLC

}
1o e
RIP—
N
208 Slower
3 fesponse
S 0.6
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< 0.4 = Step Input
= FFPID controller
0.2 PID controller
=—FLC with 7x7 MFs
O1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3
Time (sec)

Figure 28: Comparison the step responses of FLC, FFPID and PID controllers when
a load is applied on MS150

The control performances have been summarized into Table 15 below.

Table 15: Control performances of FLC, FFPID controller and PID controller

FLC 7 <7 MFs FFPID PID

0.S (rad) Zero 0.04 0.3
t, (sec) 0.22 0.04 0.02
ts(sec) 0.22 0.12 0.15
SSE (rad) Zero Zero Zero

FLC successfully eliminated the O.S. when a load disturbance is applied to

the motor. However, this controller had the disadvantage on the time specifications

and also the SSE is hardly to be eliminated as the conventional controller. Thus, the

combination of FLC and PID been suggested to overcome each other’s drawbacks

with each other’s potencies.
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4.3  Fuzzy-PID Hybrid Controller

There are three types of Fuzzy-PID hybrid controllers been designed and

analysed in this project:

1) FL parallel integral controller (FLIC) as in [3],
2) FL parallel PID controller (FLPID-P) as in [29], and
3) FL series PID controller (FLPID-S) [3].

The Fuzzy Inference Engine for the FLC of FLPID-P and FLPID-S were
designed to be two inputs, which are error, e and change of error, Ae and three
outputs, which are the error rates for P, | and D gain [Aep, Ae, Aep]. The
relationships between inputs and output, the MF and the surface view of FIS for the
FLC were shown in APPENDIX VI. The three outputs [Aep, Ae;, Aep] Will be added
to the P, I and D gains to automatic tune the P, I, and D parameters and hence
controlling the plant. The subsystems for different types of Fuzzy-PID Hybrid
controller were shown in APPENDIX 1V. Figure 29 shows the block diagram of the
MS150 Servomotor Modular controlling by Fuzzy-PID Hybrid Controller.

) o In Outi ] In1 " ]

F 3 Out1
Step il

load D Scope
Hybrid controller
M351500

|zad Disturbance

Figure 29: Block Diagram of plant controlling by Fuzzy-P1D Hybrid Controller.

The FLC’s rule bases are built according to the previous rules of thumbs at
Unit 4.2, as well the inputs range were maintained, as the FLC design, which the
error range was [-0.5236 0.5236] radian and the range for change of error was [-
6.283 6.283] radian. Meanwhile, the outputs range for Ae, is [0 0.00245], Ae, is [0
0.08163] and Ae, is [0 1.85e-005]. The outputs’ ranges are 0.25% of the P, I and D
parameters from the PID controller after fine tuning at Unit 4.1.3.1, which means the

tolerance error for the hybrid controllers are 0.25%.
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4.3.1 NO load disturbance

Figure 30 shows the comparison of the control performances of MS150

controlled by the hybrid controllers when NO load disturbance.

Amplitude (rad)
o o o

o
N

Comparison the responses between FLIC, FLPID Series and FLPID Parallel when NO load is applied on MS150

Figure 30: Comparison the step responses FLIC, FLPID-P and FLPID-S hybrid controllers

when NO load disturbance on MS150.

The control performances have been summarized into Table 16 below.

Table 16: Control performances of the hybrid controllers when No load is applied

on MS150
FLIC FLPID-P FLPID-S
0.S (rad) Zero Zero Zero
t, (sec) 0.33 0.19 0.31
ts(sec) 0.33 0.19 0.31
SSE (rad) Zero Zero Zero

Compared to the FL parallel integral controller and the FL series PID

controller, the designed FL parallel PID controller results better control response

without any SSE and O.S., as well as have the shortest settling time, ts, and rising

time, t,. Hence, FLPID-P was the best controller to control a DC servomotor without
load disturbance.
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4.3.2 With load disturbance

Figure 31 shows the comparison of the control performances of MS150

controlled by the hybrid controllers when a load is applied on motor.

Comparison the responses between FLIC, FLPID Series and FLPID Parallel when load is applied on MS150

iff;—_
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Figure 31: Comparison the step responses FLIC, FLPID-P and FLPID-S hybrid controllers
when a load is applied on MS150.

The control performances have been summarized into Table 17 below.

Table 17: Control performances of the hybrid controllers when a load is applied on

MS150
FLIC FLPID-P FLPID-S
0.S (rad) Zero Zero Zero
t, (sec) 0.33 0.19 0.31
ts(sec) 0.33 0.19 0.31
SSE (rad) Zero Zero Zero

The hybrid of FLC and PID controller has successfully results a better control
performance to the DC servomotor by eliminating the SSE and the O.S. Among the
three designs, the designed FL parallel PID controller performs better control
response with shortest settling time, ts, and rising time, t.. Hence, FLPID-P was the
best controller to control a DC servomotor with or without load disturbance. FLPID-
S is not suitable as the DC motor controller because of the resulting simulation
control performance was not as smooth as the parallel structure. This is cause by the

motor’s dynamics that operates by mechanical gears.
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4.3.3 Comparison with conventional FLC and PID controllers

The control performance of the FLPID-P will be compared with the control
performances of conventional FLC, PID controller and FFPID controller that had
discuss previously. Figure 32 shows the comparison of the control performances for

the controllers mention above.

Comparison the response between conventional PID controller, FLC and the hybrid controller
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Figure 32: Comparison the step responses of Hybrid, FLC, FFPID and PID
controllers when a load is applied on MS150

The control performances have been summarized into Table 18 below.

Table 18: Control performances of Hybrid, FLC, FFPID controller and PID

controller
FLPID-P FLC 7 <7 MFs FFPID PID
0O.S (rad) Zero Zero 0.04 0.3
t, (sec) 0.19 0.22 0.04 0.02
t(sec) 0.19 0.22 0.12 0.15
SSE (rad) Zero 0.001 Zero Zero

The project’s objectives achieved, the combination of FLC and PID was
successfully eliminated each other’s step-back with each other’s potencies and hence,
the hybrid of FLC and PID controller produced the control performance with zero
SSE and O.S. However, conventional FLC alone give the acceptable control
performance that almost approximate with the hybrid controller’s performance, with
weaker performance on time specifications. Nevertheless, compare to the hybrid
controller, PID controller have the advantage on time specification, while it produce
the undesired O.S. on the response.
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The hybrid controller gains the advantages of the fuzzy controller and the
accuracy which is guaranteed by the classical PID controller to produce a robust
controller that effective to implement in industrial. Not like the classical PID
controller, the Fuzzy-PID hybrid controller uses FL reasoning to tune the PID gain
automatically, and hence, the hybrid controller is said robust than a conventional PID
controller. The simulation results on different types of input will be attached in
APPENDIX V.

4.3.4 Input/ SP and Load Variations

Hybrid controller is recommended due to its robustness, besides the
automatically tuning specification. Simulation had done on varying the SP and load
disturbance values and the robustness of FLPID controller was proven. With any
changes of SP or load or both, this controller still produced the same process
reactions, which are zero SSE and O.S. and approximately 0.2 sec of rising and
settling times.

434.1 Input/ SP Variations

Figure 33 and 34 show the example that the hybrid controller when the input/

SP is varied.
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Figure 33: The controllers’ performances when input value is increased to 10
radians.
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Hybrid vs FLC vs FFPID vs PID
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Figure 34: The controllers’ performances when input value is decreased to 0.5
radians.

The O.S. of FFPID increased from 4% to approximately 20%, while the O.S.
of PID decreased from 30% to approximately 20% when the SP value is increased.
Furthermore, the increasing of SP causes the increasing of the FLC’s rise time, t, and
settling time, t;. Decreasing of SP value does not give significant impact to the
response of the designed controllers.

4.34.2 Load Variations

The example simulation results on load variations are attached in Figure 35
and 36 below.
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Figure 35: The controllers’ performances when load is 100 times of motor shaft
weight.
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Hybrid vs FLC vs FFPID vs PID
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Figure 36: The controllers’ performances when load is 8 times of motor shaft weight.

The O.S. of FFPID increased from 4% to approximately 20%, while the O.S.
of PID decreased from 30% to approximately 20% when the load weight is increased
to 100 times of shaft weight. However, load weight with 8 times of motor shaft
weight does not give significant impact to the response of FLC and FFPID. Yet, for
the motor with PID controllers, the decreasing of load value under certain value will

cause the O.S. increase accordingly.

Author found that MS150 does not ideal to cope with the loads those less than
8 times of motor shaft weight. The performances of the designed controllers with the
load those only 3 times of motor shaft weight are shown in Figure 37. Responses
with variety load weights were attached at APPENDIX G. They showing that motor

do not perform well with light loads.
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Figure 37: The controllers’ performances when load is 3 times of motor shaft weight.
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The load-inertia, time and load relationship was shown in the time, torque,
and load-inertia triangle below.

TIME

LOAD
INERTIA

TORQUE

Proportional
Figure 38: Time, torque, load-inertia triangle. [31]

According to Steve Meyer in [31], the load weight is directly proportional to
the system inertia too. Thus, the losing of weight will cause the tendency of an object
to resist any change in its motion decrease. Furthermore, load is proportional to the
torque [31]. Light load that produce lesser torque that ineffective to trigger or pull the
motor to operate accordingly. Hence, offset happened on the motor controlled by
FLC.

As soon as a thing reaches its extremity, it reverses its course. In order to for
the FF compensator to reject load disturbances as well to maintain the motor

operations, undershoot happens when the load weight is too small.

For the motor that handled by PID controller, the O.S. transients increase
with the decreasing of load weight, under a certain weight. Responses with variety
load weights were attached at APPENDIX G. Hence, the ideal load weight for the
motor under this controller is limited from 10 times of motor shaft weight until

infinity under the control of this controller.

Hence, author concluded that MS150 does not ideal to handle the light loads
those less than 8 times of motor shaft weight. Neglecting the O.S., PID controller
would be the considerable controller to control a servomotor with large load.
However, FLC and FFPID controller performed well in handling servomotor with

small SP change and light load.
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CHAPTER S

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

Servomotors are applied in variety of industrial applications, which required
reliable and precise for their position and speed control of the servomotors on the
mechanism’s joints. Hence, the aims of the project which are to design and develop
an advanced controller (i.e. hybrid PID-Fuzzy controller) for servomotor application
and to investigate the control performance of PID, Fuzzy and Hybrid PID-Fuzzy
controllers. The project objectives are achieved, a Hybrid PID-Fuzzy controller that
has better control performance on servomotor compared to conventional FLC and
PID controller is successfully designed. Based on simulation result, this controller

effectively controls the MS150 without any SSE and O.S. appeared.

The conventional continuous FB control is PID controller, has a good control
performance but is not robust enough when there is disturbance or non-linear
dynamics, such as when the load is changing the P, I, and D parameters are needed to
re-tune. Even though, a FF compensator that been added to the PID controller for
load disturbance rejection had successfully increased the control performance by
decreased the O.S. value when a load distribution is added, but the P, I and D gains

are needs to derive the FF compensator’s TF.

The FLC designs for this study are based on trial and error method and it is
not optimized. Further, optimization and tuning will be carrying out in future. Based

on literature summary, FL systems are suitable for handling the uncertain or non-
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linear dynamics to overcome the weakness of conventional controllers. No doubt that
there are difficulties in designing the fuzzy controller, which the complexity of fuzzy
controller increases exponentially when the number of input variables increases, it
gives slower response compare to PID controller and the SSE are hardly to eliminate.
The simulation results show that FLC is feasible to apply on DC servomotor, while
further tuning and optimization works should be carrying out.

The hybrid of fuzzy and PID controllers takes the advantages on the non-
linear characteristics of the fuzzy controller and the accuracy that near to set point

(eliminate SSE) which is guaranteed by the classical PID controller.

5.2 Recommendations

e This project is focused on the positioning control of servomotor using PID
controller, FLC and the hybrid of PID-FLC. It can be extending to position and
speed control of a servomotor.

e Research can be extending to Neural Network Control (NNC) and the hybrid of
NNC-FLC too.

e Good researches have to study in different approaches. Thus, for the FLC,
Mamdani approach may be replaced by Takagi-Sugeno model and compared
with Mamdani. Different method of inference engine and defuzzification
methods should be analysing too.

e In the proposed design is completely off-line simulation. It can be extending to an
on-line controlling servomotor.

e The works in this project were based on conventional PID control structure, which
is a linear controller. Since servomotor is nonlinear system, research can be

extending to apply nonlinear controllers such as sliding mode control algorithms.
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APPENDICES

APPENDIX A
THE OVERVIEW OF THE STUDY RELATED RESEARCH TOPICS
No. | Year Author Title and Source Findings
1. 1998 | 1. M-Y Shieh “Design and Implementation of | ¢ Proposed an integrated fuzzy logic control (IFLC) structure
[8] 2. T-H.S. Li Integrated Fuzzy Logic  Improves existing PID control systems on position control of
Controller for a Servomotor a DC-servomotor.
System”, Mechatronics 8
(1998), 217-240.
2. 2000 | 1. Lu® Brito Palma | “Modelling and Hybrid Control | « Presented hybrid controller architecture by combining of a
[22] 2. Fernando Vieira of a Nonlinear DC PID controller and a Fuzzy PID controller.
Coito Servomotor”, 4th Portuguese * Get the best performance on the modelled DC servomotor
Conference on Automatic with the presence of a load disturbance.
Control. ISBN 972-98603-0-0.
3. 2005 | 1. Mohammed T. “Fuzzy Logic Control for * Proposed a fuzzy logic controller (FLC) that can be
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[23] 2.Pi-Yun Chen Implementation of DC servomotor of the conventional PID controller

3. Her-Terng Yau
4. Yuan - Hung Su

Servomotor”, 2010 IEEE
International Symposium on
Computer, Communication,
Control and Automation.
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SIMULINK MODEL SUBSYSTEM

O 33ed
38235432

Input
Gain, Ks Electrical compenent

1

HeBs+50eb

Spesd

Mechnical compenent

(2)

Disturbance

Badk EMF gain, Kb

Subsystem of MS150 DC servomotor

rad to volt

—

| mput

Spesd
Disturba

[ 2} M3180 DC Servomotor

0.025

rad’s to volt

Subsystem of the plant

4.{p

Proportional
Gain

& Integral Integrator
Zain
4>D—> du/dt
Cerivative Ideal
Gain Derivative

Subsystem of the PID controller

VI

1
"*;

Cuti

radss to rad



In1

-

dusdt

Cerivative

L

dusdt

Integral gain

/A

Fuzzy Logic
Controllerd

| =

Integrator

Subsystem of the FLIC hybrid controller

giIAN

Fuzzy Logic
Controlleri

Derivative

In1

N T

0.98

F

Ot

Proporticnal Gain

)

Integral Gain

L 0074

Cerivative Gain

Rk

Integrator

dusdt
Ideal

Cerivative

Subsystem of the FLPID-P hybrid controller

Ini

L /it

Derivative

—»

/i\e

Prop:

Fuzzy Logic
Conftroller

0598

orticnal G4

-

Derivative Gain Froduct? Ideal
Derivative

Integral Gain

vy

N Product

g

1

S

roduct!  |ntegratort

vy Ly

e duidt

Subsystem of the FLPID-S hybrid controller

Ot

Out1



APPENDIX E
CONTROL PERFORMANCES

PID control performance after fine tune
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Random number input: Hybrid vs FLC vs FFPID vs PID
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Hybrid vs FLC vs FFPID vs PID
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Rules for 7 MFs
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Hybrids (7 <7 MFEs):
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Load Variations’ Control Performances

APPENDIX G

The controllers’ performances when load is 7 times of motor shaft weight.
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Hybrid vs FLC vs FFPID vs PID
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The controllers’ performances when load is 50 times of motor shaft weight.
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Hybrid vs FLC vs FFPID vs PID
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The controllers’ performances when load is 500,000 times of motor shaft weight.
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