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Abstract. This paper presents the dynamic performance evaluation of the auto
tuned conventional PID controller and fuzzy logic based speed control of a
permanent magnet dc (PMDC) motor. Analytically designed PID controllers and
fuzzy logic based controllers need final tuning until the response of the plant to
be controlled meets the performance specifications set during design stage.
Usually, fuzzy logic based controllers need more tuning activities than analyt-
ically designed conventional PID based controllers. The alarming advancement
in automation tools provided a number offers to simplify the manual activities to
be solved automatically within a short period of time. In this regard, MATLAB
software provided automatic tuning features for conventional PID controllers by
which the trial and error tuning period can be shorten. In this research, a con-
ventional PID controller for a PMDC motor speed control application is tuned
using one of auto tuning feature of MATLAB, i.e., SISOtool. And also, fuzzy
logic based controllers is also designed using the fuzzy control system design
approach. The performance of both controllers is evaluated for the conditions of
no load and loaded conditions of the PMDC motor. The results reveal that
application of fuzzy logic based controller has better response than PID based
system response.

Keywords: Fuzzy Logic controller � PID controller � SISOtool � Dynamic
performance

1 Introduction

Dc motors are widely in use in different industries that require high starting torque such
as electric transportations, electric vehicles, and electric trains. And also applicable in
areas that may require adjustable speed drives such as in printers, paper industry and
floppy drives [1–5]. Among different Dc motor permanent magnet Dc motors are
widely in use for different industrial applications that may require adjustable speed
drives using power electronics converters. To provide adjustable speed drives, control
of the current loop in addition to the outer speed control loop may be required. Usually,
the control algorithm may use conventional PID controllers [1, 2]. However, con-
ventional PID controllers may not give whenever parameter changes such as load
changes mainly due to nonlinearity of the system to be controlled. To overcome such
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problems a number of controllers that are appropriate for non-linearity cases are
devised. Among the number of controllers, fuzzy logic based controllers are appro-
priate for systems with no models since the main idea behind fuzzy logic based con-
trollers is to model expert’s knowledge for a particular application [4–7]. Usually,
conventional PID controllers are designed analytically and followed by tuning tasks.
However, advancement in automation application tools such as MATLAB provided
offers of automatic tuning tasks for linear and nonlinear controllers [5, 8].

In this paper performance evaluation of auto tuned conventional PID controller and
fuzzy logic based controllers for speed control application of a PMDC motor is pro-
posed. The overall system architecture and descriptions are presented in the second
section. Dynamic models of the power processing unit, the motor, the mechanical load
and MATLAB/Simulink model of the open-loop system are presented in third section.
Section four described the controller design procedures bot of the PI and fuzzy logic
based systems. The MATLAB/Simulink model of the closed-loop system for imple-
mentation, simulation results and discussions are presented in section five of the paper.
Summary of the findings in this paper is presented in section six.

2 System Description

The system given in Fig. 1 comprises of the controller, power processing unit (PPU),
the dc motor and mechanical load. The controller consists of error amplifier and
controller (PI or fuzzy logic based). The output speed is sensed and feedback to be
compared with the reference speed. The difference between the feedback and reference
input (error) signal is amplified and fed to controller by which output of the controller
(PWM signal) will be input to the power processing unit [1, 2].

The speed controller responds to the inputs, disturbances and other changes that
may arise due uncertainty. Due to mechanical load in general, the system is non-linear
[1, 2]. To design the controller, the most common procedures can be summarised as:

• Linearization of the non-linear system (small-signal modelling).
• Controller design, further tuning, large signal simulation and evaluation.

Fig. 1. Basic structure of the proposed system [1]

A Concise Evaluation of Auto-tuned PID 257



3 Mathematical Model of the System

Developing mathematical model of the system helps to perform the required dynamic
performance evaluation of the controller for the system to be controlled. In this
research, Dc motor is considered as a system to be controlled. The Dc motor comprises
of electrical and mechanical characteristics and to model these physical laws using
energy balance principle are applied [2, 3].

The schematic diagram in Fig. 2 shows the basic electrical components of the Dc
motor considered. The variables: Va is voltage source across the coil of the armature, La
represents equivalent inductance of armature coil, Ra is the series armature resistance
and VC represents induced voltage that opposes the voltage source generated by the
rotation of the electrical coil through magnetic field due to the permanent magnet and
this voltage usually known as back-emf or electromotive force [2–5].

Applying Kirchhoff’s voltage law around the electrical loop of schematic diagram
in Fig. 2, we can get the Eq. (1).

Va � VRa � VLa � Vc ¼ 0 ð1Þ

Applying ohm’s law, we can develop the relations for voltage across armature
resistance, Ra (VRa), voltage across the armature inductance, La (VLa) considering the
relation that voltage across inductor is proportional to time rate of change in current and
back-emf (VC) can be represented by expressions in Eq. (2) respectively.

VRa ¼ iaRa

VLa ¼ La
d
dt
ia

VC ¼ kvxa

8>>><
>>>:

ð2Þ

where ia is the armature current, La is the inductance of the armature coil, kv is the
velocity constant (determined by the flux density of the permanent magnets, the
reluctance of the iron core of the armature, and the number of turns of the armature
winding) and xa is the rotational velocity of the armature. Substituting, expressions in

Fig. 2. Electrical diagram of a dc motor [3]
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Eq. (2) to electrical Eq. (1) derived by applying Kirchhoff’s voltage law, we can get the
differential Eq. (3) representation of electrical characteristics of the motor.

Va � iaRa � La
d
dt
ia � kvxa ¼ 0 ð3Þ

Mechanical characteristic can be developed from energy balance that the sum of
torques of the motor is zero. Thus, Eq. (4) torque equations of the motor.

Te � Tx0 � Tx � TL ¼ 0 ð4Þ

where Te is the electromagnetic torque, Tx0 is the torque due to rotational acceleration
of the rotor, Tx is the torque produced from the velocity of the rotor, and TL is the
torque of the mechanical load. Considering the proportional relation between the
electromagnetic torque and armature current we can develop expression for electro-
magnetic torque (Te), the relation of torque due to rotational acceleration (Tx0 ) with
inertia of the motor, and the relation between torque and velocity can be given by
expressions in Eq. (5) respectively.

Te ¼ ktia

Tx0 ¼ J
d
dt
xa

Tx ¼ Bxa

8>>><
>>>:

ð5Þ

where kt is the torque constant, where J is inertia of the motor equivalent to mechanical
load and where B is the damping coefficient associated with mechanical rotation of the
machine. Substituting the torque Eqs. (5) to torque Eq. (4) for balance of energy we
can get the differential Eq. (6) representation of the mechanical system.

ktia � J
d
dt
xa � Bxa � TL ¼ 0 ð6Þ

Expressions in Eq. (6) are differential equations given in Eq. (7) for armature
current and angular velocity to describe the dc-motor system respectively.

d
dt
ia ¼ �Ra

La
ia � kv

La
xa þ Va

La
d
dt
xa ¼ kt

J
ia � B

J
xa � TL

J

8>><
>>: ð7Þ

Arranging the differential expressions in Eq. (7) in state space form can be repre-
sented using Eq. (8).

d
dt

ia
xa

" #
¼ � Ra

La
� kv

La
kt
J � B

J

" #
ia
xa

" #
þ � 1

La
0

0 � 1
J

� �
Va

TL

" #
ð8Þ
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y1
y2

" #
¼ 1 0

0 1

� �
ia
xa

" #
þ 0 0

0 0

� �
Va

TL

" #

Symbolically can be represented using Eq. (9) where, x and u represent input vector
and y is the output vector.

d
dt
x ¼ AxþBu

y ¼ CxþDu
ð9Þ

Block diagram can be developed using differential expressions above. Taking
Laplace transform of these differential expressions we can get expressions in Eq. (10).

sIaðsÞ � iað0Þ ¼ �Ra

La
IaðsÞ � kv

La
xaðsÞþ 1

La
VaðsÞ

sxaðsÞ � xað0Þ ¼ kt
J
IaðsÞ � B

J
xaðsÞ � 1

J
TLðsÞ

8>><
>>: ð10Þ

Consider small perturbations around steady-state condition, initial conditions will
be approximated to zero and small changes around the reference state for other vari-
ables expressions in Eq. (10) can be represented using Eq. (11).

IaðsÞ ¼ �kvxaðsÞþVaðsÞ
LaSþRa

xaðsÞ ¼ �ktIaðsÞ � TLðsÞ
JsþB

8>><
>>: ð11Þ

The block diagram of the motor can be easily developed using transfer functions
given in Eq. (11). Figure 3 shows the block diagram representation of the motor
considered. Thus, based on dynamic characteristics of electrical and mechanical

Fig. 3. Block diagram representation and MATLAB/Simulink model of the open-loop system
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characteristic of the dc-motor, simulation model for the proposed system is developed
in MATLAB/Simulink. Figure 3(b) shows the Simulink model of the dc-motor.

4 Design of Speed Controllers

The objective of controller is to achieve system performance of:

• Fast response – (large bandwidth)
• Minimum overshoot, good gain margin (>600)
• Zero steady state error – very large DC gain

The power processing unit, the dc-motor and mechanical load considered have
parameter values given in Table 1.

Based on the design objectives (specifications) and given parameter values of the
system controllers of PI and fuzzy logic based are designed and presented in the
following sections.

4.1 PI Controller Design

Summary of related works in motion control systems generalizes that PI controller is
enough for systems involving Dc motor for motion control application. The controller
acts on the error signal and compensates the system response until the required
response is achieved [1, 4–7].

In this research, the PI controller is designed using control system designer tool box
(SISO) of MATLAB/Simulink [8]. Based on the basic procedures and requirements the
controller is designed. Requirements include the model of plant in MATLAB work
space and design specifications. Accordingly, the PI controller is designed using
automated tuning option of control and estimation tools manager. The closed loop
performance of the system, controller parameters, performance and robustness are

Table 1. System parameter values.

System parameter Value

Ra 2X
La 5.2 mH
B 1 � 10–4 kg.m2/sec
J 152 � 10–6 kg.m2

KE 0.1 V/(rad/s)
kT 0.1 Nm/A
Vd 60 V
Vtri 5 V
fS 33 kHz
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given in Fig. 4. Following the procedures of automated PID tuning technique, the
closed loop response given in Fig. 4(a) is tuned until the performance parameters are
within the limits of design specifications.

4.2 Fuzzy Logic Controller Design

System non-linearity and systems with no accurate mathematical model can be better
handled using artificial intelligent algorithms like fuzzy logic and neural network.

Fig. 4. Feedback structure and closed loop performance
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Fuzzy logic models operator’s taught and the process of control system can be inter-
preted and widely used. Fuzzy logic for control application comprises of procedures of
fuzzification, rule execution, inference and defuzzification [9–15] where all these
procedures can be described in Fig. 5.

Centre of gravity technique is widely applied defuzzification technique [9, 10].
Mathematically, the approach can be represented by Eq. (12).

yout ¼
Pn
i¼1

yiðxiÞ � xi
Pn
i¼1

yiðxiÞ
ð12Þ

The general rules for Dc motor speed control is that if motor speed is less than
desired speed then speed up the motor and if motor speed is more than reference speed
then slows it speed. If we consider a general unit step response of under damped case
given in Fig. 6(a), we can have nine possible conditions as given in table form in Fig. 6
(c) from which based on the magnitude and polarity of error and change in error, it is
possible to determine the fuzzy output. The error versus change in error plot given in
Fig. 6(b) can give the active regions (range) of the universe of discourse for the fuzzy
membership functions.

Following similar procedure, we can fill the possible fuzzy controller output for the
error and change in error combinations. This concept can be used to set the rule table
for the fuzzy logic controller. In this paper, triangular membership functions for the
inputs and the output having each seven linguistic variables of negative large (nl),
negative medium (nm), negative small (ns), zero (ze), positive small (ps), positive
medium (pm) and positive large (pl) are designed. Accordingly, the corresponding
membership functions and the rule table are given in Fig. 7.

Fig. 5. Schematic diagram of basic tasks in fuzzy logic controller
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Fig. 6. Step-response and error signal plots and analysis table

Fig. 7. Fuzzy membership functions and rule table
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5 Results and Discussions

Performance evaluation of the proposed controllers is done using MATLAB/Simulink
simulation for the test conditions of no load and loaded conditions. The complete
MATLAB/Simulink model of the closed-loop system using PI and fuzzy logic con-
trollers is given in Fig. 8.

5.1 Responses at No-Load Condition

Step-input of reference speed 800 and 1500 rad/sec are applied for both cases: PI and
fuzzy logic based control systems. Figure 9 shows the step-response plots at no-load
conditions.

Fig. 8. MATLAB/Simulink Models for speed control of a DC motor

Fig. 9. Step responses at no-load and error/change in error signals
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The broken line shows the reference (step-input) plot and the black curve shows the
response using PI controller and the red curve with no-overshoot shows the response
using fuzzy logic controller. From the responses, fuzzy logic controller based system
has zero steady state error; zero percentage overshoot compared with PI based system.
Figures 9(c) and (d) show the error plots for the corresponding controllers.

5.2 Response at Loaded Condition

At loaded condition, a reference speed of 800 and 1500 rad/sec and torque of load of 5
Nm is applied at time t = 4 s of the simulation time. The response plot with overshoot
and black colour is the response using PI controller and the response with no overshoot
and red colour is using fuzzy logic controller. Accordingly, the response plot for a
loaded case, step reference input of 800 rad/sec and step-change in reference input
from 800 rad/sec to 1500 rad/sec is given in Fig. 10.

The results reveal that performance parameter values of using both controllers are
within the specified limits. But using fuzzy logic has short settling time (�0.61 s)
where as using PI has settling time of �1.4 s. For both conditions of loaded and no-
load, fuzzy logic based controller has almost zero percentage overshoot compared 7.3%
of overshoot using PI controller. This is because, fuzzy based controller has slow rise
time compared to PI controller that may result in increasing peak over reference speed
value. From performance parameters value for step reference speed input of 800rad/sec,
the system takes short time to settle compared to using PI controller. And also the
system using FLC has almost zero overshoot where as using PI has some overshoot
even though it is within the limit specified. The result verifies that using FLC for the

Fig. 10. Response for a step-change input/applied torque and the corresponding error
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specified system has better dynamic performance and zero steady-state error compared
to PI based system under the no-load and loaded conditions of the system.

6 Conclusions

Dynamic performance evaluation of the conventional PID controller and the intelligent
fuzzy logic controllers based speed control of a permanent magnet DC motor using
MATLAB/Simulink tool has been done. To evaluate their performance, measuring
parameter values of rise-time, settling time, percentage overshoot and peak speed have
been evaluated for the corresponding controllers. Controller having system perfor-
mances of reduced percentage overshoot, short settling time and zero steady state-error
are the required performances. From the performance evaluations done, the results
shows that using fuzzy logic controller has small rise time which cause to reduce the
peak speed and percentage overshoot and small settling time compared to using PI
controller.

In summary, using fuzzy logic controllers as speed controller of dc motor has
superior dynamic performance than using PID controllers.
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