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control strategies such as Internal Model Control (IMC) combined with
Proportional-Integral-Derivative (PID) controllers. This literature review
synthesizes various research findings that explore the effectiveness of IMC-based
PID controllers for position control applications, while also identifying knowledge
gaps and suggesting future research directions. Today, permanent magnet DC
motors hold a significant position in theoretical and industrial applications due to
their simplicity in implementation and control. PID controllers, renowned as one
of the most popular controllers in the industry, continue to maintain their esteemed
status. This paper aims to leverage the robust capabilities of the Internal Model
Control (IMC) method to develop a PID controller to regulate the position of
permanent magnet DC motors. In the proposed controller, the proportional (kP),

derivative (kD), and integral (kI) gains are determined by IMC. Simulation results
demonstrate that the proposed design outperforms traditionally tuned PID
controllers and is capable of effectively controlling the motor position under
various conditions.

1. INTRODUCTION

Permanent magnet DC motors are extensively used in various industries, such as robotics, automobiles, and air
conditioning systems, owing to their precision and ease of control [1-5]. Therefore, the development of driver circuits
for these motors in various applications is essential [6]. DC driver circuits are widely used in industrial applications
for controlling the position and speed of DC motors due to their simplicity, ease of use, high reliability, flexibility,
and cost-effectiveness [7]. Consequently, researchers have employed various methods, both classical and intelligent,
to enhance efficiency, reduce complexity, and improve the accuracy of motor control. Classical methods include
PID control, optimal control, and robust control, while intelligent methods are based on neural networks,
evolutionary algorithms, and fuzzy logic. Additionally, hybrid approaches like fuzzy-neural solutions have been
used for motor control. A significant challenge in utilizing PID controllers for DC motor control is the nonlinear
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effects inherent in these motors. Nonlinear characteristics of a DC motor, such as saturation and friction, can
diminish the performance of these controllers [8], [9]. Moreover, accurately estimating the parameters of a DC motor
is a tedious and complex task. Hence, approximate parameter values are used in controller design, which introduces
parametric uncertainty in the motor. This uncertainty impacts the controller's performance, necessitating
reconfiguration of the existing controller with parameter changes. In classical PID controllers, the controller is
designed based on system parameters once and remains unchanged thereafter, implying that the proportional (kP),
derivative (kD), and integral (kI) gains are fixed, thus limiting the controller's performance.

In recent years, various methods have been proposed by researchers for controlling permanent magnet DC motors,
some of which are reviewed here. In [10] and [11], researchers presented a fuzzy logic-based control method for
motor control. In [12], the Particle Swarm Optimization (PSO) algorithm was employed to tune the PID controller
parameters. Researchers in [13] proposed a deep learning-based control method. Additionally, [14] and [15] utilized
artificial neural networks for DC motor control. Reference [16] introduced a fuzzy-neural controller, and [17]
discussed position control of a permanent magnet DC motor using an adaptive fuzzy PID controller.

It is evident that limited research in this field has addressed the issue of uncertainty. This paper presents a PID
controller using the IMC method for controlling a DC motor. In the proposed controller, the proportional (kP),
derivative (kD), and integral (kI) gains are determined by the IMC method. Simulation results analyze and evaluate
the effectiveness of the proposed controller under various performance conditions.

The following sections of the paper discuss the dynamics of a permanent magnet DC motor and present the design
of the IMC-based PID controller. The last section examines simulation results across different scenarios.

2. PERMANENT MAGNET DC MOTOR MODELING

This section examines the modeling of the DC motor. Figure 1 shows the equivalent circuit of this motor. Based
on the equivalent circuit in Figure 1, the following electrical equation governs the motor:

di
V=Ri+L—+E (1)
dt

where R is the armature resistance, L is the armature inductance, and E is the back electromotive force (EMF). In
the mechanical part of the motor, the following relation holds:

JO+BO+T =T 2)

In the above relation, T is the motor torque, J is the armature inertia, B is the armature damping coefficient, T; is
the load torque, Ois the angle, 8is the angular velocity, and 6 is the angular acceleration. Additionally, we have:

T=Ki 3)
E=K,0 4)

where K, is the torque constant, and Ky is the back EMF constant. By taking the Laplace transform of relations
(1) to (4), the transfer function of the motor from the input voltage to the angular position output can be found.

Fig.1. Equivalent Circuit of Permanent Magnet DC Motor.
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Fig.2. Block Diagram of Permanent Magnet DC Motor.
T;

!

Motor » G

A\ 4

G Controller |

Fig.3. Closed-Loop System for Position Control of Permanent Magnet DC Motor.

The block diagram in Figure 2 represents the DC motor model in the Laplace domain. Since the motor is
controlled by voltage, the controller must determine the motor's input voltage to achieve the desired angular position.
Figure 3 illustrates the closed-loop system for the position control of a permanent magnet DC motor.

3. CONTROLLER DESIGN

In this section, the IMC-based PID controller is designed. First, the IMC method for second-order systems is
described, and then it is applied to the permanent magnet DC motor. Consider the following second-order system:

k
()=
(z,s +1)(z,5 +1)

In the first step, the IMC controller transfer function is found. At this stage, q(s) is allowed to be improper since
the ultimate goal is to obtain a PID controller. Hence, we have:

)

o

(zs+D)(r,s+1) 1

a()=4(s)f()=8, (5)f(s) = (6)
k (As+1)
where f(s) is the filter associated with the IMC controller, with the adjustable parameter A.
In the second step, the equivalent standard feedback controller is found using the following relation:
(s +1)(z,s+1)
q(s) k(As+1 7.8 +(7 +7,)s+1
g(‘ (S) — - — ( ) — 172 1 2 (7)
1-g (s)q(s) - k (s +1)(z,s +1) ks

(zs+1)(z,s+1)  k(As+1)

Now, considering the PID controller transfer function shown below, the next step can be executed:
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g () =k (r,z’Dsz +r,s+lj

7,8

®)

In the third step, to convert relation (7) into the PID controller transfer function form (8), we multiply both the
numerator and denominator of relation t1+ 12. Consequently, we have:

t+7, 70,8 + (7, +7,)s+1
g.(s)= ©
kA (z, +17,)s

By comparing relations (8) and (9), the PID controller gains are obtained as follows:

P +7,
¢ kA
T, =7, 47, (10)
T
N5
T, =
T 47,

It is noteworthy that the PID controller gains in the parallel structure can be determined using the following
relations:

kp =k
k,

k, == (11)
z-I

kD = k{:TD

As shown in relations (5) to (11), to determine the PID controller gains using the IMC method, the system transfer
function is required. Therefore, considering Figure 2, the transfer function of the permanent magnet DC motor from
the input voltage to the angular position output is obtained as follows:

K. 1
O Ls+RJs+B 1 _ K, L
K 1
vV 1+ m K, s (Ls+R)Js+B)+K K, s 12
Ls+R Js+B
0 K.
—_— — =

vV s(LJs"+(LB+RJ)s+RB+K K,)

It is clear from relation (12) that the system is of third order. To apply the IMC method, assuming the armature
inductance is approximately zero (common in position control discussions of permanent magnet DC motors,
especially in robotics control applications), relation (12) is simplified as follows:

0 K

[——i
~

(13)
V. s(RIs+RB+K K,)

m

Rewriting relation (13) into the form of relation (5), we have:
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k K/ll
L RB+KMKh
0 RB+K K,
—~ " - r =1 (14)
4 N 7S+l) RJ
RB+K K, T, =————
RB+K K,

Thus, with the system parameters determined based on relation (14), the PID controller gains can be obtained
using relation (10) as follows:

T, =l+—— (15)

> RJ
RB+K K,

This completes the design process of the IMC-based PID controller. It is noteworthy that in this research, the PID
controller is designed based on frequency response to compare the performance of the proposed design with it. The
gains of this controller are provided in the appendix.

4. SIMULATION AND ANALYSIS OF RESULTS

As previously mentioned, various scenarios were employed to evaluate the performance of the proposed control
system in this study. The system parameter values used in the simulation are compiled in the appendix. Notably, all
simulations were conducted using MATLAB version R2008a in the Simulink environment.

Initially, to determine the appropriate value for the IMC filter parameter, A, several simulations were performed
with a fixed input of one radian, in the absence of disturbances and uncertainties. The simulation results are shown
in Figure 4. As illustrated, increasing this parameter reduces response speed, increases steady-state error, and
amplifies maximum overshoot. Based on Figure 4, a value of 0.01 was chosen for the filter parameter and is utilized
in the scenarios discussed in this section.

Scenario 1: Setpoint Tracking

In this scenario, the motor position reference was set to one radian, and the results were observed in the presence
and absence of disturbances (specifically, load torque). The angular position of the motor and the error signal in this
scenario are depicted in Figures 5 and 6. As shown, the proposed controller exhibits satisfactory performance with
minimal error. Additionally, system performance metrics during transient states, such as rise time, settling time, and
maximum overshoot, are appropriate.
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Fig.4. Motor Angular Position for Various A Values with a Reference of One Radian

0 1 1 1 1 1 1 1 1 1

Time (s)

Fig.6. Error Signal with a Reference of One Radian
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Fig.5. Motor Angular Position with a Reference of One Radian
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To further assess the performance of the designed controller, a disturbance signal with an amplitude of 5% of the
final value was applied as load torque to the motor at the fifth second of the simulation. The simulation results,
comparing the performance of the proposed controller with a frequency response-based tuned controller, are shown
in Figure 7. As indicated, after the load torque is applied at the fifth second, some oscillations in the angular position
are observed, resulting in a maximum error amplitude of 0.3595, which is damped out within approximately 3
seconds. Therefore, based on the simulation results in this scenario, it can be concluded that the proposed structure
exhibits satisfactory performance (in terms of transient and steady-state behavior) in setpoint tracking and under
disturbance conditions.

L] L] L] L] L} L} L}
----- Frequency-Response Based
/\ — IMC Based
1 e
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2 |
= |
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Fig.7. Comparison of the Performance of Two Controllers for a Reference of One Radian under Disturbance Conditions

Scenario 2: Position Tracking

In the second scenario, the control system's performance was evaluated for a time-varying desired position. A
fixed input of one radian was applied from the beginning of the simulation until the fifth second, followed by a
constant positive slope input from the fifth to the tenth second, a fixed input of six radians from the tenth to the
fifteenth second, and a constant negative slope input from the fifteenth to the twentieth second. Additionally, a 5%
disturbance was applied to the system at the eighth second. The simulation results for this scenario are shown in
Figure 8. The results indicate that the proposed control system performs well in position tracking, with minimal
tracking error. Oscillations observed at the fifth, eighth, tenth, and fifteenth seconds are due to input changes and
disturbances, with transient states quickly damped by the control system. The system's behavior in this scenario also
exhibits desirable transient and steady-state characteristics, effectively mitigating disturbances.

Scenario 3: Parameter Uncertainty Analysis

In the final scenario, the presence of uncertainties in motor parameters was investigated. Specifically, the
parameter R was decreased by 20% from its nominal value, L was increased by 10%, B was decreased by 10%, and
J was increased by 30%. The nominal values of these parameters are provided in the appendix. It is noteworthy that
a constant input was considered in this scenario, and no disturbance was applied to the system. The simulation results
for this scenario are shown in Figure 9. Despite the changes in system parameters, the control system continues to
perform satisfactorily, demonstrating the proposed control system's adaptability to parameter variations. From
Figure 9, it can be seen that the maximum overshoot is six percent, and the rise time is less than 0.23 seconds, with
very minimal steady-state error.
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Fig.8. Comparison of the Performance of Two Controllers for Time-Varying Input and Disturbance Conditions
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Fig.9. Comparison of the Performance of Two Controllers with a Reference of One Radian and Parameter Uncertainties

5. CONCLUSION

This paper presented a PID control system based on the Internal Model Control (IMC) method for controlling the
position of a permanent magnet DC motor. In the proposed controller structure, the proportional, integral, and
derivative gains of the PID controller were determined using the IMC method. To evaluate the proposed system's
performance, a frequency response-based PID controller was also designed. Simulation results across three different
scenarios demonstrated that the proposed control system offers satisfactory transient and steady-state behavior. The
proposed control system exhibits desirable performance for both fixed and time-varying inputs, under disturbance

conditions, and with parameter uncertainties.
6. APPENDIX
PID Controller Parameters Tuned Based on Frequency Response

k, =20.46, k, =231, k,, =5.02.

DC Motor Parameters

R=1Q,L=0.001H,J =0.0001 kgm® , B=0.001 Nm/rad /s , K, =K, =0.01.
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