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Abstract

This study presents the design and simulation of an auto tuning proportional integral derivative (PID) controller
for direct current motor. The Dc motor was modeled using the state space approach and the governing equations
for torque speed characteristics were obtained. The state space representation provided system characteristics
along with control parameters which were employed in the design of the auto-tuning proportional-integral-
derivative controller. Design requirements were set at; motor speed 0.1lrad/sec in steady state for an input
voltage of 1V, steady-state error less than 1%, settling time less than 2 seconds, step-response with over-shoot
less than 5%. The Dynamics of the Motor was inspected using a step-input. Result shows that the PID controller
yielded motor speed of 0.1 rad/sec in steady state for an input voltage of 1V, a steady-state value of 1, a settling
time of 150 seconds and an overshoot of 0% which didn’t meet design requirements. The designed auto - tuning
strategy yielded motor speed of 0.1 rad/sec in steady state for an input voltage of 1V, a steady-state value of 1, a
settling time of 0.257 seconds and a step-response with an over-shoot of 1.03% which satisfied the design
requirements. Auto - tuning of the designed PID controller is implemented which eliminates the control effort
usually associated with the traditional control techniques, and meets design requirements. The auto - tuning
strategy presented in this study overcomes the limitations of inefficient tuning methods and ensures proper
tuning of gain values of the PID controller when used for DC motor speed control.

Keywords: Simulation, Auto tuning, Proportional Integral Derivative Controller, State-space model,
Direct Current Motor

INTRODUCTION robust performance in wide range of operating
Direct Current (DC) motor is a power actuator which conditions.

transforms electrical energy into mechanical energy.

The Direct Current motor is the most popular and Research in the area of control system theory has
commonly used actuator in industries. This is brought a number of advanced control techniques that
because it offers quite a number of opportunities for can be used to improve system performance
one to vary the speed drive control in such a manner (Camacho & Bordon, 2004). Proportional Integral/
that will be suitable to the applied loads. Similarly, Proportional Integral Derivative (PI1/PID) control
they have many good characteristics, which include methods are widely used and preferred in most
high starting-torque characteristics, high response control applications. PI/PID controller parameters are
performance and ease of control (Radu, Boldea, calculated in literature using heuristic methods such
Miller & Nicolae, 2007). DC motors have good as Ziegler Nichols, Particle Swarm Optimization
speed control responses and wide speed control (PSO), Genetic Algorithm (GA) and Simulated
range. It can be used in speed control plants which Annealing (SA) or analytic methods such as

need high control requirements, such as rolling mill, frequency response — bode plot and root locus
double-hulled tanker, high precision digital tools, etc technique (Bryant & Kazimierzuk, 2005) or
(Kapun, Eurkone, Hace & Jerenik, 2008). intelligent methods such as Neutral Net Work

(NNW) and fuzzy logic
DC motor speed and torque control using different
methods have been studied (Anand, 2016; Jessica, Experimental methods of controller design such as
2009; Megha & Suhas, 2017; Mohammed, 2017; root locus and frequency response methods are based
Prabba & Menka, 2015). It has been asserted that on system behavior approximation with a transfer
more than half of the industrial controllers in use function of the n- order and delay time or they are
today, utilize the Proportional Integral Derivative based on control gain and the resulting oscillation on
(PID) or modified PID control schemes (Ogata, the s-plane or margin of stability when only
2005). This wide spread acceptance of the PID proportional controller is used. The application of
controllers is largely attributed to their simplicity and these techniques for determining controller
parameters of electric motor drives with or without
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delay time result in relatively undesirable high drive
overshoot (Gaddam & Venkata, 2007).

Similarly, frequency domain technique of controller
design is based on Bodes line approximation of
magnitude and phase-frequency characteristics, that
is, determination of controller parameters based on
desired system overshoot and system maximum
response time. The procedure of synthesizing
controller parameters of electric motor drive is
developed using Bode graphical plot, with advantage
of better and faster load torque compensation when
compared to standard controller design and desired
system overshoot for change in a reference value. But
this has limitations in terms of system marginal
stability which is a necessary design requirement
(Anil & Scree, 2015; Gaddam & Venkata, 2007)

In spite of the widespread use of the PID controller,
its main short — comings are that there are no
efficient tuning method and the proper tuning of gain
values (Visioli, 2001). Several methods have been
proposed for the tuning of PID controllers. Among
the conventional PID tuning methods, the classical
Ziegler — Nichols tuning procedure, which may be
the most well — known technique, however, it is
difficult to determine optimal or near optimal
parameters with this because most industrial plants
are often very complex having high order, time
delays and nonlinearities (Gaing, 2004; Kwok, et al,
1993; Ogata, 1987). For a wide range of practical
processes, this tuning approach works quite well.
However, sometimes it does not provide good tuning
and tends to produce a big overshoot. Therefore, this
method usually needs retuning before it is applied to
control industrial processes (Krishnakumar &
Goldberg, 1992; Mahony, Dowing & Fatl, 2000;
Wang ,Spronck & Tracht, 2003; Varsek, Urbacic, &
Filipic, 1993).

The PID controllers have been used for several
decades in industries for process control applications.
However, PID controller still suffers from some
problems namely; the undesired speed overshoot and
the sluggish operation due to sudden change in load
torque and the sensitivity to controller gains. The
performance of the controller depends upon the
accuracy of the control system models and
parameters. Therefore, there is need for an innovation
which requires an auto tuning PID controller for DC
motor which can overcome the problems of PID
controller. Hence, the motivation for this study.

METHODS

System Modeling and PID Controller Design

The design objective will be achieved by first
modelling the system (dc motor) and finally
designing the PID Controller as presented in the
sections that follows.
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Physical Model

The electric equivalent circuit of the armature and the
free — body diagram of the rotor in a typical DC
motor is represented in Figure 1

v (+) Armature o
- circuit

i

bé
Rotor
Figure 1 Physical Setup of a DC Motor.

b is the motor viscous friction constant,
J is the moment of inertia of the rotor,
R is the electric resistance,

L is the electric inductance.

where:

Governing Equations

The motor torque was proportional to only the
armature current (i) by a constant factor(K,) as
shown in equation 1. This is referred to as an
armature-controlled torque.

=K, 1

The back e.m.f,(e)}, is proportional to the angular
velocity of the shaft by a constant factor (K} as
shown equation 2

e = K,0 2
In Sl units, the motor torque and back e.m.f.
constants are equal, that is;

K, =K,
16 + b6 =K, 4
LE+M=V—K§ 5

Dc Motor Transfer Function Model
Applying the Laplace transform, the model equations

can be expressed in terms of the Laplace variables.

s(Js + b)O(s) = KI(s) 6
(Ls+ R)I(s) = V(s) — KsO(s) 7
_ @ _ K rod/ sec
P(s) = V(s)  s(Js+b)(Ls+R) +K5}[ v ] 8

Dc Motor Speed State — Space Model

In state — space form, the governing equations above
(equation 8) was expressed by choosing the rotational
speed and electric current as the state variables. The
armature voltage was treated as the input and the
rotational speed was chosen as the output. The
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continuous time state space derivation of the system
is expressed in equation 9 and 10 respectively:

_b K 0
-1 ol fl
dt i a8 N i I
I L
y=01 a’ 10
L
where:
_F K
A= i, JrR System matrix
I L
[0
B = |1 Control Input matrix
LL

C =[1 0] Output matrix
D= direct transmission matrix and in this project, it is
taken to be zero.

This can be represented in a more canonical form
thus

x(t) = Ax(t) + Bu(t)
y(t) = Cx(t)

11
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b
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Figure 2: State space representation block

Physical Parameters

The physical parameters for the DC Motor
considered for this control architecture are:
] Moment of Inertia of the rotor
0.01 kg.m>
b Motor viscous Friction constant
01N.ms=
Ke Electromotive Force constant

0.01 V/rad/sec

Kt Motor Torque constant
0.01 Nm/Amp
R Electric Resistance
1 Ohm
L Electric Inductance
0.5H
Sources

http://ctms.engin.umich.edu/CTMS/index.php
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Controller Design

In designing a PID controller for a DC motor speed,
the open — loop transfer function of the DC Motor is
given in Equations 6, 7, and 8

The simplified structure of the control system is
given in Figure 3

controller

C(s)

plant

P(s)

r u

v

Figure 3: Block Diagram of Closed loop Response

The transfer function for a PID controller has the
following form;
K st K stk

— aly —
C(s) = K, + - + K,;= - 12
where:
Kp = Proportional Gain
K; = Integral Gain

K ; = Derivative Gain

The controller can further be configured to capture
the three parameters of interest of the controller in a
continuous time variant domain depicted in figure 4

) Ky e(t)
Setpoint Error Output
s K J‘D‘g(x).dx s Plant >
h
—> Ko
dt

Figure 4 block diagram representation of the DC
motor with the PID .

Proportional - Integral — Derivative (PID)
Controller Design
In Proportional — Integral — Derivative (PID)

Controller design, adding an Integral term will
eliminate the steady — state error to a step reference

and a Derivative term will often reduce the
overshoot.
Inspection of the above proportional controller

indicated that the steady — state error did indeed go to
zero for a step input. However, the time it took to
reach steady — state was far larger than the required
settling time of two seconds.


http://ctms.engin.umich.edu/
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Auto Tuning Design

In tuning the gains, the step response graph was seen
to have a long tail and this was due to the fact that the
integral gain was small and, therefore, it took a
longer time for the integral action to build up and
eliminate the steady — state error.

The process of gain tuning was sped (zoomed) up by
increasing the value of the integral gain (K;) from 1

acceleration to give velocity. Kirchhoff’s law is now
invoked to the armature circuit see equations 13 and
14,

I
dt di

[Edr =i 14
dt

Newton's law and Kirchhoff’s law are applied to the

to 200. From the annotations added to the step . . .
motor system and the following equations obtained:

response plot i.e. the characteristics of the plot, as
expected, the steady — state error was now eliminated . .
much more quickly than before. However, it was % =T7T— bﬂ — % = E(Kri — bﬂ) 15
seen that the large integral gain (K,) greatly ae e de ] at
increased the overshoot. In reducing the overshoot,

the derivative gain (K ;) was increased from 1 to 10. ; ;
(Ka) L2=Ri+v-e=2=3(-Ri+v-£Z) 16

DC Motor Model Simulation Set Up

In setting up the DC Motor system model for

simulation, the approach adopted is by summing the

torque acting on the rotor inertia and integrating the

. 1/ » 1
bl d/at(i s i

Add1

Inductance Integrator1

d/dt(theta

N
p

4%1” > p —
Ki > - d2/dt2(theta | s

Add Inertiz Integratol

bi‘

~J

Dampiing

Figure 5 Simulink Diagram of the Torques Represented in the Rotational Equation and Damping Torque

The voltage terms which are represented in the
electrical equation is now interfaced with the system

so far developed to get the final design Simulink
model Figure 6

1 — il
Voltage \\I‘
Resistance
< /L »
Z d/dt(i s i
Add1 Inductance Integrator1
Ke
1/J > — »( 1
> - d2/dt2(theta "1 s | ardi(theta 'CD
Ki . Speec
Add Inertiz Integratol
<k
Dampiing

Figure 6 Final design with back e.m.f of the motor
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PID Controller with Simulink

In implementing the PID Controller in Simulink,
a) A PID Controller was inserted from

Simulink > Continuous Library,

A Scope block was inserted from Simulink

> Sinks library.

c) The PID Controller block, Scope block were
connected as shown in Figure 7 below. The
value of the PID Controller was changed i.e.

setting the Proportional gain (K,) = 100,

b)

Integral gain K; = 200 and Derivative gain
Run the Simulation (Ctrl+ T), double —

clicked the Scope block and then select Auto
scale.

d)

Voltage Sp » I

Voltage Speed

PID Controlle

DC Motor

Figure 7 PID Control System in Simulink

RESULTS AND DISCUSSION
Open Loop Step Response

Step Response

0.1
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Figure 8 Oper{mi(iecgoonps)step response

Tablel. Characteristics of Open — loop step response

Peak Overshoot Settling Rise time Final
amplitude (%) time (seconds) value
(seconds)
0.0999 0 2.07 1.14 0.0999

From the plot in Figure 8 and Table 1 above, it was
seen that when 1 Volt was applied to the system, the
motor only achieved a maximum speed of 0.1
rad/sec, which was ten times smaller than our desired
speed.

Proportional Controller (P Controller)

Step Response with Proportional Control
1.4 - - - - - -

1.2r

0.8

Amplitude

0.6

0 I
1.5 2 2.5 3

Time (seconds)

0 0.5 1 3.5 4

Figure 9 Closed — loop Step Response with
Proportional Controller

Table.2 Characteristics of the Closed — loop Step
Response with Proportional Controller

Peak Overshoot Settling Rise
Amplitude (%) time (secs) time
(secs)
1.14 24.9 0.567 0.0994

4.5 5

Final
value

0.909

From Table 2 above it was seen that both the steady —

state error (0.909) and the overshoot (24.9%) are too

large. Increasing the proportional gaink, will reduce

the steady — state error, but however, increased the
overshoot.

Proportional -
Controller

Integral —

PID Control with Small Ki and Small Kd

Derivative (PID)

0.8

0.7
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0.5

Amplitude
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0.2

0.1p

1 T T T T T T T 1
0.9/

0 | | | | | | | | |
0 20 40 60 80 100 120 140 160 180

Time (seconds)
Figure 10 Step response plot with PID Controller
with small values of Integral Gain (K;) and small

values of Derivative Gain (K ).
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Table 3 Characteristics of Step Response Plot with
PID Controller with small values of Integral Gain

(K;) and small values of Derivative Gain (K ).

Peak Overshoot Settling Rise time Final
Amplitude (%) time (seconds) value
(seconds)
0.989 0 150 133 1

Inspecting the results in Table 3 above, it indicated
that the steady — state error did indeed go to zero for
a step input, but however, the time it took to reach
steady — state (150 seconds) was far larger than the
required settling time of 2 seconds.

Tuning the Gains

The integral gain K; was small and, therefore, it took
a long time for the integral action to build up and
eliminate the steady — state error. Tuning the gains,
K. was changed from 1 to 200. The Step response

L
plot is shown below with the annotations in Table 4

PID Control with Large Ki and Small Kd

\ |

I I I I I
1.5 2 2.5 3 3.5 4

Time (seconds)

Figure 11 Step Response Plot Tuning the Gains K;
from 1 to 200

I I
0.5 1

Table 4 Characteristics of the Step response tuning
the gains of K, from 1 to 200

Peak Oversho Settling Rise time = Final
Amplitude ot (%) time (seconds) | value
(seconds)
1.23 23 0.588 0.106 1

As expected, the steady — state error was eliminated
much more quickly than before. However, the large

Integral gain (K;) greatly increased the overshoot.

In reducing the percent overshoot, the derivative gain
(K ;) was increased from 1 to 10 and the generated
plot is shown below.
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PID Control with Large Ki and Large Kd
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Figure 12 Step response plot of DC Motor with PID
Controller increasing the Derivative Gain{ K ;) to 10

I I
0 0.5 1

Table 5 Characteristics of Step Response Increasing
the Derivative Gain (K ;)

Peak Overshoot | Settling Rise Final
Amplitude (%) time time value
(sec.) (sec.)
1.01 1.03 0.257 0.132 1

From the Table 3.5 it was seen that increasing the
Derivative Gain(K ;) reduced the overshoot. For the
PID controller with Proportional gain (K, ) = 100,

Integral gain K, = 200 andDerivative gain (K;) =
10, all of the design requirements were satisfied i.e.
an overshoot of 1.03% which was lesser than 5%,
0.257 seconds settling time which was lesser than 2
seconds and a steady — state value of 1 as specified.

PID Controller in Simulink
For the PID controller in Simulink with Proportional

gain (K,) = 100, Integral gain K; = 200 and
Derivative gain (K;) = 10, the Scope window is
shown below in Figure 13

EEIE LIRS -

Figure 13 Scope window of Step response with PID
Controller.
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Table 6 Characteristics of Step Response with PID
Controller

Peak Overshoot = Settling Rise time = Final
Amplitude (%) time (seconds) = value
(seconds)
1.01 1.03 0.257 0.132 1

The result above in Table 3.6 is the same with the
result in Table 3.5 All of the design requirements
were satisfied i.e. an overshoot lesser than 5%,
seconds settling time lesser than 2 seconds and a
steady — state vale of 1 as specified.

CONCLUSION

In this study “The speed control of DC Motor using
PID Controller Implementation with MATLAB,” the
dynamics of the DC Motor was first inspected using
the Proportional controller, then Proportional —
Integral — Derivative (PID) Controller was designed
to control the speed of the DC Motor as the design
requirement were not satisfied by the Proportional
Controller alone. Employing the PID Controller, the
steady — state error to the step reference was
eliminated. All of the design requirements were
satisfied i.e. an overshoot of 1.03% which was lesser
than 5%, 0.257 seconds settling time which was
lesser than 2 seconds and a steady — state value of 1
as specified.

A compensating network was applied to the DC
Motor to correct the design flaw with the intention of
affecting other aspects of the design in a minimal
manner. The lag and lead compensator were designed
to achieve a DC gain and phase margin to satisfy the
given design requirements. Upon applying the
compensator, the design requirement of less than 2
seconds settling time, less than 5% present overshoot
and steady — state value of 1 as specified was
achieved.
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