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1. INTRODUCTION

DC motors are commonly used in many uses because it has simplicity and accuracy in control
characteristics. It is used in robotic arms, electric trains and cars, steel rolling mills, drones, conveyor belts,
and cranes [1-7]. There are a lot of researches were achieved on the speed control of DC motors. Most of
them used the PID controller to set the DC motor speed [3, 8, 9]. PID controller is combined from
proportional (P), Integral (I), and derivative (D) controllers. Therefore, it is named three terms controllers.
When PID controller is used, the response will be good, reliable, and robust [8, 10-12]. The P controller of
PID is used to decrease the disturbance effects on the system output. The (I) controller of PID is used to
remove steady-state error. The D controller of PID is used to weaken the dynamic response makes the system
more stable [2]. PID transfer function is

PID = k, (1+ Tis +T,s)

The authors of [2] used conventional proportional integral derivative, genetic algorithm, GA,
to modify the PID elements, and a self-tuning fuzzy PID controller to regulate the speed of BLDC motor.
The authors of [8] used conventional PID and PI-D control to control a fly-by-wire flight. The authors
of [13] used PID controller with friction compensator to fix the exactly angular position of DC geared motor.
Moreover, they used the UNO Arduino microcontroller to control the voltage of the brushed Namiki direct
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current motor. The authors of [14] used PID controller to govern the angular position of DC motor attached
to a hydraulic pump valve. The author of [15] used PID and FLC controllers to control shunt DC motor.
The authors of [16] presented a comparison for the ways of tuning the PID to regulate the speed of direct
current motor. The authors of [17] used the PID to control DC motor when the load is variable. The authors
of [18] used a tuned PID to set the speed of PMDCM. The authors of [19] used different controllers to govern
the DC motor. The PID is one of them. The authors of [20] used the Z-N method to tune PI/PID controllers
for incorporating fractional-order dynamics in an existing DC motor control system. Variants PID controllers
are proposed in this paper to control the angular position of the rotor of a DC motor. Ziegler and Nichols
second method (Z-N 2" method) is applied to adjust the elements of PID controller as shown in Table 1 and
Figure 1.

Table 1. Z-N 2" method tuning rule depending on critical gain K. and critical period P, [18, 21]

Type of Controller k, T; Ty
P 0.5k, © 0
1
PI 0.45k,, Lo, 0
PID 0.6k, 05P, 0.125P.,
1
Input 1 Output
+ ﬁ K, 1 G (s)
Tas

Figure 1. PID controller [21]

Transfer function of it = k,,(1+ L +Tys)* Gl
Tis [+ [ip 1+ 75 +7gs)|a

PI-D controller is rearrangement the connection of PID elements. The D part of the PID is connected
with the feedback path. It is used to prevent the effectiveness of the set-point kick phenomenon [8, 21] as
shown in Figure 2.

+ — K, Gy(s)

Tys

Figure 2. PI-D controller [21]

Transfer function of it = k, (1+ —)* G
ol Tis) [1+ [kp(l +ot Tds)]G
1A

I-PD controller is rearrangement the connection of PID elements, also. The P and D parts of the PID
are connected with the feedback path. The influence of these parts will be on feedback path only [21].
As shown in Figure 3.
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Input 1 o OutpuL
= K, 1 G,(s) >

Figure 3. I-PD controller [21]

G

1
1+ [kp (1+ T_lS + TdS)]G

Transfer function of it = kp(%)*[

In the section two of this paper, modeling of DC motor will be presented. The response of the DC
motor with variant controllers and unity feedback control system will be discussed in the other sections.
When it is with unity feedback control system, the approach will be studied in section three. When it is with
conventional PID controller, the approach will be studied in section four. There are two parts in the section
five. Part one discusses the approach of using it with modification PID controller, PI-D controller. Part two
discusses the approach of using it with modification PID controller, I-PD controller. The section six will
present the comparison. The section seven will present the conclusion.

2. MODELING OF DC MOTOR
The Figure 4 illustrates the circuit of direct current motor, DC motor [1].

Figure 4. DC motor circuit [1]

The mathematical equations of DC motor can be written [1, 14, 18, 22-25]:

V= Ryig + L, St +E (1)
Exdw
E=k®o=k o
iy 2
© dt
E=k %

dt

T « i, = ky i,
T =k, ?)
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Mechanical torque equation is

_ . d?6 do
The parameters of the DC motor can be defined.
V, Ry, ig,and L, Voltage (v), resistance (Q2), current (A), and inductance (H) are the armature
elements respectively.
® and 6 The angular speed (rad/sec) and the angular position (rad) of the rotor shaft
respectively.

E Back electromotive force (e.m.f.) (v)
T Torque (N.m)
ke Back-emf constant (v/rad/s)
k¢ Torque constant (N.m/A)
0] Flux (wb)
J Moment of inertia of rotor, MOI, (Kg.m?)
B Viscous-Friction Coefficient (N.m.s/rad)
The Laplace transforms for the (1), (2), (3), and (4) and their block diagrams can be obtained:

V(s) = Rala(s) + LaS1a(s) + E(s) v 1 I

V(S) - E(S) = Ral,(s) + LgSI,(s) + L 5

= L,S+R,
E

E = £.S6(s) E o

T(S) = ktla(s) Ia l: T

T =15%6(s) + BSO(s) T z Y

T(s) =S 6(s) JS +B) B o
The Figure 5 illustrates the direct current motor block diagram:

! s6 6
1 < 1 = |74 ,
¥ L,s+R, Js+B s

-

Figure 5. Direct Current motor block diagram [1, 14]

Kt
G=—=
V. LqJS3+(RgJ+BLg)S? + (RgB + KtKo)S

G is the DC motor transfer function. V and 8 are the input and output repectively.
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RESPONSE OF ANGULAR POSITION OF THE ROTOR OF THE DC MOTOR WITH UNITY

FEEDBACK CONTROL SYSTEM
To study the response of the DC motor, a unity feedback control system is used with the DC motor.

The input is a unit step function while the scope is used to get the response. By using Matlab program,
the time domain specifications of the transient response and the response figure can be obtained.

The Figure 6 illustrates its block diagram.

| +1J Ld G »
Scope

Step DC Motor

3.

Figure 6. The control system of the DC motor

The system transfer function is

G K,
TF=——= 2
1+G  LgJS3+(RgJ+BLy)S?% +(RyB + KtKp)S+K¢

The parameters values of DC motor were obtained from the paper of [1]. They summarized
the parameters’ results for three attempts in a Table 2. The average values of these readings are used in this

paper as shown in Table 3.

Table 2.Parameters of DC motor [1]

Parameters 1% case 2" case 3 case
B (N.m.s) 0.041202 0.043926 0.0428167
3 (Kg.m?) 0.057419 0.044042 0.03188
k, (V/rad/s) 1.835 1.8074 1.8674
k, (N.m/A) 1.835 1.8074 1.8674
Lg, (H) 0.10419 0.1044227 0.104305
R, () 3.0484 3.04325 3.045653

Table 3. The Average values of the parameters

Parameters Average
B (N.m.s) 0.042648233
J (Kg.m?) 0.044447
ke (V Iradls) 1.8366
ki (N.m/A) 1.8366
L, (H) 0.1043059
R, () 3.045767667
G K¢

TF=——=
1+G  LgJS3+(RqJ+BLg)S?% +(RgB + KtKg)S+K¢

TF = 1.8366
~ 0.004636 S3+0.139852 + 3.503S + 1.8366

The response was got by using Matlab when a unit step function is applied as shown in Figure 7. The time
domain values of this case were acquired as shown in Table 4
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Response of the angular position DC motor with unity feedback control
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Figure 7. Response of the angular position DC motor with unity feedback control system

Table 4. Time domain specifications values of the DC motor with unity feedback control system

Time Domain Specifications  Value

Rise time (seconds) 4.1034
Settling time (seconds) 7.3451
Overshoot (%) 0
Peak (Amplitude unit) 0.9993
Peak time (seconds) 13.6726

4. RESPONSE OF ANGULAR POSITION OF THE ROTOR OF DC MOTOR WITH

CONVENTIONAL PID CONTROLLER

By adding PID controller to the system, the block diagram will be illustrated in the Figure 8.

» 1
> g
1
T T Sl
Step DC Motor Scope
s
Figure 8. PID controller with DC motor
1
Let G, :PID:kp(l+T_is+TdS) (5)
_ _GGe
27 1+ GG, (6)
TF,: Transfer function of the DC motor with conventional PID controller
3 KtZ
_ 1 LaJS3+ (R BLg)S RaB + KtKe)S
TF, _kp(1+T_is+TdS)* aJS°+ (RaJ+BLq)S“ + (RaB + KtKe) (7)

1 K¢
[“["P(” Tis +Td5) LaJS+ (RaJ*BL)SZ + (RgB + KtKe)S]
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K

LaJS3+(RaJ+BLa)S? +(RaB + KtKe)S] + Kekp(1+ 7= +Tgs) 8)
1A

1
TF, = ky(1+ =+ Tus) *

Using the Z-N second method in the paper is to adjust the elements of PID controller.
Put T; =« and T,; = 0 and substitute these values in the (8).

TFzn = o 9)
LaqJS3+(RqJ+BLq)S? +(RgB + K¢Ke)S+ KiKp

TF,y:  Transfer function of the DC Motor with Conventional PID Controller when Ziegler Nichols Method
is used
By using Routh Hurwitz Criterion to find the K, value

S3 L,J (R,B + K.K.)
S? (R,J + BL,) Kth
S LaJ Kth 0
(R,B + K/K,) - CNITT)
s° K.K,
 LaJ KeKp _
(RoB + KiKe) - G Topig =
_ (RgB + KtK¢)(RqJ+BLg) 10
Ky = LaJ Ke (10

By substituting the values of the Table 3 in the (10), K,, = 57.5247
By examining the coefficients of the first column, the sustained oscillation will occur when K, = 57.5247.
Thus the critical gain K, will be 57.5247.

With gain K, set equal K, = 57.5247, the characteristic equation of TFzywill be
LJS® + (RyJ + BLy)S? + (R,B + K.K,)S + 57.5247K, =0

The frequency of the sustained oscillation can be obtained by substituting S = jo in the characteristic
equation.

L (w)® + (R + BL)(jw)? + (R,B + K.K,)jw + 57.5247K, =0

-(R,J + BLy)w? + 57.5247K, =0

2 _ 57.5247K;
(RaJ+ BLq)

= 755.5937
w = 27.4881 rad/sec

Therefore, the critical period (P.,) can be obtained.
P, = %" =0.2286 second

k,,T;, and T, can be obtained from Ziegler Nichols Second Method table, Table 1.
k, = 0.6 K., = 345148

T; =0.5P,,. =0.1143 sec
T; = 0.125P,,. = 0.0286 sec

The parameters of PID controller are available now, and it is going to be tuned by them.
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Getting the transfer function of the DC motor with PID controller can be done by returning back
to (8) (the TF, equation) and substituting the PID parameters and the values of Table 3. The response can be
got by using Matlab when a unit step function is applied as shown in Figure 9. Time domain values of this
case are acquired Table 5.

1 K¢
TF, = kp(1+ — +T;s) * T
T;s [LaJS3+(Rq]+BLg)S? +(RgB + K¢Ke)S]+ Kiky (1+ 75 Tas)
L
TF. = kekpTiTaS%+ kekpTiS+ kikp (11)
27 LaJTiS* +(RaJ+BLQT;S3+(RaB+ keko+ kelpTg)TiS? + kekpTyS + kekyp
TF. = 0.2075%+7.2455+ 63.39
2 7 0.00052995* + 0.0159853 + 0.607452+7.245 S+ 63.39

s

Amplitude

| | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Time (seconds)

Figure 9. Response of the angular position of the DC motor rotor with PID controller

Table 5. Time domain specifications values of the DC motor with PID controller

Time Domain Specifications Value
Rise time (seconds) 0.0559
Settling time (seconds) 0.5574
Overshoot (%) 48.7302

Peak (Amplitude unit) 1.4873
Peak time (seconds) 0.1496

5. RESPONSE OF THE ANGULAR POSITION OF THE ROTOR OF DC MOTOR WITH
MODIFICATIONS PID CONTROLLER
5.1. Using PI-D controller
By adding PI-D controller to the system, the block diagram will be illustrated in the Figure 10.

Kt
1 LaJS3+ (RqJ+BL@)S?% + (RgB + KtKe)S
_ * a a. a a e
TFs = kp(L+ T’ (14 [k (1+i +T )] Ke 12
[ 4 Tis as 1LaJS3+ (RqJ+BLg)S? + (RgB + KtKg)S]

_ 1 K¢
TF; = k,(1+ —) * . - T
Tis”  [LaJS3+ (RaJ+BLq)S? + (RaB + K¢Ke)SI+ Kikp(1+ 7— + Tgs)
L

(13)

_ ktkpTiS+ kikp
T LaJTis* +(RaJ+BLQ)TS3+(RaB+ kike+ kekpTq)TiS2+kekpTiS+ kiky

TF; (14)

TF;:  Transfer function of DC motor with modification P1-D controller

Performance comparison between variants PID controllers and ... (Mustafa A. Mhawesh)
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TF; can be got by using the readings of Table and the same values of tuning parameters, which is
used in the conventional PID controller. The response can be got by using Matlab when a unit step function is
applied as shown in Figure 11. Time domain values of this case are obtained as shown in Table 6.

7.2455+ 63.39

TF, =
0.00052995% + 0.01598S53 + 0.607452+ 7.245 S+ 63.39
r)/
. »{1/Ti 15 Q b G (]
Step DC Motor
> >—> s

Figure 10. PI-D controller with DC motor

Amplitude

/ I
0 i 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time (seconds)

Figure 11. Response of the angular position of the DC motor rotor with PI-D controller

Table 6. Time domain specifications values of the DC Motor with PI-D controller

Time Domain Specifications Value
Rise time (seconds) 0.0603
Settling time (seconds) 0.5987
Overshoot (%) 61.8369

Peak (Amplitude unit) 1.6184
Peak time (seconds) 0.1745

5.2. Using I-PD controller
By adding I-PD controller to the system, the block diagram will be illustrated in the Figure 12.

Kt
_ 1 LaJS3+(Ra] + BLg)S? + (RaB + KtKe)S
TF, =k, (— 4
4 p( Kt (15)

Tis 1 )]
N [k”<1+ Tis * TdS )| L7534 (Raj+BLa)S? + (RaB + K¢K e)S]

*

Int J Elec & Comp Eng, Vol. 11, No. 1, February 2021 ;: 802 - 814



Int J Elec & Comp Eng ISSN: 2088-8708 a 811

Kt
LaJS3+(RaJ+BLa)S? +(RaB + KtKe)S|+Kcky (14 = +Tqs)
1A

TF, = kp(=2) * : (16)

iS

TF, fekp (17)

T LaJTiS* +(RaJ+BLQTiS3+(RaB+ keket kikpTg)TiS2+ kekpTiS+ kekp

TF,:  Transfer function of DC Motor with Modification I-PD Controller

TF, can be got by using the readings of Table 3 and the same values of tuning parameters, which is
used in the conventional PID controller. The response can be got by using Matlab when a unit step function is
applied as shown in Figure 13. Time domain values of this case are obtained as shown in Table 7.

63.39
"~ 0.00052995% + 0.0159853+ 0.6074S2 + 7.245 S+ 63.39

B
G -

Step DC Motor Scope

> s

TF,

Figure 12. I-PD controller with DC motor

Response of the angular position rotor of the DC motor with I-PD controller
1.4 T T T T T

T T T T

1.2

Amplitude
o e
o = -

=
=~

S
N

Time (seconds)

Figure 13. Response of the angular position of the DC motor rotor with 1-PD controller

Table 7. Time domain specifications values of the DC motor with 1-PD controller

Time Domain Specifications Value
Rise time (seconds) 0.1133
Settling time (seconds) 0.4941
Overshoot (%) 13.7059

Peak (Amplitude unit) 1.1371
Peak time (seconds) 0.2805
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6. THE COMPARISON

The comparison between the DC motor angular position with unity feedback control system and
with conventional PID and modification PID controllers are obtained from the Table 8 and Figure 14
(see appendix) in Appendix. Each case of the DC motor response curves is represented by colors. The black
represents the response of it with unity feedback control system. The blue represents the response of it with
conventional PID controller. The red represents the response of it with modification PI-D controller.
The green curve represents the response of it with modification I-PD controller.

The Figures 14 (a-d) illustrates the response of DC motor and conventional PID controller,
DC motor and PI-D controller, DC motor and I-PD controller, and DC motor and all controllers respectively.
The Figures 14 (e-h) illustrates the response of conventional PID and PI-D controllers, conventional PID and
I-PD controllers, PI-D and I-PD controllers, all controllers respectively.

The controller that gives less rise time and less peak time is conventional PID controller, PI-D
controller, and I-PD controller respectively. However, the controller that gives less settling time and less
maximum overshoot is I-PD, conventional PID controller, and PI-D controller respectively. The best
controller that gives most reasonable readings is the modification I-PD controller, but the designer can decide
which the controller is the best depending on his needs. The I-PD controller is the best because it has less
settling time and less maximum overshoot. Furthermore, it has a few parts of second difference in rise time
and peak time with conventional PID controller and 1-PD controller.

Table 8. Time domain specifications values of the DC motor for four cases

Time Domain With unity feedback Conventional PID Modifications of PID Controllers
Specifications control system Controller PI-D 1-PD
Rise time(seconds) 4.1034 0.0559 0.0603 0.1133
Settling time(seconds) 7.3451 0.5574 0.5987 0.4941
Overshoot (%) 0 48.7302 61.8369 13.7059
Peak(Amplitude unit) 0.9993 1.4873 1.6184 1.1371
Peak time(seconds) 13.6726 0.1496 0.1745 0.2805

7. CONCLUSION

An analytical study were presented in this paper for four cases of step response angular position of
the rotor of DC motor. The cases are step response with unity feedback control system, step response with
conventional PID controller, step response with PI-D controller, and step response with I-PD controller.
The time domain specifications for each case was acquired. Also, the response for each one can be got by
using Matlab. The Z-N 2™ method was used for tuning the variants PID controllers. The performance comparison
for the four cases was done depending on the readings and curves from the Matlab. The best controller was
determined depending on the comparison. The controller that gives the good specification is the best.

APPENDIX

e Step Response Step Response
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Figure 14. Response of angular position DC motor rotor with and without controllers
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Figure 14. Response of angular position DC Motor rotor with and without controllers (continue)
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