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ABSTRACT

For electrical machines and power circuits to operate at high performance, it is important to control
them at the optimum point. So, in this study, a flexible closed-loop (FCL) PID and PID FUZZY study is presented.
Different from other studies, different controls can be activated for different positions and durations within the
total operating time of the motor. At the same time, by applying four inputs for fuzzification in the designed fuzzy
logic control section, 3 different outputs are provided to the PID control in three defuzzification sections. So,
Dynamic Fuzzy logic interactivity is ensured with PID on load. This, unlike other PID FUZZY controllers,
provides a more effective application of error and error change to the system. In the second chapter, DC motors
and controls are explained. In the third chapter, designed controls and dc motor applications are made. The results
obtained in practice reveal the effectiveness of the proposed system after compared with conventional P, Pl and
PID.
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INTRODUCTION

DC motor is a high-efficiency, durable machine that converts electrical energy into mechanical energy
and produces high torque according to its volume (Tang, et al.,2017). They have relatively simple controllable
speed ranges compared to other motors (Jaya, wt al., 2018) because of their advantages, they have applications in
many fields in Industry farming and social life. DC motors have been studied for different robot applications.
While investigating the DC motor application used to provide navigation in the versatile movement of mobile
robot applications (Yunardi, et al.,2021), a Proportional Integral Derivative (PID) controlled DC motor system is
recommended to regulate the speed at the mini conveyor (Latif, et al.,2021). Motor control applications for a pump
find effective application areas in irrigation and agriculture (Mondal, et al., 2020 ,Workineh, et al., 2021; Assefa,
et al.,2021; Mseddi, et al.2021). DC voltage regulated by PID or FUZZY Logic Controller controlling a dc-dc
converter or a dc voltage source switch at the input in DC motor applications can control speed, voltage, and
position (Can et al., 2017; Mahmud, et al., 2020; Arulmozhiyal, and Kandiban, 2012). Also, an alternating voltage
rectified by the PID controlling switches can provide energy to dc voltage applications (Rezaie, et al., 2020). In
these given applications, the control methods applied to the motor start with the control mechanism at the
beginning of the total control period, and the same control mechanism at the end of the control period affects the
system. They are insufficient to include different control systems in the system at different times to the total engine
run times. Therefore, Flexible Closed-Loop (FCL) P + PID, Pl + PID and PID + Fuzz control methods are
recommended. With the proposed method, when control starting with PI is necessary, the system can switch to
PID instantly while it is still operating. At the same time, control starting with PID can continue with Fuzzy. Unlike
other DC motor control methods, different control methods are activated within the same control period and an
effective control mechanism that differs according to the situation is offered. In previously studied Fuzzy PID
applications while more than one input is applied in fuzzy set, a single output is sent to three control units in
Defuzzification (Saeteros,et.al.,2019) In the proposed method, 3 different outputs in three defuzzification section
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are sent to three different control units, providing an effective change in error and error change rates. Also, as
different controllers can be activated in different parts of the total control time, dynamic control is provided by
sending three outputs from three different defuzzification to the PID control at a time. Considering the results
obtained, FUZZY PID control with dynamic interaction stabilizes dc motor values more quickly with less
oscillation compared to traditional methods.

DC MOTOR AND FUZZY + PID
The motor torque is linearly changing on the armature current according to as Eql.
Tm(s) /la(s) = Km Q)

(s): the motor torque in S-domain. : The DC machine torque constant. Using the Kirchhoff's law, the
summation of the voltage in a circuit equal to zero, then the following equation calculated

Ea=EL+ Ep=isRa+ Ladiadt + KpOnm (2)

Ra: the resistance of the motor. La: the inductance of DC machine. Kb: the velocity constant. 8m: the
angular velocity of DC machine.

For the free body connected to the motor rotational motion is formulated by
Jw+cw=Tm 4)

o: the angular velocity of DC machine, c: motor friction constant of DC machine, J: the moment of the
rotor inertia at DC machine. If Laplace transform of Equation (1) is transformed, the following equation as below:

o (s) IT(s) =1 /(Js+C) (%)
G(s) = w(s) IEa (s) = Km [[(Las + Ra)(Js + ¢)+ KvKn]= Km | [LoJs*+(RaJ+Lac)s+(Rac+KpvKm)] (6)

The PID controller is a feedback control loop mechanism commonly used in device control system
response. The controller tries to minimize the error by adjusting the process control input according to the feedback
it receives. In the PID controller calculation algorithm, there are three constant parameters known as proportional
(P), integral (1), and derivative (D) values, these values can be interpreted in terms of time. P is based on current
error, | is an accumulation of past error and D is a possible prediction of future error based on current rates of
change. The weighted sum of these three actions is used to adjust the operation rate of a control switch or the
action through a control element such as the power supplied to a device.

¢ Kpde(t)

Ut) = e()Kp + K, f e(t) +—— 7
0

KP: proportional gain using to increase the system response speed and reduce steady-state error. KI:
integral gain using to eliminate the steady-stat error at all. KD: derivative gain used to reduce the system response
overshoot.

The transfer function is expressed as follows,
C(s)=Kp+Kils+Kas (8)

In the proposed control method, the total working time of the system is divided by steps and two different
control systems can be applied to the total working time. This provides us with a flexible changeable closed loop
control method. While different energy sources are put into use to drive the system with both the step method, a
different control system can be applied in another part of the total working time. If the total run time is divided by
two equal part steps such as PID for the first step and PI for the second step, the control equation for the total run
time will be as follow
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The control equation for K1 can be arranged as follows in y(t).

0.5t KDd
o=k [ e+ [ e
0 t—0.5t

y(t) = y(t —0.5t) + A, (t — 0.5t)
K1
A,(t —0.5t) = Ki-te(t — 0.5t) + 5 t[(e(0.5t) + (0.5t — t)]
K1
A,= 5 t[(e(0.5t) + (0.5t — t)]
If Eq. 13 is added in Eq.11, then Eq. 14 is formed as below;

y(t) = y(t — 0.5t) + % t[(e(0.5t) + e(0.5t — ¢t)

If z transform is applied in Eq 14, then Equations are obtained as below;

K1
y(2) = y(2)0.5z7" + - tlle(@) + e(2)0.5z71]

y(z) K ; 1+ 0.5z71 K . 0.5z+1
e(z) 2 "1- 0.52-1] ) [0.52— 1]

If equation 9 is arranged as a z transfer function, equation 17 is obtained.

052+1 1[2—1]

U(z) =Ky + 052—1

0.5t

Erol Can and Mustafa Serdar Toksoy

©)

(10)

an

(12)

(13)

(14)

(15)

(16)

a7

PID closed-loop control of the DC motor is as shown in figure 1. Here, the total working time is divided
into two equal periods. In the first step, the dc motor starts to operate at a lower speed, while in the second step a
higher voltage is applied to the motor and more speed is provided to the motor. PID controller is active in both
time zones. PID and PI closed-loop control of the DC motor is as shown in figure 2. Here, the total working time
is divided into two equal periods. In the first step, while the dc motor starts to run at a lower speed, the PID
controller controls the motor. In the second step, a higher voltage is applied to the motor with the PI control to
provide more speed. Thus, flexible closed-loop control is provided by using different controls in both time periods

of the total run time.
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Figure 1. PID closed-loop control of the DC motor at two time zones
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Figure 2. PID and PI closed-loop control of the DC motor at two time zones

Some researchers are developing PID control strategies based on some intelligent algorithms using a
fuzzy logic algorithm. (Kristiyono,et al.,2021; Premkumar, et al.,2021; Do Khac Tiep, et al,2018). While the PID
is adjusted by sending a single output obtained in three defuzzification section to the three inputs of the PID control,
in the proposed method, the PID is adjusted by obtaining three different outputs in defuzzification. Therefore,
dynamic control is provided by sending 3 outputs from three different defuzzification to the PID control at a time.
In these studies, the self-adjusting fuzzy PID controller uses the Fuzzy Inference System to adjust Kp, Ki, and Kd
parameters according to error (e) and error derivative (e). In the proposed system, different Kp, Kd, and K values
obtained by an error change of three different errors are transmitted to the PID Control. The error (e) depends on
the reference signal r (k) and the output signal y (k), expressed as in eq.18 while error (e) and change of error (de)
are as in eg. 19.

e(k) = r(k) — y(k) (18)

de(k) =e(k) —e(k —1) (19)

In the proposed system, the interaction of three different errors through one error change is used. Fuzzy
logic sets have triangle membership functions. The interaction of these membership functions is given in Figure

3.Ep is the error of P, Ei is the error of in, and Ed is the error of D. In the same order, DEp, DEi and DEd express
the variation of errors. They can be expressed in the following equations.

Ep(K) = r(ky) — y(ka) (20)
DEp(k) = Ep(k1) — Ep(k1 —1) (21)
Ei(k) = r(ki1) — y(ku) (22)
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DEi(k) = Ep(Ki1) — Ep(k11 —1) (23)

Ed(K) = r(ki2) — y(ka2) (24)

DEp(k) = Ep(ki2) — Ep(ki2 —1) (25)
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Figure 3. The interaction of these membership functions.

Each fuzzy settlement consists of three membership functions. PL is low of P; IL is the low of I; DL
is the low of D. PA is the average of P; Mean of IL I; DL is the average of D. Higher of P; Higher of IL I; DL is
higher of D. The 3-member fuzzy logic rule table is given as in table 1. The 5-member fuzzy logic rule table is
given as in table 2.

Table 1. The 3-member fuzzy logic rule

Ep Ei Ed
A A H A A H L A H
[
Ep
A A H A A H A A H
[
Ei
H A A H A A H A A
[
Ep
L H A L H A A H A
Dup Dui Dud
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Table 2. The 5-member fuzzy logic rule

Ep Ei Ed

Ls Lb | A Hs | Hs | Ls Lb | A Hs | Hb | Ls Lb | A Hs Hb

Ep

S Ls Ls Ls Ls Ls Ls Ls Ls Ls Ls Ls Ls Ls Ls Ls
Ei

b Lb | Ls Lb | Lb |Ls Lb |Ls [Lb |[Lb |[Ls |Lb |Ls Lb | Lb | Ls
Ep

Lb Ls A L Hs |[Lb |Ls | A L Hs | Lb Ls A L Hs

Dup Dui Dud

Dup, Dui, and Dud represent the outputs that will occur as a result of the intersection of membership
functions. The network to be established is as given in figure 5. The relationship between error and error changes
is equally as follows. ei (n) : output error integral ep (n) : output error proportional ed (n) : output error differential
vi (n) :i" inferential value. W is the degree of membership. Defuzzification for the three outputs can be expressed
as follows ;

G(ep) = / 'u;i]fi =k (,uL(ep)uL (ep) (ep)) t ke (ML(ep)uL(ep)uA(ep))

- + ks (P‘L (ep)ralep) i (e,,)) thy (#L (ep)un (ep)ﬂA(ep)) +ks (#A(%)HL (%)#A(ep))
+ ke (P‘H (ep)ralep)s (e,,)) +k; (MA(e,,)uL(ep)uL (e,,)) thg (HL (ep)#A(ep)HA(ep))
+ ko (:“A(ep)“A(ep):“A(ep))

(26)

9
G(e;) = Z #]i]fi = k1(l1L(ei)liL(ei)HL(€i)) + kz(liL(ei)HL(ei)llA(ei))

+ k3(#L(ei)HA(ei)llH(ei))+k4(l1L(€i)HH(ei)llA(ei)) + kS(.uA(ei).uL(ei).uA(ei))
+ ke(ﬂH (er) na (&) g (ei)) + k; (#A(ep)HL(ep)/iL(ep)) +kg (HL(%)#A(%)#A(%))

+ kg (#A(ei)liA (ei),uA(ei))
27)

G(eq) =Xi-y M,iclfi = k1(ﬂL(ed)#L(ed)ﬂL(ed)) + k, (liL(ed)HL(ed)HA(ed)) +

k3(#L(ed)llA(ed)#H(ed))+k4(l1L(ed)l1H(ed)liA(ed)) + ks(HA(ed)ML(ed)#A(ed)) +
kﬁ(,uH(ed)”A(ed)ML(ed)) + k7(ﬂA(ed)#L(ea)ﬂL(ed)) +k8(HL(ed)/1A(ed)HA(ed)) +
ko (#A(ed)#A(ed)ﬂA(ed)) (28)
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Figure 5 gives the network layout in Matlab Simulink, which gives error and error variation for Kp, K,
and Kp values. Fuzzy PID function block diagram is given in figure 6.

FLEXIBLE CLOSED-LOOP CONTROLLED DC MOTOR APPLICATION

Matlab Simulink model of the proposed system is given in figure 7. The DC motor is driven with
a load in the form of pulse width modulation. 3-IGBT switches are used to control the motor. The IGBT1 and
IGBT2 switches divide the total operating time into two equal parts. The IGBT and IGBT1 switches apply the
200-volt source to the motor for the first time period, while the IGBT and IGBT2 switches apply the 300 volt
source to the motor for the first time period. Therefore, starting at a low speed is ensured, and then the engine
accelerates. PID controls control these two time periods. Figure 8 shows the PWMs controlling the switches and
the steps that divide these PWM into two equal parts. The dc motor used in the system has 240 V voltage, 16.2 A
armature current, 5hp power. Kp = 0.6, K = 0.11, Kd = 0.0018 values are used for the controls.
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Step Compare DC_Motor
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Figure.7. Matlab Simulink model of the proposed system
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Figure 8. the PWMs controlling the switches and the steps dividing these PWM into two equal parts.
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Figure 9. The proposed system is operated using P control for two different steps

When the proposed system is operated using P control for two different steps, the motor speed, motor
current, and torque are as given in Figure 9.While high oscillations occur during the 0 second and 5™ second
periods, which are the starting points of time when p control is used. Settlement time is 2.2 seconds for the first
time period and 6.6 seconds for the second step. While the motor speed drops by 60 rad/s in the first time and the
second time period, the P control cannot provide current and torque to the motor in these time period. When the
proposed system is operated using PI and PID controls for two different steps, the motor speed, motor current, and
torque are as given in Figure 10.
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Figure 10. a) the proposed system is operated using PI control for two different steps) the proposed
system is operated using PID control for two different steps

Although the oscillations occur during the 0 second and 5™ second periods, which are the starting
points of time when PI control is used, the oscillations are lower than P control causing oscillations. Settlement
time is 2.2 s for the first time period and 6.5 s for the second step. While the motor speed drops by 60 rad/s in the
transition from the first time period, the PI control can provide current and torque to the motor in second time
period. When the proposed system is operated using PID control for two different steps, the motor speed, Motor
current, and torque are as given in Figure 10b. Although the oscillations occur during the 0 second and 5™ second
periods, which are the starting points of time when PID control is used, the oscillations are lower than P control
causing oscillations. Settlement time is 1.5 seconds for the first time period and 6.5 seconds for the second step.
The PID control can provide current and torque to the motor in total time period. If different controllers are used
in two different steps of the total time span, the circuit can be set up in Matlab Simulink as in figure 11.
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Figure 13. a) First time period for P and second time period PID, b) FUZZY+PID and PID control
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If Pl is used in the first time zone step and PID is used in the second time step, the motor speed
current and torque will be as in figure 12. While the sweating time is 2.2 seconds in the first time frame, when
starting with PID, this settling time decreases to 1.5 seconds. These results show that in such a system, the system
can be controlled with PI after starting control with PID. If starting with P control and continuing to control the
system with PID control, motor torque, motor current, and motor speed are obtained as shown in Figure 13a. When
the DC motor FUZZY + PID is controlled as shown in the control diagram in Figure 6, the motor torque, the motor
current becomes as shown in Figure 13b.

In the first time period, the P control flows to the motor between 1 and 1.4 seconds and cannot provide
voltage, while the motor speed drops to 60 rad/s during this period. In the second time period, PID control provides
continuous current and torque to the motor, allowing the speed to settle at 12.2 rad / s without decreasing in figure
13a. Figure 13b compares the currents and speeds of the DC motor under PID and FUZZY + PID control. While
the PID control stabilizes the motor speed in 1.5 seconds, the FUZZY + PID control stabilizes the motor speed in
1 second. While the PID control stabilizes the motor current in 1.5 seconds, the FUZZY + PID control stabilizes
the motor current in 1 sec. In time transition periods, FUZZY + PID provides faster settlement compared to PID,
while it is lost in oscillations.

Starting the system again by changing the working order of the steps, then the motor will be driven
with a voltage of 300V in the first half of the total driving time. Then, if it is the second step of the total driving
time, the speed of the motor will be reduced by driving with a lower voltage of 200 volts. When the motor is driven
with PID and PI controller at 300V starting voltage, the motor values are given in Figure 14. After that, as the
motor is driven with PID and P controllers at 300V starting voltage, the motor values are given in Figure 14. In
Figure 14b, when the motor is driven with PID, the speed settlement time is 1.2 seconds, while the speed of the
motor controlled by P1 becomes stable in 2.1 seconds. In figure 14a, the PI control forces the motor to stop after
7.6 seconds by reducing its speed.
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Figurel4. a) the motor driven with PID and PI controller at 300V,b) the motor driven with PID and P controller
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Figurel5. a) The motor driven with PID and FUZZY+PID controller at 300V,b) the motor driven with PID and
FUZZY at 300V
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Figurel6. a) The motor driven with PID and P at 300V,b) the motor driven with PID and PI at 300V

If the motor is driven with PID and FUZZY PID controller at 300V starting voltage, the motor values
are given in Figure 15. As the motor is driven with PID, the speed settlement time is 1.6 seconds, the speed of the
motor controlled by FUZZY+PID becomes stable in 0.9 seconds in Figure 15a. In Figure 15b, the motor is driven
using FUZZY PID controls for 0 to 5 seconds by performing flexible closed-loop control. During this time, the
motor becomes stable at 122 rad / s in 0.9 seconds. After 0.5 seconds, the system is driven with P control. Thus,
the advantage of the FUZZY PID in the first take-off is utilized. In figure 16a, PID and P option closed-loop
control is performed, while in figure 16b, PID and Pl mixed closed-loop control is performed. In Figure 16, when
the engine is started with P control in the first step, the settling time of the engine speed is 1.6s, while in Figure
16b, the settling time of the engine speed with PI control is 2.1 seconds. In figures 14, 15, and 16, when the engine
is driven with 300 volts in the first step driving time, the engine speed is 1220 rpm. During the second step driving
time, the motor speed drops below 1220 rpm because motor operating low voltage in second step.

Looking at the results obtained, flexible closed-loop control is successfully achieved by using
different controls within the same control system in different time periods. While the system control starts with P,
it automatically switches to PID control during the application of the request, and the operation can continue with
adifferent control. It is seen that success can be achieved by applying FUZZY + PID control to obtain better results
in the piecewise flexible control method of this DC motor.

CONCLUSIONS

In this article, flexible closed-loop P, PI, PID, FUZZY + PID control of DC motor has been made.
Pulse torque and Pulse current applied to the motor were divided into time intervals in closed-loop control and
different controls were activated at different time intervals. While the motor in the starting voltage of 300 V driven
with PID, the speed settlement time was 1.6 seconds, the speed of the motor controlled by FUZZY+PID became
stable in 0.9 seconds. The motor was driven using FUZZY PID controls for 0 to 5 seconds by performing flexible
closed-loop control. During this time, the motor became stable at 122 rad / s in 0.9 s. After 0.5 seconds, the system
was driven with P control. Thus, the advantage of the FUZZY PID in the first take-off was utilized. While PID
and P option closed-loop control were performed, PID and PI mixed closed-loop control was performed. For the
engine started with P control in the first step, the settling time of the engine speed was 1.6s, for the engine was
started with PI control in the first step, the settling time of the engine speed was 2.1 s. FUZZY + PID controllers
control the current and torque in the form of pulse width modulation better than the other P and PI, PID controls,
providing current and torque to the motor in a short time and with less oscillation. P and P1 were insufficient for
this situation during the entire running time of the motor. Therefore, FUZZY + PID stabilized motor parameters
in a shorter time than other control methods according to conventional P, P1, and PID, while eliminating oscillation
in transition times.
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