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Abstract—The PID control system is widely used for
industrial machine control processes. The success of PID control
is determined by tuning PID parameters. In PID control the
tuning is carried out offline without taking into account changes
that occur in the plant and the disturbances that arise. This
study aims to optimize PID parameters online by taking into
account the changes that occur in the plant and the disturbances
that arise using fuzzy logic-based controls and tested on aBLDC
motor which is a non-linear system. Set PID parameters with
fuzzy logic using a combination of 49 if-then rules. To set proper
PID parameters in real time, a two-level control system was
built. The first level to define PID parameters by finding the
minimum and maximum values of kp, ki and kd by the reaction
method curve. The second level is designing the Fuzzy system to
automatically set the PID parameters, then formulating a
combination of 49 fuzzy if-then rules to get the value kp, ki, kd,
error and change in delta error value. Testing of set point
changes at BLDC Motor loads with no load and 0.5kg load and
changes in speed get a response from the PID control system
with an average value of 0.025 seconds rise time, 0.1625 seconds
preset time, and 15.98% overshoot. While the Fuzzy PID control
produces an average rise time value of 0.0025 seconds, preset
time 0.057 seconds, overshoot of 5.42%.

Keywords—BLDC Motor, Brushless DC Motor, Control, PID,
Fuzzy, Auto-tuning

l. INTRODUCTION

The PID control system is widely used in industrial
control. The success of the PID controller depends on the
accuracy in determining the PID constant (amplification) [1].
In a control system with PID controllers, there are several
types of control measures, namely proportional control
measures, integral control measures, and derivative control
measures.

Each control action has certain advantages, where the
proportional control action has the advantage of being able to
improve the transient response, especially the rise time and
settling time. The proportional controller has an output
proportional to the magnitude of the error signal (the
difference between the desired quantity and its actual value).
Integral controller functions to produce a system response
that has a zero steady state error. A differential controller has
the same properties as a derivative operation. A sudden
change in controller input will result in a very large and rapid
change. When the input does not change, the controller output
also does not change, whereas if the input signal changes
suddenly and goes up (in the form of a step function), the
output produces an impulse-shaped signal. Its benefit-derived

control action is to reduce delta errors or reduce overshoot /
undershoot. In order to get high output and low errors, we can
combine these controls into PID actions.

In PID control, the success is determined by setting the
PID parameters which are carried out offline without taking
into account changes that occur in the plant and the
disturbances that arise. But if there is a change in the plant
and there is a disturbance, it is necessary to change the PID
parameters so that the optimum results are as determined.
These changing conditions of plant changes and disturbances
will make the PID control invisible to its maximum
performance.

As knowledge-based systems develop, the PID parameter
setting can be determined by analyzing the system response,
the results of this analysis are formed in several rules. By
combining fuzzy logic system rules to determine PID
parameters when the system recognizes a plant change or
disturbance. And this fuzzy logic system can be adjusted in
real time. To achieve this, the control system is formed into a
two-level control system [2]. The first level is the
conventional PID control system. The second level is the
fuzzy tuning system for PID parameters in real time.

This study aims to optimize the PID parameters online by
paying attention to changes that occur in the plant and the
disturbances that arise using fuzzy logic-based control and
tested on a BLDC motor which is a non-linear system load.
The fuzzy logic rules were tested on a BLDC Motor plant
using a combination of 49 if-then rules.

In order to set the correct PID parameters in real time, a
two-level control system was built. The first level for defining
the PID parameter is by finding the minimum and maximum
values of kp, ki and kd by the reaction method curve. The
second level is to design a Fuzzy logic system to set PID
parameters automatically, then formulate a combination of 49
fuzzy if-then rules to get the values of kp, ki, kd, error and
changes in delta error values.

Il. PID Fuzzy HYBRID ALGORITHM

A. Brushless DC Motor (BLDC Motor)

Brushless DC motor (BLDC motor) is a 3 phase AC
synchronous electric motor. Synchronous means the
magnetic field generated by the stator and the magnetic field
generated by the rotor to rotate at the same frequency.
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BLDC motors do not slip like induction motors. This type
of motor has a permanent magnet on the rotor and an
electromagnet on the stator. Compared to other types of DC
motors, BLDC motors have lower maintenance costs and
higher speeds due to not using brushes. Compared to
induction motors, BLDC motors have higher efficiency and
high starting torque, because the rotor is made of permanent
magnets.

The application of a 3-phase ac voltage to the bldc stator
is to make the stator rotate magnetic field to attract the rotor
magnet. Due to the absence of brushes on the bldc motor, the
correct commutation timing is required on this motor so that
constant torque and speed are obtained. so that 3 hall sensors
are needed. The commutation timing is determined by
detecting the rotor magnetic field with the hall sensor to get
6 different timing combinations.

These 6 different timing combinations are fed into the
electronic circuit driver which is used to control the current
flow in the BLDC motor stator coil. The driver functions to
regulate which coil will be energized so that the motor can
rotate based on the rotor position signal from the hall sensor.

+Vvdc

0
Q4 ‘H Q6 ‘H Q2 H} _
' ' :_‘] “ BLDC Motor

Fig 1. Motor drive and ekuivalen BLDC Motor

hli h2 h3

Hall Sensor

The linear voltage equation of Brushless DC motor is
expressed as:

Ugy = 2Ri + 2(L — M)Z—i+ (ea—ey) (1)

Irrespective of the transient process of commutation, that is,
when the A and B phases are steady conduction, the size of
and are equal and the sign is opposite, adn formula (1) can be
written as

d;
Ugp = Uy = 2Ri + 2(L —M)d—l+ 2e,
t

= Tal + Lo 5+ k0 @)
t
TABLE 1. BLDC MOTOR IN A CLOCKWISE DIRECTION
Hall Sensor EMF Gate Logic

HI H2 H3 A B C Q1 Q2 Q3 04 05 Q6
1 0 1 0 +1 -1 1 0 0 1 0 0
1 0 0 -1 +1 0 1 0 0 0 0 1
1 1 0 -1 0 +1 © 0 1 0 0 1
0 1 0 0 -1 +1 o0 1 1 0 0 0
0 1 1 + -1 0 0 1 0 0 1 0
0 0 1 +1 0 -1 0 0 0 1 1 0

B. Auto tuning PID

Commonly used characteristics in the arrangement of a
system includes, among others stability, accuracy, response
speed and sensitivity [3]. Proportional control, the output of
the system will be proportional to the input. The output signal
is an amplification of the error signal by a certain factor, this
gain factor is a constant proportional of the system, which is
denoted by Kp, where K, has the response high/fast.

Integral control, its output always changes during
deviations, and the speed of change in its output proportional
to the deviation, the constant expressed as Ki, where this K;
has high sensitivity, that is by the way reduce the error
generated from the signal feedback. The greater the value of
Ki, then the sensitivity will be higher, but time needed to
achieve more stability fast, and vice versa.

Derivative control works by rate of change of deviation,
so that type these controls are always shared with
proportional and integral control. The constant is expressed
in Kg, where this Kq affect the stability of the system, due to
action this control is able to reduce errors. With merging this
PID control action then expected to get a response has a high
level of stability.

Digital PID is a process of a programs run using
computer, where we enter a value Setting Point (SP) and
Preset Value (PV) are then the data is processed so that an
error obtained is equal to 0, or the value Setting Point = Preset
Value [4]. To be able to implement the system PID control
[4] on the computer, the PID must be changed into the
discrete equation:

Vo= K, + K; [edt +Kyd (3)
vy _ de d d?e

d_t_ KPE‘F Kla(fedt)—l—KdF (4)
Wo _ o de y g 4 (de

= Ko T Kie + Kq dt(dt) (4)

multiplied by Ts, then:

AV,
Ts

Ae A (Ae
_KPE+Kie+KdT_s( ) (6)

Ts.
AV, = Kyhe + KieTs + Ky () )

The price of AVo is the price of change in output the current
output is reduced with the previous output.

AV, = Vor — Von-a (8)
Ae =e, —en_y ©)

So that the equation becomes:

Vo = Von-1 = Kp (en —en—1) + Kie,Ts +

K
54 (Aey — Beq-y) (10)

In the final state, change A to error previously distributed to,

(11)
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Dey gy =ep1—e€p (12)
The final result of the PID equation is:

Vo =Vop-1t+ Kp(en - en—l) + KienTS +
Kd [(en - zen—l + en—Z)] (13)

with,

V, = Output

Von-1 = Previous output

Ky = Proposional Constant
Ki = Integral Constant

Kq = Derivative Constant
en = error now

en1 = error 1 time before
en-2 = error 2 times before
Ts = sampling time

To get the value of K, Ti = 1/ K, Tq (Kq) then determined
by the reaction process curve (Fig. 2), where the system is run
openly loop [5]. The Ziegler Nichols rule for auto tuning PID
calculations is found by the equation:

T
K, =127 (14)
1
K=Ky =Kp.2.L (15)
Ky =K, Ty = K,* 16
da — Bp-la —BHyp 5 ( )
Output (%)
3
SETTING POINT
100% Steady state
509
10% — — Time (T)
Time Lagging ]
(L)

Rise Time
(™)

Fig. 2. The reaction process curve

+ PID u+A .
ref < ) PID Autotuner ant y

tuned gains

Fig. 3. PID Autotuning control

C. PID Fuzzy Hybrid Control

If - then Rules are a control which will follow a linguistic
approach, this system is called a logic control system fuzzy.
Where is this fuzzy logic control system has no dependence
on variables process control[6]. This system is many
developed in the field of control engineering, especially for
nonlinear and dynamic systems. In industrial applications
that require a high speed control system and data accurate

output hence the use of control action PID may still be
considered lacking satisfying. Because if you use an action

PID control, if the control set is very sensitive, then the
resulting overshoot / undershoot will be very sensitive, so
that the oscillations are generated will be higher, meanwhile
when the control is set less sensitive then it happens
overshoot / undershoot can be minimized, however the time
required will be longer, and this will be a problem in a
industrial processes. PID-Fuzzy hybrid control on this
research is a fuzzy logic system for tuning the PID control.
This control then try to implement on system for controlling
the speed of the load/plant namely BLDC motor. The main
system is PID control, while fuzzy logic here serves to
improve response and recovery time by tuning the values of
Kp, Kiand Kq automatic, as seen in fig. 4.

Tuning Kp, Ki, Kd

SP *( >
PID Control Plant y
PV error \-
A error Fuzzy control

Feedback signal

Fig. 4. Autotuning PID Fuzzy Control
D. Desain Fuzzy Logic 49 rules if-then (FLC)

a. FLC block diagram with two inputs (e1,e2) and one
output (u) are shown in Figure 5. Error is calculated by
reducing speed reference rotor with motor speed actually, as
follows:

e1[1] = wyer[n] - w,[n] (17)

knowlegde

base

e ¥
ot o inference » - u
normalization fuzzifier n defuzzier lenormalizatio
mechanism

Le

———— Signal flow

..................... » Data flow

Fig 5. Fuzzy locic controller

where ei[n] is error, oref [n] is reference speed, and or [n] is
the speed actual motor. Change in error is calculated by
equation, in where e1[n -1] is the previous error value.

ey[n] = es[n] —e;[n—1] (18)

Fuzzy logic control system, two parameters normalization
as input (Ne1, Nez), and one denormalization parameter (Nu)
is defined as the output. Normalization process, values
increased input between (-1, +1) and the denormalization
process, the output value from fuzzy control converted to
value on the control terminal.

The fuzzy values are obtained from the mechanism Fuzzy
inference must be converted to output value crips (u) with the
defuzzifier process. For the purpose of this, the fuzzy triangle
membership function defined for each input and value output
with seven clusters. Figure 6, describes a membership
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function used to fuzzify two input values (e, e2) and defuziffy
(u) output from fuzzy control.

For the seven groups in the membership function, the
seven linguistic variables are defined as: Big Negative (NB),
Negative Medium (NM), Negative Small (NS), Zero (2Z),
Positive Small (PS), Positive Medium (PM), and Positive Big
(PB).

NB NM NS z PS PM PB

o] el.e2, u
+e max

-émax 500 -1250 -833,33 0O 833,33 1250 2500
Fig 6. Membership function for e and Ae.

I1. RESEARCH METHOD AND RESULTS

The first step taken is study the plant that will be used in
this control system. In fig. 7 is a BLDC Motor specification
used as a plant, with a power of 60 Watt, voltage 24 Volt,
current 2.9 Ampere, 3500 rpm.

Brushless dc machine (trapezoidal) Fep Il fe—
rushless achine

Displ
isplay Parameters Other Infa ‘Cnlnr I

HName BDCM1 r
R (stator resistance) 1.33 I~ x| | Brushless dc machine (trapezoidal) Help
L (stator selfind.) 0.0029 =
Display
M (stator mutual ind.) -0.00089 =
; BDCM1L

Vpk / krpm 32.3 (i | ame
G T EC e Voltage Rating 4 r
No. of Poles P 4 | Current Rating 29 r
Moment of Inertia 1,28E-005 = Power Rating 50
Mech. Time Constant 0.006 = Speed Ratng ’73500
theta_0 (deg. [} 2

DI . Manufacturer ’7
theta_advance (deg.) [] =

y Part No.

Conduction Pulse Width 120 =

Fig 7. BLDC Motor spefification

Then with the PSIM software, a simulation of the loading
experiment is carried out according to the BLDC motor
parameters used.

L TR RS

Fig 8. Circuit simulation experiment with BLDC motors using the program
PSIM

Saal bebar'motor Te = 0.07 Nm
.f;
} 0.00086 s
L L= b/00062 =

Fig 9. Simulation results with a torque load of 0.01 Nm

Saal baban motor maks le = 6.5 Nm

_ _T=00014s
L=o000225"

Fig 10. Simulation results with a torque load of 6.5 Nm

With the results in fig. 9 and 10, entered in equations (19),
(20) and (21)

1 Kp—Kpmin
K P [Kpmax—Kpmax] (19)
Kd—Kdmin
d - [Kdmax_Kdan] (20)
K
K; = “—Tpd (21)

so that the equation is obtained,

K, = K',(0,0368) + 1,1316 (22)

K; = K';(0,00048) + 0,00035 (23)
11316

ki = «.0,00031 (24)

From the above equation the values of Ky, K¢ and K; will
be varying according to the reading of the results
defuzyfication of the three parameters K’p, K’¢ and a.

While the reading of the value of K’p, K’q and a is like the
flow chart of fig. 11. So that it can be realized in fuzzy logic.
The first stage is establishing the definition of error
membership and Aerror into the array structure, then form the
membership function of each variable membership error and
Aerror.

From the flow chart in Figure 11, program execution is
carried out at each sampling, and the crips error and derror
values will be entered into its membership function. The
result of reading the membership function do the inference
process, next do the defuzzyfication process for determine the
value of K’p, K’g and a.

The result defuzyfication is a firm value later used by the
PID controller as tuning variable. The error value is divided
into seven levels (NB, NM, NS, Z, PS, PM, PB), meanwhile
the value of the change in derror is also divided into seven
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levels (DNB, DNM, DNS, DZ, DPS, DPM, DPB). The first
letter N, P and D means negative, positive and delta, while
the second letters B, M, S and Z mean big, medium, small
and zero. In the fuzzy value program routine set point

4 ZE NB NB point b
5 ZE NM NM point f
6 ZE NS NS point j
7 NB ZE NB point ¢
8 NM ZE NM point g

reduce overshoot
reduce overshoot
reduce overshoot
reduce overshoot
reduce overshoot

multiplied by 10.

start l
" inference
membership process
error and
Aerror
Defuzzyfikasi
K'p, k'd dan a

error and
derror
functions

P

p, k'd, and a output cfips
are passed into the p|d
arameter

next
sampling

then go into
- PID control
reading of
error and
Aerror crips

L

Fig 11. Flow chart reading of k', K'y, and o values

@ 3

Integral
next
sampling

K.Ae/T
Y
Input:
Set_value (SV)

Integral Output
Process variabelg
PV

i=(i+K;.Ae)/T

]

Derivative
Ka.(en-€n1). T

]

Derivative output
d=Kg.(en-€n-1). T

]

calculate error Send output PID to
e= SV-PV controller

]

Proportional output Delay (Ts)
_ — Update error
p=K,.e
en-1=€n
\
end

Fig 12. Flowchart Autotuning PID Fuzzy Controller

Subsequently, a reduction is made based on the system step

response, as shown in Figure 14 below

Set
Paoant

de| — | — | |+ | = = |+ | |- | - |+

Fig 14. Step system response

TABLE 2. FUZZY LOGIC CONTROL RULES

rule e Ae U reference function
to

1 PB ZE PB point a shorten the rise time
2 PM ZE PM point e shorten the rise time
3 PS ZE PS point i shorten the rise time

9 NS ZE NS point k reduce overshoot
10 ZE PB PB point d reduce oscillation
11 ZE PM PM point h reduce oscillation

12 ZE PS PS point | reduce oscillation
13 ZE ZE ZE set point braking

14 PB NS PM area 1 shorten the rise time
15 PS NB NM area 2 reduce overshoot
16 NB PS NM area 3 reduce overshoot
17 NB PB PM area 4 reduce oscillation
18 PS NS ZE area 5 braking

19 NS PS ZE area 9 braking

Ue

NB NM NS z PS PM PB

-3000 -2000 -1000 o 1000 2000 3000

(a)input error membership
UAe

NB NM NS z PS PM PB

-30 -20 -10 o 10 20 30

(b)input Aerror membership

Fig 15. Membership of error and Aerror

; fsmall Bi s M M B

K'p or K'd
Fig 16. Membership functions k'p, k'd and o

At the starting point around a, a large control action signal
is required to achieve a fast rise time. To produce a large
control action signal required a large proportional gain, a
small derivative gain and a large integral gain. From the
previous equation it can be determined that if the values of
Kp and Ky are obtained, the strengthening of the opposite
integral is proportional to a, meaning that a small integral
strengthening means that « is small. As a result the rules are:

If e(t) is PB and Aé(t) is ZZ Then K’ is Big, K’q is Small,
is S.

If e(t) is ZZ and Aé(t) is NB Then K’p is Small, K’q is Big,
is B.

So the 49 if-then fuzzy rule for PID controls is as follows

_ i) YpUa(e(t)).Up(de(t))

K = 2
p # Uale(®).Up(de(t)) (25)
22, YaUa(e(®).Up(de(t))
K, =2i=1 26
@7 38 Ua(e®).Up(de()) (26)
K, = 22, YaUa(e(®).Up(de(t)) 27)

T3 va(e®).Up(de(t)
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From the rules of equations (25), (26) and (27) it can be ggggwll 8'852 g%gg 8??2 8-8852 gg-gg 8-828
Fhet_hlrd rule of PID constants is determined, and is illustrated 3500wl 0025 3750 025 00025 3550 0.075
in Figure 17. 1000~ 0025 2000 0137 0.0025 0  0.050

Kp,| ST 1500 n
fuzzy system 1000— 0.025 22.50 0.150 0.0025 0 0.044
e(t) — Ke 1500 wl
fuzzy system Kd @6) ca 1500 0.025 9.20 0.187 0.0025 0  0.005
1000 nl
De(t) Ki 1500 0.025 9.20 0.075 0.0025 0 0075
fuzzy system Ki (27) 1000 wl
*nl= no
Fig 17. Fuzzy system tuning P1D control load
*wl=with

load

The fuzzy statement can tabulate in table 3, table 4 and
table 5, which will then be entered as programming data

autotuning fuzzy PID control system is used to regulate speed F'gL.'re 18.'23 Is a picture of data measurement _of_test
the BLDC motor. results is carried out with treats BLDC Motor on variations

speed of 1000 rpm and 1500 rpm with and no load 0.5kg.
TABLE 3. FUZZY RULES FOR THE K’P PARAMETER

NB B B B B B B B S7= 1u o) U R FRR- SN SR
NM S B B B B B S 1600
NS S S B B B S S 400
Z S S S B S S S S 200
PS S S B B B S S TR P O A
PM S B B B B B S = leoo
PB B B B B B B B 3
& |soo
TABLE 4. FUZZY RULES FOR THE K’D PARAMETER I i

ANB _ANM ANS AZ APS APM APB ) R S T N S S S S
NB S S S S S S S . o — 55 64 OF OF °© oE o35 1
’::\S/I S E ; 2 g S g Time (Second)
Z B B S S S B B Fig. 18. Speed to 1500 rpm set point no load
PS B B B S B B B
PM B B S S S B B
PB S S S S S S S

TABLE 5. FUZZY RULES FOR A PARAMETER

ANB ANM ANS AZ APS APM APB =
NB 2 2 2 2 2 2 2 &
NM 3 3 2 2 2 3 3 =1
NS 4 3 3 2 3 3 4 (‘;’.)_
Z 5 4 3 3 3 4 5
PS 4 3 3 2 3 3 4
PM 3 3 2 2 2 3 3 : : : . : :
PB 2 2 2 2 2 2 2 0 071 02 03 04 05 06 07 08 09

Time (Second)

Testing of set point changes at BLDC Motor loads with
no load and 0.5kg load and changes in speed get a response  Fig. 19. Speed to 1500 rpm set point with load
from the PID control system can see at table 6.

4000

TABLE 6. RESULTS OF EXPERIMENTAL MEASURING DATA
Speed PID control Autotuning Fuzzy PID
control
Rise  Over  Settling Rise Over  Settling
Set Point  Time  shoot Time Time  shoot Time

(sec) (%) (sec) (sec) (%) (sec) g
500 nl 0.025 7.50 0.175 0.0025  7.00 0.050 o : : i
500 wi 0.025 750 0.250 0.0025 5.50 0.075 = | 1500 fp----- “PID Conrrofler--+oooe .
(<5} H :
joR
wn

1000 nl 0.025 1250 0.175 0.0025 12.00 0.050
1000 wl 0.025 12.50 0.250 0.0025 10.50 0.075
1500 nl 0.025 17.50 0.175 0.0025 17.00 0.005
1500 wl 0.025 17.50 0.250 0.0025 15.50 0.075
2000 nl 0.025 22.50 0.175 0.0025 22.00 0.050
2000 wl 0.025 22.50 0.250 0.0025 20.50 0.075

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

2500 nl 0.025 27.50 0.175 0.0025 27.00 0.050 Time (Second)
2500 wi 0.025 27.50 0.250 0.0025 25.50 0.075
3000 nl 0.025 32.50 0.175 0.0025 32.00 0.050 Fig. 20. Speed 1000rpm to 1500 rpm no load
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4000

3000 F-eeebemencien

2500 F+--ee -

1500 f - :'“D‘ém”"%hr””: ....... i

Speed (RPM)

1] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (Second)

Fig. 21. Speed 1000 rpm to 1500 rpm with load

2000

1330 ....... ....... foreees 4
o~ PID Controller : : : H

1600

o

1400 1 e T .
Hybrid PID-Fuzzh Contraller 3

1200

1000

Speed (RPM)

Time (Second)

Fig. 22. Speed 1500 rpm to 1000 rpm no load

Speed (RPM)

Time (Second)

Fig. 23. Speed 1500 rpm to 1000 rpm with load.

V. CONCLUSIONS

From the results of research and discussion, it can be
concluded that the control process with a control parameter
tuning system PID with Fuzzy logic applied to set the BLDC
motor can improve PID control performance. Testing set
point change and load changes, generate PID control system
response characteristics with an average value, namely rise
time 0.025 seconds, settling time 0.1625 seconds, overshoot
15.98%. While autotuning control Fuzzy PID produces an
average value rise time 0.0025 seconds, setting time 0.057
seconds, overshoot of 5.42%.

REFERENCES

(1]
(2]

(3]
(4]

(5]

(6]

(7]

(8]

(9]

[10]

(11]

[12]

(13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

Gunterus, Frans.,”Basic Philosophy: Process Control Systems®,
Jakarta. PT. Elex Media Komputindo,1994

Wang, L. X.,”A Course in Fuzzy Systems and Control”, New Jersey:
Prentice-Hall International. Inc: pp. 257- 263. 1997

M. Depenbrok, IEEE Trans, On Power Electronics 3 (1988) 420.

J.M Jacob,”Industrial Control Electronics Application and Design”,
Prize Hall Inc. Englewood Cliffs, New Jersey, 1988.

Y. S. Lai, Proceedings of the IEEE PES Winter Meeting, 1999, p. 47

C.T Lin, C.S Lee,” Neural Fuzzy Systems”, Prentice Hall Inc,
Englewood Cliffs, New Jersey, 1996

Kose E and Muhurcu A,”The control of brushless DC motor for electric
vehicle by using chaotic synchronization method”, Study Inform
Control 2018; 27: 403-412.

Ramya A, Imthiaz A and Balaji M,” Hybrid self tuned fuzzy PID
controller for speed control of brushless DC motor”, Automatika 2016;
57: 672-679.

Liu K, Zhou ZQ and Hua W,”A novel region refinement pulse width
modulation method for torque ripple reduction of brushless DC motor”,
IEEE Access 2019; 7: 5333-5342.

Sun X, Cao J, Lei G, et al,”Speed sensorless control for permanent
magnet synchronous motors based on finite position set”, IEEE Trans
Ind Electron 2020; 67: 6089-6100.

Sun X, Wu M, Lei G, et al,”An improved model predictive current
control for PMSM drives based on current track circle”, IEEE Trans
Ind Electron 2020; 1-1. DOI: 10.1109/TIE.2020.2984433.

Cao Y, Shi T, Yan Y, et al,” Braking torque control strategy for
brushless DC motor with a noninductive hybrid energy storage
topology”, IEEE Trans Power Electron 2020; 35: 8417-8428.

Bo Tan, Xipo Wang, et al, “A lag angle Compesation Strategy of phase
current for high speed BLDC motors”, IEEE Access 2019; 7:2169-
3536

Amirthalingam R, Mahadevan B, and Vijayarajan K, “Adaptive MF
tuned fuzzy logic speed controller for BLDC motor drive using ANN
and PSO technique”, J.Eng., 2019, Vol 2019 iss 17, pp. 3947-3950

Adel A. El-samahy and Mohamed A. S, “Brushless DC motor tracking
control using self tuning fuzzyPID controland model reference
adaptive control”, Ain Shams Engineering Journal (2018) 9, 341-352

Adil Usman and Bharat Singh R, “Comphehensive analysis of
demagnetization faults in BLDC motors using Novel hybrid electrical
equivalent circuit and numerical based approach”, IEEE Access 2019;
Vol 7, 2019 : 147542-147552

S. Kumaresan and H.Habeebullah Sait, “Design and control of
shuntpower filter for power quality improvment of utility powered
brushless DC motor drives”, AUTOMATIKA 2020, Vol. 61, No. 3,
507-521

B.N Kommula and V.R Kota, “Direct instantaneous torque control of
brushless DC motor using firely algorithm based fractional order PID
controller”, Journal of king Saud University-Engineering Sciences
32(2020), 133-140

Marek Pawel Ciurys, “Electromagnetic phenomena analisys in
brushless DC motor with speed control using PWM method”, DE
GRUYEN open, Open Phys, 2017; 15: 907-912

Nam Nuh and Hyung Seok Park, at el, “Hybrid pwm control for
regulating the high speed operationof BLDC motors and expanding the
current sensing range of DC link single shunt”, Energies 2019, 12, 4347

Peter Bober, “Measurement of objective function for BLDC motor
optimization”, Acta Electrotechnica et Informatica, Vol. 17, No.4,
2017: 43-49

Rubaai A and Young P,”Hardware/software implementation of fuzzy-
neural-network self-learning control methods for brushless DC motor
drives”, IEEE Trans Ind Appl 2016; 52: 414-424.

Gao J and Hu Y, "Direct self-control for BLDC motor drives based on
three-dimensional coordinate system”, IEEE Trans Ind Electron 2010;
57:2836-2844.

Joice CS, Paranjothi SR and Kumar VIS, “Digital control strategy for
four quadrant operation of three phase BLDC motor with load
variations”, IEEE Trans Industr Inform 2013; 9: 974-982.

Roedy Kristiyono, Autotuning Fuzzy PID Controller for Speed Control of BLDC Motor



Journal of Robotics and Control

ISSN: 2715-5072

407

[25]

[26]

[27]

Sun X, Jin Z, Cai Y, et al, “Grey Wolf optimization algorithm based
state feedback control for a bearingless permanent magnet synchronous
machine”, IEEE Trans Power Electron 2020; 35: 13631-13640.

Khoshdarregi MR, Tappe S and Altintas Y, “Integrated five-axis
trajectory shaping and contour error compensation for high-speed CNC
machine tools”, IEEE/ASME Trans Mechatron 2014; 19: 1859-1871.

Hu H, Wang T, Zhao S, et al, “Speed control of brushless direct current
motor using a genetic algorithm—optimized fuzzy proportional integral
differential controller”, Adv Mech Eng 2019; 11: 1-13.

(28]

[29]

(30]

Premkumar K and Manikandan BV, “Stability and performance
analysis of ANFIS tuned PID based speed controller for brushless DC
motor”, Curr Signal Transduct Ther 2018; 13: 19-30.

Cho CN, Song YH, Lee CH, et al, “Neural network based real time PID
gain update algorithm for contour error reduction”, Int J Precis Eng
Manuf 2018; 19: 1619-1625.

Kento K, Shin W and Shuichi O, “Design of neural network PID
controller based on E-FRIT”, Electr Eng Jpn 2018; 205: 33-42.

Roedy Kristiyono, Autotuning Fuzzy PID Controller for Speed Control of BLDC Motor



