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Abstract—This study presents the pﬁormance of a fuzzy
PID controller on a variable speed of brushless DC (BLDC)
metor, BLDC motors are widely applied in industry and
transportation. BLDC motor control still mostly uses
conventional PID. The weakness of conventional PID control is
that when the target input changes, the output performance also
changes. Therefore, a controller with a simple structure with
high performance is still necessary to be explored. This study
uses a simple fuzzy control structure with three inputs and one
output from the conversion of conventional PID controls.
Membership functions (MFs) operating ranges for input/output
are defined through error, integral error, and differential error
parameters. Fuzzy PID controller performance was compared
to conventional PID controa‘s. Simulations were performed
using Matlab/Simulink. The results showed that the Fuzzy PID
controller had superior performance without overshoot, had a
rise time of 0.005 seconds, and a settling time of 0.009 seconds.
The energy saviﬁofa fuzzy PID controller reached 99.8%.

Keywords—Fuzzy PID controller, perfirmance, conventional
PID controller, BLDC motor, speed variable

I. INTRODUCTION

Recently, BLDC motors have become one of the most
commonly used in electric vehicles [1], [2]. BLDC motors are
the choice because they have advantages over DC motors. The
advantages offer low maintenance, high dynamic response,
high torque, and longer operating life [3]. BLDC motors are
also widely used in industrial applications [4]. This is the
reason why researchers [5], [6], [7], [8]. [9], [10], [11], [12]
are interested in conducting a performance study of BLDC
motors. BLDC motors in electric vehicles are not run in one-
speed conditions but are prepared for different speed
conditions. Researcher [13] has carried out a study for multi-
speed conditions on BLDC motors, which showed that the
response time resulted in an overshoot at the time of speed
shift.

Measuring controller performance for various conditions
of speed change in BLDC motors is quite difficult [6], [14].
BLDC motors for electric vehicles must be able to be
controlled under different speed conditions. Knowing and
measuring controller performance will be an option in
deciding what type of controller to use in the application.

Researcher [13] has developed a nonlinear PID controller
(NPID) which was applied to BLDC motors. The results
showed that NPID has a response time performance that was
able to reduce overshoot. However, the rise time was greater
than that of the PID controller and the fractional order PID
controller. The controller design is also more complicated by
using additional parameters that must be identified first with
the constraints on each proportional, integral, and deferential
controller.

B. 5. Rahayu Purwanti
Teknik Elektro
Politeknik Negeri Jakarta
Jakarta, Indonesia
rahayu. purwanti@elektro. pnj.ac.id

Lingga Suhadha
Teknik Elektro
Politeknik Negeri Jakarta
Jakarta, Indonesia
lingga.suhadha.tel 9@mhsw.pnj.ac.id

Efforts to find good performance controllers through
research are still being carried out. For example, researchers
[15], [16] have combined two controllers, namely a PID
controller and a Fuzzy Logic Controller (FLC). The
arrangement of the controllers shows the complexity of the
design. This shows that the two Fuzzy and PID controllers that
work together have better per formance than the PID controller
alone. The results of the research showed improvements in
rising time but have not been able to reduce overshoot.
Meanwhile, researcher [17] took a different approach to the
design of the FPID controller, namely using a rather wide
setting range and MFs in the form of bells. The results showed
that the overshoot could be reduced but the ratime is large.

A common problem that is often found in the design of
fuzzy controllers is the uncertainty of determining the
operating range of each MFs [3], [18]. This is due to the
unclear theoretical basis regarding the determination of the
right range. Therefore, this problem becomes a realm that only
the researcher knows. The determination of the MF limits is
usually done by trial and error [3], [17], [18], [19].

Based on the presented references, there is no fuzzy
controller design that offers a simple controller structure
model applied in the BLDC motor to measure its performance.
Therefore, this study presents a simple fuzzy logic controller
design that has three inputs and one output from the
conversion of a conventional PID controller. This Fuzzy PID
controller model is the result of research that was conducted
previously [20]. The operating range limit for each MFs was
obtained from the conversion of error measurement and the
PID controller gain. The form of MFs for each input was
presented in the form of a symmetrical triangle. While the
MFs output form was declared in a single fuzzy tone. This
Fuzzy PID controller was applied to control the BLDC motor
with  multi-variable speed through Matlab/Simulink
simulation. The results were then compared with conventional
PID controllers to measure their performance.

II. CONTROLLER DESIGN

A. The Conventional PID controller and FLC conversion
Conventional PID controllers have been commonly used

in industrial applications. The conventional PID control
equation in the time domain is shown below.

de(t)
dt

The control output signal consists of proportional control,
integral control, and derivative control. Variables such as
error e(t), integral error _[ e (t), and differential error é(t)
can be described as fuzzy variables in the FLC design [20].
They are assumed for u(t), e(t), [e(t), and é(t) as

()

u(t) = Kpe(t) + K; fe(t) dt + Kp
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operating ranges for OR, = [—a,,a,], OR, = [-a,,a,],
OR; = [—a; ;] , and OR,; = [—ay, a,] respectively. The
graphically defining the four fuzzy variables in MFs is shown
in Fig. 1. The input fuzzy variables (e(t), [ e (t), and é(t))
are represented by fuzzy sets m in the form of equidistant
triangles. The choice of the MFs triangle is related to the
conversion results of (4) used [20] and must have an overlap
of 50%. As for the output fuzzy variable, u(t) is fuzzified by
3m — 2 singleton MFs.
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The overall fuzzy rules can be represented by sliced cube
fuzzy associative memory (FAM), as shown in Fig. 2, and
each fuzzy rule is defined as:

IF e(t) is E; and[ e(t) is ; and é(t) is D,
THEN u(t) is Uy, | = i+j+k-2
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Fig. 1. The graphical definition of membership function for fuzzy variable (a) e(t), (b) [ e (£), (c) &), (d) u(t) [20].
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Fig. 2. Sliced cube fuzzy associative memory (FAM) for overall fuzzy rules [20].
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Based on the explanation of the researcher [20], the
graphical definition of the four fuzzy variables in MFs above
has succeeded in deciphering its equation to become:
all
3a,

u(t) = e(t) (3

au all d
3a, e(t)+ B_(tlf e(t) dt +

Therefore, (3) implies the gain variable of the PID controller
with:

a4y, ay

Ky o K=go Ko=go

4

B. The Fuzzy PID controller Design

This sectidfassesses the design of the F-PID controller by
considering a BLDC motor. The simulation is verified using
Matlab/Simulink. The specification of the BLDC motor is
shown in Table 1.

TABLE L BLDC MOTOR SPECIFICATIOI'm
Parameters Value

Stator phase resistance Rs () 0.045
Stator phase inductance Ls (H) 6.85e-3
mage constant (V_p L-L) 6548
Back EMF flat area (=) 120
Inertia (kg.m’) 0.0008
Viscos damping (N.m.s) 0.001
Pole pairs 13

A preliminary conventional PID controller design for
BLDC motor with K, = 10, K, =90, and K, = 0.025 can
be acquired through some basic traditional techniques.

Je=1

e

N | 2 3 4 5
e

112 3| 45
212 3| 4|56
3013|4516 7
41 4| 51 6| 7| 8
515 6| 7] 8|9
Ie=2

e

) 1 2 3 4 5
2

11 2|3 4] 5] 6
2131 4) 5] 6|7
30 4| 56 7|8
4|1 5] 6| 7| 819
516 7] 89|10
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fe=3

e

) 1 2 3 4 5
e

11 3|4] 5| 6|7
21 4] 5] 6| 7] 8
3156|789
416 7] 8] 9|10
517 8] 9(10] 11
j-e=4

e

> 1 2 3 4 5
e

11 45| 6| 7|8
21 5|16 7] 8] 9
306 7| 81 9(10
41 7 8] 9 10] 11
51 8( 9] 10| 11] 12
je=5

e

) 1 2 3 4 5
e

1 5{6] 7] 89
21 6| 70 8 9110
31 7] 81 9 10] 11
41 81 9 10| 11]12
519 10] 11] 12] 13

Fig. 3. The FAM of three inputs Fuzzy PID controller.

Subsequently, using (4) to convert from the conventional
PID controller to the fuzzy logic controller. The error
amplitude measured was 700 as a, value. Therefore, a,, a;,
and a, respectively calculated with values 21000, 77.77, and
280000. The output MFs for OR,, = [—a,, a, |were presented
in the form of a fuzzy singleton namely (-21000, -17500, -
14000, -10500, -7000, -3500, 0, 3500, 7000, 10500, 14000,
17500, 21000).

The parameter m was set as 5 for each input variable and
13 for the output variables of the FLC. The form of FAM is
shown in Fig. 3 with total fuzzy rules for three inputs being
125. Meanwhile, the settings of all the MFs in the Matlab
environment are shown in Fig. 4.

The conventional PID controller and Fuzzy PID controller
system are shown in Fig. 5 and Fig.6. The magnitude of the
rotor speed control’s input signal of BLDC motor is declared
inmulti-speed with 100, 400, 700, and 200 as shown in Fig. 7.
Then a load of BLDC motor is conditioned with 10.
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Fig. 7. The multi-variable input for speed control of BLDC motor

III. RESULT AND DISCUSSION

This section presenff) the comparison performance
between the conventional PID controller and the Fuzzy PID
controller in rotor speed control of BLDC motor with multi-
variable inputs in constant load.

The speed response of the conventional PID controller and
the Fuzzy PID controller are shown in Fig. 8. The performance
of the rise time (T,), the settling time (T), the percentage
overshoot ( P.0.), anathe steady-state error ( E ) are
summarized in Table 2. Compared with the conventional PID
controller, the Fuzzy PID controller has the best performance.
Th@ERizzy PID controller has T,, T, and P. 0. smaller than
the conventional PID controller.

Rotor Speed of BLDC Motor

2000

SpE_ed (rpm}
g

L L L L L L L . . )

o o1 0.z 03 04 0.5 06 or LX) o 1
Time (s)

2

Fig. 8. The step response: (green) the conventional PID controller; and (red)
the Fuzzy PID controller.

TABLE 1I. CONTROLLER TIME RESPONSE
T, (s) T, (s) P.0.
Controller 40 900 | 2% (%) E.
PID 0.007 0.219 3675 0
Fuzzy PID 0.005 0.009 0 0

Fig. 9 shows that the output signal from the Fuzzy PID
controller is much smaller than the conventional PID
controller. The difference in the output signal of the two
controllers is very contrasting. The amplitude for the Fuzzy
PID controller is between 3000 — 5000. While the amplitude
for the conventional PID controller is between 1.5x10° — 2.5
x10%, This is because an FLC has a fuzzy inference system ( fis)
which invelves fuzzy rules and defuzzification in determining
the amount of output. Whereas in conventional PID control,
the output value is obtained from the sum of the multiplication
results between the signal from error, integral error, and
differential error with each gain of Kp, K;, and K.
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Fig. 9. The output signal of the conventional PID controller and Fuzzy PID
controller

The observations in the statofSurrent as shown in Fig. 10,
the stator current amplitude of the Fuzzy PID controller is
smaller than the conventional PID controller. This has an
impact on stator back EMF in Fig. 11. Where stator back EMF
amplitude of the Fuzzy PID controller is also smaller than the
conventional PID controller.

The obserfflitions were also directed to the electromagnetic
torque of the Fuzzy PID controller and the conventional PID
controller as shown in Fig. 12. The electromagnetic torque of
the BLDC motor on the fuzzy PID controller has a lower
magnitude than the conventional PID controller when the
speed is increased suddenly. This shows that for liftinghe
weight, the FLC emits little force-torque than the PID
controller.
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Fig. 10. The stator current of the conventional PID controller and Fuzzy PID
controller
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Fig. 11. The stator back EMF of the conventional PID controller and Fuzzy
PID controller
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Fig. 12. The electromagnetic torque of the conventional PID controller and
Fuzzy PID controller.

IV. CONCLUSION

The Fuzzy PID with three inputs and one output has been
successfully designed. Its performance outperforms the
conventional PID controller. The Fuzzy PID controller shows
no overshoot. The signal follows the target speed in ascending
or descending steps. The rise time of the Fuzzy PID controller
is 0.005 seconds and the settling time is 0.009 seconds. In
comparison, the conventio@BJPID controller has a very high
overshoot, around 367.5% with a rise time of 0.007 seconds.
and a settling time B3ip to 0.219 seconds. Therefore, Fuzzy
PID has decreased the rise time to 28%, the settling time to
05.9%, and the overshoot attenuation to 100%. The two
controllers have no steady-state error when the speed
reference is raised and lowered. The controller output, the
stator current, the stator back EMF, and the electromagnetic
torque from the Fuzzy PID controller have smaller peak values
than the conventional PID controller. Energy saving for the
Fuzzy PID controller reaches 99.8%.
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