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Abstract

This paper proposes a transient response enhancement of a personal mobility device (PMD)
battery charger using a rule-based fuzzy logic control (RBFLC) method. PMD encom-
passes various applications, including electric kickboards, electric scooters, and electric
wheelchairs. The rated battery voltage required for each device is different; additionally, the
PMD battery charger must be accurate and have a fast transient response. However, when
the gain is significantly increased in the conventional proportional-integral (PI) control
method to enhance the transient response, the battery charger output voltage exhibits
oscillatory behavior and becomes unstable. Therefore, in this paper, the RBFLC method is
proposed to improve the transient response performance of the battery charger without
oscillation and instability of the output voltage. The proposed RBFLC method is verified
through simulation and experimental results.

Keywords: battery charger; personal mobility device; future mobility; rule-based fuzzy
logic control; transient response

MSC: 93C42; 94D05

1. Introduction

AS eco-friendly policies aimed at reducing environmental pollution, fossil fuel de-
pletion, and greenhouse gas emissions are being strengthened globally, the demand for
personal mobility devices (PMDs) is rapidly increasing. The PMD includes electric kick-
boards, electric scooters, and electric wheelchairs powered by electricity. It offers the
advantages of being lightweight and compact compared to internal combustion engine
vehicles [1-3].

To charge the battery of PMD, different rated voltages are required for each device. For
example, electric kickboards and electric scooters require 36 V, whereas electric wheelchairs
require 24 V. Therefore, the PMD battery charger must be able to regulate the output voltage
over a wide range. However, since conventional PMD battery charger is designed for a
single fixed voltage, it results in compatibility issues and user inconvenience. For these
reasons, growing interest is being shown in PMD battery charger technologies that ensure
stable operation while regulating the output voltage over a wide range [4-7].

The PMD battery charger that regulates the output voltage over a wide range employs
using various converter topologies such as buck converter, boost converter, buck-boost
converter, flyback converter, and resonant converter [8-11]. In this paper, a three-stage
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power conversion structure consisting of a power factor correction (PFC) boost converter, a
half-bridge LLC resonant converter, and a buck converter is employed. It offers simplified
voltage regulation, enhanced efficiency, and stable operation over a wide voltage range,
making it highly suitable for a PMD battery charger. In the first stage, the PFC boost con-
verter ensures a high power factor and low total harmonic distortion (THD) by regulating
the input current to track the phase of the input voltage and maintaining a constant output
voltage. In the second stage, an LLC resonant converter is employed, enabling a high
power density through high-frequency operation and achieving high efficiency through
soft switching and resonance characteristics. Finally, in the third stage, a buck converter
regulates the output voltage to match the rated battery voltage of PMD [12-15].

In general, a proportional-integral (PI) controller is used to regulate the buck converter
output voltage of the battery charger because of its simplicity and ease of implementation.
The gain of the PI controller affects control performance [16,17]. Reducing the proportional
gain decreases the responsiveness of the PMD battery charger due to an overdamped
response. With increasing the proportional gain enhances responsiveness, however, comes
overshooting and oscillations due to an underdamped response. These disadvantages
reduce the stability and lifespan of PMD battery charger, which reduces their commercial
viability [18,19]. Therefore, to reduce the instability of the PMD battery charger caused by
oscillations, a different control strategy is needed.

To remove the drawbacks of the PI controller, a fuzzy logic control (FLC) method,
which is a form of artificial intelligence-based control, can be employed. The FLC method
transforms discrete control rules into continuous control values, making it easy to express
control logic in linguistic terms. The FLC method generally consists of fuzzification, fuzzy
inference, defuzzification. In particular, in the fuzzification as the process of converting the
input variables into the value required for fuzzy inference, a crisp set is used in groups with
clear boundaries, and a fuzzy set is used in groups with ambiguous boundaries [20,21].
The crisp set has a binary characteristic where an element either fully belongs to the set or
does not belong at all, providing a clear true or false decision. However, when an element
has ambiguous characteristics, the binary structure of a crisp set results in discontinuous
control operation, which becomes a disadvantage in achieving precise control. Therefore,
the fuzzy set is generally used instead of the crisp set to achieve more precise control. The
fuzzy set is defined using a membership function, which is used to numerically express the
degree to which an element belongs to the set [22,23].

As a result, using the FLC method, the nonlinear characteristics of the control system
and the uncertainties between inputs and outputs can be expressed in linguistic terms.
Therefore, it provides strong robustness against load variations, external disturbances, and
noise. Furthermore, it offers the advantage of flexibly responding to errors based only on
the input—output relationship, even when it is difficult to mathematically approximate
the system or when the system shows nonlinear characteristics [24-28]. However, the
conventional FLC method can reduce the accuracy in a complex control system due to its
single input.

Therefore, in this paper, a rule-based fuzzy logic control (RBFLC) method for transient
response enhancement of the PMD battery charger is proposed. The proposed RBFLC
method uses two input variables: the output voltage error and the change of the output
voltage error of the PMD battery charger. It operates based on a rule-based table and
can consider various conditions, enabling precise control of the PMD battery charger. For
these reasons, the proposed method can enhance the transient response compared to the PI
controller, in addition to achieving fast responsiveness without overshoot. The effectiveness
of the proposed method is validated through simulation and experimental results.
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2. PMD Battery Charger
2.1. Structure of PMD Battery Charger

Figure 1 presents the topology of the power conversion stages of the PMD battery
charger. It consists of a three-stage power conversion structure consisting of a PFC boost
converter, a half-bridge LLC resonant converter, and a buck converter. It enables the PMD
battery charger to efficiently and stably regulate the output voltage according to the rated
voltages of various PMD.

(Sﬂmgle'Ph'ase PFC Boost Converter LLC Resonant Converter Buck converter Load
srid Voltage (Battery)
Tgrid i boost Lboost 0 buck Lpuck
1IN >t T l T 141 A1l 3
i i (&)} Shuck
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Figure 1. Topology of the power conversion stages of the PMD battery charger.

First, a single-phase AC grid voltage of 220 V,ns/60 Hz is supplied to the input
of a diode rectifier, which converts the AC voltage into a DC voltage. The transformed
DC voltage is supplied to the input of the PFC boost converter, which is the first stage
of the three-stage converter. The PFC boost converter steps up the input voltage to a
higher level. It also regulates the input current phase to be aligned with the input voltage
phase. Therefore, the power factor of the output power is improved, and the THD of the
output voltage and current is reduced. The second stage employs the half-bridge LLC
resonant converter, which steps down the boosted voltage using high-frequency switching
and a resonant circuit. It enables soft switching, improving power density and efficiency.
Additionally, the transformer used in this stage provides galvanic isolation between the
input and the output, ensuring electrical safety. Finally, the output stage employs the
buck converter that drives the switching device based on the duty cycle. It regulates the
output voltage of the PMD battery charger based on the rated voltage of the PMD. In
this paper, a resistive load is used instead of actual PMD batteries. Using the three-stage
power conversion topology, the PMD battery charger offers a high power factor, low THD,
electrical stability, and the ability to regulate the output voltage over a wide range.

2.2. Operating Principle of PMD Battery Charger

Figure 2 presents the operating principle of the buck converter. The output voltage of
the buck converter is controlled by the ON and OFF operation of the switch (Sp,). Mode
1 occurs when Sy, is ON, and the diode is OFF. In this mode, the inductor voltage (V1)
is given by the difference between the input voltage (V1) and the output voltage (Vout),
and the inductor current (i) increases. Mode 2 occurs when Sy, is OFF, and the diode
is ON. In this mode, V7 is — Vi, and iy, decreases. Over one switching period T, V1 is
expressed as in (1).

VL = (VLLC - Vout)dhuckT =+ (_Vout)(l - dbuck)T/ (1)

where dy,,¢ is the duty ratio.
At steady state, due to volt-second balance, V| is zero over one switching period, and

Apuck is obtained as in (2).
Vout

Vire

(2)

dbuck =
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The dy,,¢ is compared with a carrier signal to generate the PWM gate signal for Sy,

is M Tbuck Libuck fBarfery is ™ Touck Lbuck fBarTery
14T — gmrnad L LT — W
+ = + + =5 +
S, VI S VL
Lbuck “buck
+ + + + + +
Vite= Dypuck ®vp ChuckT Ve 3, Vour Vice=F Diuck AVvp ChuckT Ve 3 Vout

(a) (b)
Figure 2. Operating principle of the buck converter: (a) Mode 1; (b) Mode 2.

3. Proposed Rule-Based Fuzzy Logic Control

This paper proposes the RBFLC method to enhance the transient response of the PMD
battery charger. The proposed RBFLC method uses two input variables and employs a more
detailed rule-based table than the conventional FLC method, offering advantages such as
improved control accuracy, enhanced transient response, and suppression of overshoot.
Figure 3 presents the control block diagram of the RBFLC method. The input variables of
the RBFLC are output voltage error (V,;r) and change of output voltage error (AV,). The
Verr is calculated from the error between the reference output voltage (V*Out) and V,,; of the
PMD battery charger, as in (3).

Verr = Vo*ut — Vout- (3)

The AV, is calculated from the error between V,,, at the current sampling period (k)
and the previous sampling period (k — 1) as in (4).

Angy(k) - Veyr(k) - Verr(k - 1). (4)
Sk
........ .E e ibuck Lbuck
o + 11
+ 15 +
O Ve & Dy Couer T e
H Lo
o=t - —
Rule-Based Fuzzy Logic Control 7
E :....-..-..-..-.-..-..t R H our
i[ Membership 3
i il Function [#AT

PI-Based <
Current
Controller i
l Fuzzy ‘
Inferfnce
"
T puc(k—1) I/—\_\ Defuzzification| }
g :
........................ A v

Figure 3. Control block diagram of the RBFLC method.

The V¢ and AV, are used as input to the RBFLC, which consists of fuzzification,
fuzzy inference, and defuzzification. Through the RBFLC, V,,; can be controlled to Vout,
as a result, the change of reference current of the buck converter (Al “puck) can be obtained.
In addition, a reference current of the buck converter (I'y,) is calculated by Al “puck and a
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reference current in a previous sampling period (I “puck(k — 1)). Finally, by using the PI-based
current controller, I, can be controlled to I j,.

3.1. Fuzzification

Fuzzification is the process of converting Ve, and AV, of the PMD battery charger
into the degree of membership (DOM) using a defined membership function. The DOM
expressed between 0 and 1 represents the degree of belonging in the fuzzy set, and it is
used as an input of the fuzzy interference. Due to the membership function in the RBFLC
method affecting the control performance of the PMD battery charger, the range of V,,, and
AV should be considered when calculating the DOM.

The membership function includes various types, such as singleton, Gaussian, and
triangular. A singleton type assigns a membership value of 1 to a specific value, and 0 to
all others. It simplifies computations in the fuzzy inference stage. However, a singleton
type lacks the ability to reduce the noise of the input value. The Gaussian type employs
an exponential function and offers noise reduction but increases mathematical complexity.
The triangular membership function reduces noise in the input value and simplifies com-
putations in the fuzzy inference stage when IF-THEN rules are applied. Figure 4 presents
the triangular membership function, and it is expressed as in (5).

)= 65 i

where p is the x-value where the function begins rising from zero, r is the x-value where the

+1(p<x<r), uy(x) = — +1(r<x<yg), )

function reaches peak, g is the x-value where the function finishes decreasing back to zero.

)
|
|
|
|
|
|
|
|
|
0 P r q

Figure 4. Triangular membership function.

Figure 5 presents the membership function of V. and AV,,. In the membership
function of Ve, and AV, as shown in Figure 5a,b, the range of V,,, as the x-value is set
to —15, =10, =5, 0, 5, 10, 15, and the range of AV, is set to —1, —0.1, —0.01, 0, 0.01,
0.1, 1, considering the instantaneous variation of the input variables of the RBFLC. In
addition, the peak value of the membership function is assigned to the linguistic terms,
which are positive very big (PVB), positive big (PB), positive medium (PM), positive small

(PS), negative very big (NVB), negative big (NB), negative medium (NM), negative small
(NS), zero (Z).

VL,,, A Verr

(a) (b)

Figure 5. Membership function of (a) Ve; (b) AVey.
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Figure 6 presents the calculation process of the DOM using the membership function
when Ve is 7, and AV, is —0.08. Firstly, when V., is 7, DOM belongs to two linguistic
terms, such as PS and PM. Therefore, DOM of PS and DOM of PM are calculated as in (6)
by using the triangular membership function as in (5).

PSVerr(7) = _(x=n) +1= _ =5 +1=20.6,

(9—7) (10-5) (6)
PMyerr(7) = {2 +1 = (1523 +1= 04,

Secondly, when AV, is —0.08, DOM belongs to two linguistic terms, such as NM and
NS. Therefore, DOM of NM and DOM of NS are calculated as in (7) by using the triangular
membership function as in (5).

NMaverr(—0.08) = — E'%:jg +1= —g%:ggfg:%:ggg +1=078, -
NSaverr(—0.08) = =55 +1 = (S0 41 = 022

1 NB PB 1
Verr
-15 15
1 NB PB 1
>< 0.78
o)
AV o,
-1 -0.1-0.08-0.01 0 0.01 0.1 1

Figure 6. Calculation process of DOM using the membership function when V,, is 7 and AV, is —0.08.

3.2. Fuzzy Inference

Fuzzy inference is the process of determining a fuzzy conclusion from input variables
converted into fuzzy values using fuzzy rules. Linguistic terms belonging to the DOM
of Ve, and AV, are used in IF-THEN rules to determine the fuzzy conclusion Al*buck-
Figure 7 presents the membership function of Al “puck- The range of All "puck as the x-value is
set to —1, —0.75, —0.5, —0.25, 0, 0.25, 0.5, 0.75, and 1. The IF-THEN rules using the fuzzy
rule-based table are as in (8).

Ifxis Aandyis B thenzis C, ®)

where x and y are input variables of RBFLC, and z is the output variable of RBFLC. In the
battery charger for PMD, x, y and z represent Ve, AV, and Al*buck; additionally, A, B,
and C represent the linguistic terms for Vi, AV, and Al*huck- When the IF statement is
determined by the linguistic terms (A, B) of V,,, and AV,,,, the THEN statement assigns
the corresponding linguistic term (C) to Al j,. To improve the transient response of
the RBFLC, the fuzzy rule-based table should consist of various rules. If there are more
rules, the input variables can be divided in more detail; therefore, the control accuracy of
the RBFLC becomes more accurate. In this paper, the fuzzy rule-based table consists of
49 fuzzy control rules listed in Table 1.
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NVB NB NM NS Z PS PM PB PVB
Al buck
-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1
Figure 7. Membership function of Al p,-
Table 1. Fuzzy rule-based table.
AVer
NB NM NS zZ PS PM PB
Verr
NB NVB NVB NB NB NS NS Z
NM NB NB NM NM NS Zz PS
NS NB NM NS NS Z PS PM
Z NB NM NS Z PS PM PB
PS NM NS Z PS PM PM PB
PM NS Z PS PM PM PB PB
PB Z PS PM PB PB PVB PVB

Figure 8 presents the fuzzy inference process, where the IF-THEN rules determine the

fuzzy conclusion of Al - In the case where V,,, is 7 and AV, err is —0.08, the linguistic

terms of V.,

as PS and PM and AV, as NM and NS, as shown in Figure 5. As a result, the

fuzzy rules can be defined using Table 1 and the IF-THEN rules are expressed as in (9).

If Very is PS and AV is NM then Aly, 4 is NS,
If Veyy is PS and AV is NS then Al is Z,

)
If Veyy is PM and AV, is NM then AL} is Z,
If Very is PM and AVyyy is NS then Aly;, , is PS.
PS NM NS
©,=Min{0.6 , 0.78} = 0.6
Ver AVer \ AL bk
0 5 7 10 -1 =0.1-0.08 -0.01 -0.5 -0.25 0
PS NS Z
©=Min{0.6 , 0.22} = 0.22
Vr AV \ AL b NS lz ps
0 5 7 10 —0.1-0.08 —0.01 0 -0.25 0 0.25 /
0.6
PM NM z 04
. _ / y 0.22
©=Min{0.4,0.78} = 0.4 ) /\ o
-0.5 —0.25 0 0.25 0.5
A Verr AVerr AL
57 10 15 -1 —0.1-0.08 —0.01 -0.25 0 0.25
PM NS PS
©~=Min{0.4,0.22} =0.22
Verr AVerr AL puck
57 10 15 =0.1-0.08 -0.01 0 0 0.25 0.5

Figure 8. Fuzzy inference process.

After applying the IF-THEN rules, the Min-Max inference method of Mamdani should
be applied as shown in Figure 7. The result of the Min-Max inference method is represented
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by the weight w;, which is calculated as the minimum value of the DOM of V,;, and AV,
as in (10).
w; = Min{DOM(V,,, ), DOM(AV¢) }, (10)

where i is the number of each IF-THEN rule. As with the fuzzy rules, weights are defined
as in (11), and the weights are employed in the defuzzification stage.

w1 = Min{0.6,0.78} = 0.6,
wy = Min{0.6,0.22} = 0.22,
w3 = Min{0.4,0.78} = 0.4,
wyq = Min{0.4,0.22} = 0.22.

(11)

3.3. Defuzzification

Defuzzification is the process of converting the fuzzy conclusion into a numerical
value, and it is the final stage of the RBFLC. Various defuzzification methods exist, such
as the center of gravity, maximum method, and center of average. The center of gravity
provides high control accuracy; however, it requires complex calculations and longer
processing time. The maximum method entails a simple calculation process; however, it
lacks control accuracy. Therefore, in this paper, the center of average method is employed
for its computational simplicity and high control accuracy as in (12).

Alljuck = 4 (12)

where C; represents the output intensity, which indicates the degree to which the weight is
effects in the output of RBFLC. When the linguistic rule of Al “puck is NS, Z, and PS, the C; is
set to —0.25, 0, and 0.25, respectively. Therefore, the Al “puck is calculated as in (13) by using
the center of average method as in (12), and it is the output of the RBFLC.

wW1C1 4+ wrCy + w3Cs + wyCy 0.6 % (—0.25) +0.22 x 0+ 0.4 x 0+ 0.22 x 0.25

AL, = = Q1
buck w1 + wy + w3 + wy 0.6 +0.22+0.4+0.22 (13)

Finally, the AI ek is added to the 'y, (kK — 1) to calculate the Iy, as in (14).
I;uck (k) = Iguck(k - 1) +1- Alljuck/ (14)

where 7 represents the gain of the RBFLC. In addition, the I puck is used as the input of the
PI-based current controller.

3.4. Stability Analysis of the RBFLC

The transfer function of the proposed RBFLC-based PMD battery charger is required
for stability analysis. However, it is difficult to derive an accurate transfer function that
reflects the nonlinear characteristics of the RBFLC. Therefore, in this paper, the PMD battery
charger is considered as a black-box model and analyzed based on the discrete input and
output data. To analyze the discrete data, the least square parameter estimation algorithm
was employed, and the transfer function of the RBFLC-based PMD battery charger was
constructed based on the estimated parameters. It is transformed into a continuous transfer
function by applying the zero-order-hold method [29] and represented as in (15).

b153 + b252 + ngl + by Kiy K.
G = . ML e 1
(S) * + 4153 + aps2 + ag Ky + s Kype + s ) (15)
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where ky, and k;, represent the proportional and integral gains of the RBFLC-based voltage
controller, and k. and k;. indicate the proportional and integral gains of the Pl-based
current controller. The transfer function G(s) of the RBFLC is represented as in (16).

G(S) = 5.512655%4+6.198¢1052 +2.382¢175! +4.321¢%!
5% +4.756¢°53+1.528e1152 +4.453¢°51 4-1.06519

: (0.997198 + Ziﬁ) - (0.00679253 + 272), (16
where kyyo, kiy, kpc and k; are set to 0.997198, 2843, 0.13585060, and 54.40. In addition, the
stability of the proposed RBFLC can be analyzed using the transfer function G(s) through
the Bode diagram and the poles and zeros on the complex plane.

Figure 9 shows the Bode diagram of the transfer function G(s). In Figure 8, the gain
crossover frequency is about 10,000 rad /s, and the gain margin is 12 dB. Phase crossover
frequency is about 100 rad /s, and phase margin is 49°. Therefore, the stability of the RBFLC
for the PMD battery charger is confirmed through the Bode diagram analysis.

Bode Diagram

@ 10

) -

3 ~
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2 —~—

T —

o —

(o] o —~—

= \\/

S [

- L ™~ |

& / \ ‘

-1

3 ) \ |

g [ \ |
-1 \J

10 102 10°

) 10° 107
Frequency (rad/s)

Figure 9. Bode diagram of the transfer function G(s).

Figure 10 shows the pole-zero map of the transfer function G(s) on the complex plane.
In Figure 10, all poles are located in the left half plane (LHP). Therefore, based on the

stability analysis using the pole-zero map, the stability of the RBFLC-based PMD battery
charger can be confirmed.

Pole-Zero Map

LHP RHP

ginary Axis (seconds" )
X
s}
]

Imq

-25 -2 =15 -1 =05 0 05 1 15 2

5§ 0 05
Real Axis (seconds ") 10°

Figure 10. Pole-zero map of the transfer function G(s) on complex plane.

4. Simulation Results

To validate the proposed RBFLC method for the PMD battery charger, simulations
were conducted using the PSIM 2020 version and MATLAB 2024 version simulation soft-
ware. The parameters used in the simulations are shown in Table 2. When a battery is used
as the load, the battery characteristics change with operating conditions. Therefore, a resis-
tor load was employed to provide a stable and repeatable operating condition, allowing a
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consistent comparison between the two controllers. The load resistance was set to 5 (). In
this paper, the 36 V electric kickboard is selected as the representative PMD application.

Table 2. Simulation parameter.

Parameters Value Unit Parameters Value Unit
Piated 1 kW Vgrid 220 Vims
Lpoost 500 nH f grid 60 Hz

C, 2 uF Choost 1000 uF

Ly, 73 uH L, 10.4 uH
Lbuck 500 mH Nl ZN2 14:7 -
Rpoad 5 QO Chuck 1000 nF
Tsamp 12.5 us - - -

Figure 11 presents various simulation results of the PMD battery charger. Figure 11a,b
presents the 220 Vis/60 Hz single-phase grid voltage (vg) and current (i), which are
rectified through the diode rectifier. The PFC boost converter aligns the phase of vg and i
to correct the power factor. Figure 11c presents the output voltage (Vj,0st) of the PFC boost
converter, which regulates the rectified voltage to 400 V. Figure 11d presents the output
voltage (V11 c) of the half-bridge LLC resonant converter, which stepped down the Vs
to 100 V according to the turns ratio of the transformer. Figure 11e,f presents the output
current (I,,;+) and voltage (V) of the battery charger for PMD, which are regulated to
72 Aand 36 V.

400 —— ""e [V]
200 \
@ o
—-200
ol
10 [g [A]
A "
(®) o
-5
-10
600 I7 ~~~~~ sr[\\f]
500
() 500
200
100
]
o Vise [V]
(d) 100 A}
50
o
20
1 Lt [A
(e) 10 [ ]
5
]
fod [x]
® %
20
10
]

0.4 0.42 0.4 0.46 0.48 0.5
Time (s)

Figure 11. Various simulation results of the PMD battery charger: (a) Voltage of the single-phase grid;

(b) current of the single-phase grid; (¢) PFC boost converter output voltage; (d) half-bridge LLC reso-
nant converter output voltage; (e) battery charger output current; (f) battery charger output voltage.

Figure 12 presents the simulation results of transient state responses of the battery charger,
comparing the PI controller and the proposed RBFLC method. The V¢ is controlled to 100 V,
and the V't is changed from 16 V to 20 V at 0.1 s. Figure 12a presents simulation results using
the PI controller, with V,,; to reach V', in 36.59 ms. Adjusting the gain of the PI controller can
improve responsiveness, which may cause overshoot. Figure 12b presents simulation results
using the proposed RBFLC method, with Vy; to reach V' put in 26.82 ms. Compared to the PI
controller, the proposed RBFLC method improves responsiveness by approximately 26.7%.
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014 0.16 018 02
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(b)

Figure 12. Simulation results of transient state responses: (a) PI controller; (b) proposed RBFLC.

Figure 13 presents the simulation results of the proposed RBFLC method for different

values of 7. Increasing the value of 77 improves responsiveness. Figure 13a presents the
simulation results when 7 is set to 0.01, with V,,; to reach V' out in 36.59 ms. Figure 13b
presents the simulation results when 7 is set to 0.05, with Vi, to reach V' out in 26.82 ms.

Figure 13c presents the simulation results when 7 is set to 0.1, with V,,; to reach V out

in 21.89 ms. Considering the change of I',« during one sampling period, setting 17 over

0.1 increases the impact of the compensated ATy, ; therefore, the n value of 0.05 is suitable
for the proposed RBFLC method.

Viee [V]

Vour' V11

36.59[ms]

Vise [V]
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Figure 13. Cont.
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Figure 13. Simulation results of the proposed RBFLC method for different values of #: (a) 7 is 0.01;
(b) 7 is 0.05; (c) 77 is 0.1.

5. Experimental Results

Figure 14 presents the experimental setup consisting of the PMD battery charger, a 5 )
load resistor, and an AC power supply. The experimental results validate the effectiveness
of the proposed RBFLC method. The AC power supply provides a single-phase voltage
of 220 Vims /60 Hz. The experimental configuration of the PMD battery charger includes
the diode rectifier, the PFC boost converter, the half-bridge LLC resonant converter, and
the buck converter. The PMD battery charger operates with the AC power supply as input
and conducting step up, step down, and compensation through each converter. These
operations are controlled by a TMS320F28335 digital signal processor. An independent
SMPS powers the TMS320F28335, the current and voltage sensors, and the cooling system.
The parameters used in the experiment are the same as those in Table 2.

: o -
o, ¥/
- |
© | ACPower Supply —
b IE ] Loma SuPP Y BN

Figure 14. Experimental setup.

Figure 15 presents various experimental results of the PMD battery charger. v and
ig are used as the input to the diode rectifier, which rectifies alternating power into direct
power. The rectified power is used as the input to the PFC boost converter, which aligns
the phase of vy and i¢ to correct the power factor. In addition, the PFC boost converter
steps up the rectified voltage to 400 V, which is V5. The Vi, is used as the input to the

https://doi.org/10.3390 /math14040585
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half-bridge LLC resonant converter, which stepped down the V05 to 100 V according to
the turns ratio of the transformer, which is Vy;¢. Finally, V¢ is used as the input to the
PMD battery charger, which regulates the Io,: and Vs to 7.2 A and 36 V.

Ve [400 V/dl\] "?Tm
a
VaVaVavaVvay
» I, 110 A/div]

NV 1400 Vidiv]

110 ms/div]

| e
e o e R e -
N7, o [100 Vidiv]
\]mrz |5 A/div]
ol N Vour 150 V/div]

[10 ms/div]
Figure 15. Various experimental results of the PMD battery charger.

Figure 16 presents experimental results of power factor and efficiency analysis in the
PMD battery charger. By controlling the power factor of the single-phase input through
the PFC boost converter, the power factor reached approximately 0.94, and efficiency was

measured at about 90.9%.

mpuvoage Vst | D19 Gy |
Input Current I rms1 2 . 476 1 A
Input Power P1 0 . 4 965 KW
Power Factor Al 0 9 41 6
output Voltage Urms2 4 7 7 4 v
output Current Irms2 9 . 3 4 9 A
output Power P2 0 4 4 6 4 kW
Efficiency m 90 902 %

Figure 16. Experimental results of power factor and efficiency analysis in the PMD battery charger.

Figure 17 presents the experimental results of transient state responses of the battery
charger, comparing the PI controller and the proposed RBFLC method. The V;c is con-
trolled to 100 V, and the V", is changed from 16 V to 20 V. Figure 17a presents experimental
results using the PI controller, with V,,; to reach Vout in 37 ms. Adjusting the gain of
the PI controller can improve responsiveness, which may cause overshoot. Figure 17b
presents experimental results using the RBFLC method, with V; to reach Vot in 28 ms.
Compared to the PI controller, the proposed RBFLC method improves responsiveness by

approximately 24.32%.
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L Vine 1100 Vidiv] YR TELEDYNELechoy  Vire [100 V/div] AP e Y
4 37 ms A 28 ms
J Tper [5 A/div] / Tpuer [5 Aldiv]
Do
[100msdiv] | A [100 ms/div]
:
(a) (b)

Figure 17. Experimental results of transient state responses: (a) PI controller; (b) proposed RBFLC.

Figure 18 presents the experimental results of the proposed RBFLC method for differ-
ent values of 7. Increasing the value of 77 improves responsiveness. Figure 18a presents
the experimental results when 7 is set to 0.01, with Vs to reach V' out in 38 ms. Figure 18b
presents the experimental results when 1 is set to 0.05, with V; to reach V' out in 28 ms.
Figure 18c presents the experimental results when 7 is set to 0.1, with V,,; to reach V out
in 24 ms. Considering the change of I ;4 during one sampling period, setting 7 over
0.1 increases the impact of the compensated Al "puck; therefore, an # value of 0.05 is suitable
for the proposed RBFLC method.

Table 3 shows the comparison of performance between the PI controller and the
proposed RBFLC. The results demonstrate improved response performance under both
simulation and experimental conditions.

Vi 100 Vi) g o s

& 38 ms

—_— e

‘ Tpuek [5 A/div]

[100 ms/div]

i

(a)

/I'LL(« [100 V/div] 4R TELEDYNE LECROY

oryviheroyoulooK

i 28 ms

—_——

I 15 AVdiV]

[100 ms/div]

(b)
Figure 18. Cont.
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Figure 18. Experiment results of the proposed RBFLC method for different values of #: (a) 77 is 0.01;
(b) 7 is 0.05; (c) 1 is 0.1.

Table 3. Comparison of performance between PI and proposed RBFLC.

Case Controller Rise Time Steady State Error Improvement
Simulation PI 34.36 ms 0.04 mV -
Simulation RBFLC 26.82 ms 0.02 mV 21.9%
Experiment PI 37 ms - -
Experiment RBFLC 28 ms - 24.3%

6. Conclusions

In this paper, the RBFLC method is proposed to improve the transient response of
the battery charger for PMD. In general, the PI controller requires increasing the gain to
enhance the transient response, which can cause oscillations and instability. In addition,
the conventional FLC method using a single input variable provides strong robustness
against disturbances and reduces oscillations compared with the PI controller. However, the
control accuracy of the conventional FLC method is limited due to a single input variable.
Therefore, in this paper, a proposed RBFLC using two input variables with triangular
membership functions and the fuzzy rule-based table consisting of 49 rules can improve
the transient response of the PMD battery charger compared with the PI controller. The
proposed RBFLC method was verified through simulation and experiments.
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