IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received 28 January 2024, accepted 13 February 2024, date of publication 16 February 2024, date of current version 23 February 2024.

Digital Object Identifier 10.1109/ACCESS.2024.3366523

== RESEARCH ARTICLE

Dynamic Characteristic Inprovement of Battery
Charger for PMDs Using a Model

Predictive Control

GWANYOUNG MOON!, (Student Member, IEEE), AND YEONGSU BAK 2, (Member, IEEE)

I Department of Electronic and Electrical Engineering, Keimyung University, Daegu 42601, South Korea

2Department of Electrical Energy Engineering, Keimyung University, Daegu 42601, South Korea

Corresponding author: Yeongsu Bak (ysbak @kmu.ac.kr)

This work was supported by the National Research Foundation of Korea (NRF) Grant funded by the Korea Government

[Ministry of Science and ICT (MSIT)] under Grant RS-2022-00165694.

ABSTRACT This paper proposes a dynamic characteristics improvement of battery charger for personal
mobility devices (PMDs) using a model predictive control (MPC). The battery charger is used to charge a
battery of PMDs such as electric scooters, electric bicycles, and electric skateboards and an output voltage
of the battery charger is generally controlled by a proportional-integral (PI) controller. The PI controller
requires a gain tuning to improve a dynamic characteristic, however, an overshoot of the output voltage can
be occurred in transient state when the gain is increased. Therefore, to improve the dynamic characteristic
of the battery charger for PMDs, this paper presents the MPC method to control the output voltage of the
battery charger for PMDs. The effectiveness of the proposed MPC method is proved by the simulation and

experimental results.

INDEX TERMS Battery charger, personal mobility devices (PMDs), model predictive control (MPC)

method, dynamic characteristic.

I. INTRODUCTION

Recently, an abnormal climate phenomena have occurred due
to environmental pollution and global warming caused by car-
bon dioxide [1], [2], [3]. It causes human and material damage
and raise awareness of carbon dioxide emissions worldwide.
Therefore, interest in electric-mobility (E-mobility), an eco-
friendly which means of transportation that can replace
internal combustion engine vehicles, is increasing to reduce
carbon dioxide emissions [4], [5], [6]. Additionally, the use
of e-mobility has significant potential to contribute to the
‘double carbon’ goals of the traditional transport sector by
reducing carbon dioxide emissions [7].

Various types of energy storage devices are used in
e-mobility [8]. In general, the E-mobility is driven by using
electricity from a built-in battery as power, and it is classified
depending on travel distance. E-mobility for long-distance
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travel includes electric vehicles, plug-in hybrid vehicles, and
hydrogen electric vehicles. On the other hand, E-mobility
for short-distance travel includes electric scooters, electric
bicycle, electric skateboards [9], [10], [11], which are also
called a personal mobility devices (PMDs). The PMDs are
accessible because it can be used in various space such as
bicycle roads and pedestrian roads, additionally, they are
portable because the size of them is convenient to carry.
Due to these advantages, the demand for PMDs is rapidly
increasing, and the related market is gradually expanding
[12], [13].

The battery voltage of PMDs has a wide range depending
on the type of PMDs such as electric scooters, electric bicy-
cles, and electric skateboards. In general, individual battery
chargers according to the type of PMDs are used to charge the
battery of PMDs with a single rated voltage [14], [15], [16].
The individual battery chargers reduce industrial usability
and availability of PMDs. Therefore, in recent, the battery
charger which is able to charge the battery of PMDs with
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FIGURE 1. Circuit configuration of the battery charger for PMDs.

various voltages from 24 V to 72 V has been developed in
order to improve industrial usability and availability of PMDs
[17], [18], [19].

The battery charger with wide range of output voltage
is generally constructed using several power conversion
devices. In [17], the battery charger is constructed by a multi-
level DC-DC converter which is connecting several buck
converters in series. However, since universal AC voltage
cannot be used as an input voltage of the battery charger,
the industrial usability of PMDs is reduced. In [18], it is
constructed by a boost converter and a half-bridge (HB) LLC
resonant converter. However, it is difficult to generate a wide
range of output voltage using a frequency control of the
HB LLC resonant converter. In [19], the battery charger is
constructed by a three-stage structure using a boost converter,
a HB LLC resonant converter, and a buck converter. It has
advantages that universal AC voltage is able to the input
voltage of the battery charger and it is easy to generate a wide
range of output voltage using the buck converter.

In general, an output voltage of the battery charger is con-
trolled by a proportional-integral (PI) controller to charge a
battery of PMDs because it has advantages of simple structure
and easy implementation. In the PI controller, the propor-
tional control is related to the dynamic characteristics of the
control element in transient state and the integral control is
related to the error of the control element in steady state
[20], [21], [22]. In other words, the performance of the PI
controller is determined by the gain of the proportional and
integral control and an appropriate gain tuning is required to
improve dynamic characteristics. However, the gain tunning
for improving dynamic characteristics has limitations due to
the possibility that the overshoot of control elements occurs
in transient state [23], [24], [25], [26]. Additionally, although
the above-mentioned rule-based strategies have high execu-
tion efficiency, they cannot achieve optimal control because
they rely on expert experience when setting the bandwidth
considering the interactions between control loops [27]. To
overcome these disadvantages of the PI controller, a model
predictive control (MPC) method can be used. Contrary to
PI controller, MPC method has relatively excellent control
performance because it does not need to set the bandwidth
without considering the interaction between control loops. In
the past, the MPC method was difficult to apply to the system
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FIGURE 2. Equivalent operating circuit of the buck converter in a steady
state. (a) Mode 1. (b) Mode 2.

due to its high computational process. However, in recent
years, with the development of efficient control algorithms
and computer hardware, the MPC method has become appli-
cable to the systems [27], [28], [29].

Therefore, in this paper, a dynamic characteristic improve-
ment of battery charger for PMDs using the MPC method is
proposed. In the proposed MPC method, a cost function is
designed by the modeling of the battery charger for PMDs
and the optimal control input of the battery charger is decided
to the duty of the buck converter by minimizing the cost
function. Therefore, it can obtain fast dynamic characteristic
of the battery charger without gain tuning contrary to the PI
controller. The effectiveness of the proposed MPC method for
the battery charger for PMDs is proved by the simulation and
experimental results.

II. CIRCUIT CONFIGURATION AND OPERATION
PRINCIPLE OF BATTERY CHARGER

A. CIRCUIT CONFIGURATION

Fig. 1 shows the circuit configuration of the battery charger
for PMDs with a wide range of output voltage. The battery
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FIGURE 3. Voltage and current waveforms depending on the switching
state of the buck converter. (a) Switching state. (b) Diode voltage.
(c) Inductor voltage. (d) Inductor current.
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FIGURE 4. Circuit configuration to obtain the variation of output voltage.

charger for PMDs consists of three main parts: a power
factor correction (PFC) boost converter, a HB LLC resonant
converter, and a buck converter. In addition, a single-phase
grid source and a diode rectifier are connected to the input
stage of the PFC boost converter and a load is connected to
the output stage of the buck converter.

Firstly, the PFC boost converter controls an output voltage
(VHign) to 400 V from the voltage (V) rectified by the
diode rectifier. It also performs PFC by equaling the phase
between voltage (v,) and the current (i) of the single-phase
grid source. For this purpose, UCC28180 which is the control
IC from TI was used to perform current and voltage con-
troller. Secondly, the HB LLC resonant converter has two
power semiconductor switches (Sap and San), a transformer
that electrically separates the single-phase grid source from
the battery, and a diode rectifier. The primary side voltage
(vpri) of the transformer is generated by the Sqp and Spy
operating in complementary switching state with duty ratios
of 0.5 and the secondary side voltage (v..) of the transformer
is reduced by turn-ratio. It performed open loop control with
a fixed switching frequency. Additionally, an output voltage
(VL) of the HB LLC resonant converter is generated by the
diode rectifier. Lastly, the buck converter consists of a power
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FIGURE 5. Control block diagram of the proposed MPC method for the
battery charger.

semiconductor switch (Sp,cx) and a schottky diode (Dpyck)
and the load connected to the buck converter uses a resistor
instead of the battery. The buck converter controls the output
voltage (V,,) of the battery charger with wide range.

B. OPERATION PRINCIPLE OF BUCK CONVERTER
Fig. 2 shows the equivalent operating circuit of the buck
converter in a steady state. It is divided into two modes,
Mode 1 and Mode 2, depending on the switching state
of Spuck. In Mode 1 as shown in Fig. 2(a), Spyck is ON
state and Vrrc is applied to Dp,ek. The voltage (vi puck)
applied to the inductor is a difference between Vi c and V,,,,
and it increases the inductor current (iz puck). In addition,
in Mode 2 as shown in Fig. 2(b), Spyc is OFF state and V¢ is
blocked by Spuck. VL buck 1S —Vour and it decreases the if, pyck-
Fig. 3 shows the voltage and current waveforms depending
on the switching state of the buck converter. In Fig. 3(a), the
switching state of S, is changed to OFF state from ON state
during a control period (Tygmp). Additionally, the switching
time of Sy, during ON and OFF state is expressed as in (1).

Ton = Dpar Tsamp,
Torr = (1 — Dpar) Tsamp, (n

where Dpar is the duty ratio of Spyck.

As shown in Fig. 3(b), the voltage applied into the Dy, is
Virc and O during Toy and Toff, respectively. In addition,
as shown in Fig. 3(c), the voltage applied into the Ly, is
Virc—Vour and -V, during Toy and Torr, respectively. As
aresult, they are expressed as in (2) and (3) depending on the
Mode 1 and Mode 2.

Vire (when Mode 1), 2
v =
D, buck 0 (when Mode 2) .
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TABLE 1. Simulation parameters.

Parameters Values
Single-phase grid source 220 Vps/60 Hz
Transformer turn-ratio 17:8
Output capacitor 980 uF
Output inductor 87 uH
Resistor of load 3Q
Control Period 15 pus
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FIGURE 6. Simulation results of operation principles of the battery
charger for PMDs. (a) Voltage of single-phase grid source. (b) Current of
single-phase grid source. (c) Output voltage of the PFC boost converter.
(d) Output voltage of the HB LLC resonant converter. (e) Output current of
the battery charger. (f) Output voltage of the battery charger.

Vice — Vour

VL.buck =
’ _Voul

(when Mode 1),
(when Mode 2) .

3

In Fig. 3(d), ir puck is changed by the magnitude of the

VL.buck- The ir, puck 18 increased in Mode 1 with positive mag-
nitude of the vy, p,c during Toy, on the other hand, iy pyck 1S
decreased in Mode 2 with negative magnitude of the vz puck
during TOFF~

The inductor voltage of the buck converter is expressed as
in (4).

diL,buck
VL. buck = Lbuck "
. VL, buck
dlL,buck = dt. “)
Lpuck

The variation of if, pyuck is expressed as in (5).
Tsamp
buck

Aip puck = VL, buck- (5
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FIGURE 7. Simulation results of the output voltage control of the battery
charger using the PI controller. (a) Reference voltage is changed between
24 V and 36 V. (b) Expanded waveform.

From (1), (3), and (5), the variation of i;,_p, depending on
Ton and TorF are expressed as in (6).

. Ton
Aip.on = (Lb k) Vere — Vour)
UCH

( Dpar Tsamp
Lpuck
Aip oFr = (ZOFF) (0 = Vour)

buck
. ((1 — Dpar) Tsamp
B Lpuck

) (VLLC - Vout) >

) (0 - Vout) . (6)

Ill. PROPOSED MPC METHOD FOR BATTERY CHARGER
A. PREDICTIVE MODELING OF BUCK CONVERTER

Fig. 4 shows the circuit configuration to obtain the variation
of Vour. In Fig. 4, applying Kirchhoff’s current law to the
node (a), ir, puck 1s expressed as in (7).

dV()L{t

iL,buck = iC + Iout = CbuckT + Iout» (7)

where ic is the current flowing into the capacitor (Cpyex) of
the buck converter and 1, is the current flowing into the load.
From (7), the variation of V,,; is calculated as in (8).

dVou . AVour . 1 (i iy )
dr Tsamp Cbuck L,buck out) »
Tsamp Txamp Vour
AVous = i —lour) = i - ;
out Conck (L,buck out) Conch L,buck Zout

®)
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FIGURE 8. Simulation results of the output voltage control of the battery
charger using the proposed MPC method. (a) Reference voltage is
changed between 24 V and 36 V. (b) Expanded waveform.

where Z,,; is the impedance of the load. Additionally, AV,,;
can be rewritten as in (9).
Tsamp (ZL buck — Vout)
Cbuck e Zout ’

®

where Vi« and Vs r—1 are the voltages in a present and
a previous control period, respectively. Therefore, from (9),
Zour can be estimated as in (10).

Vout

. C
iL buck — (#“mcij) (Vour .k — Vout k—1)

AVout = Vout,k - Vout,k—l =

Zowr = (10)

In addition, the output power of the battery charger in the
present control period is expressed as in (11).
Pout,k = Vout,kiL,buck’ (1 1)

Using the variation of the V,,,; and iz, pyck, the output power
in the next control period is calculated as in (12).

Pout,k+1 = (Vaut,k + AVout) (iL,buck + AiL,buck)
= out,kiL,buck + Vout,k AiL,buck
+ AVout,kiL,buck + AVout,kAiL,buck (12)

B. PROPOSED MPC METHOD

Fig. 5 shows the control block diagram of the proposed
MPC method for the battery charger. It is classified into a
PI-based voltage controller, a predictive modeling, and the
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FIGURE 9. Experimental setup of the battery charger for PMDs.
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FIGURE 10. Experimental results of operation principles of the battery
charger for PMDs.

proposed MPC method. In the Pl-based voltage controller,
Vour 1s controlled to the reference output voltage (Vour, ref ) and
the reference inductor current (iz puck,ref) can be calculated.
In the predictive modeling, Z,,, and AV,, are calculated
as in (10) and (8). In addition, Air oy and Air orr are
calculated as in (6). Finally, in the proposed MPC method,
Pout k+1 as in (12) can be rewritten as in (13).

Pout,k—H = Pout,k + APouts (13)
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FIGURE 11. Experimental results of the output voltage control of the
battery charger using the PI controller. (a) Reference voltage is changed
between 24 V and 36 V. (b) Expanded waveform.

where AP, is the variation of the output power of the
battery charger. Applying (12) into (13), AP,y is calculated
as in (14).

APout = Pout,k+1 - Pout,k
= out,kiL,buck + Vout,k AiL,buck
+ AVour kiL buck + AVour k AL buck — Vour kL, buck
- VoutAiL,lmck + AVoutiL,buck + AVomAiL,huck-
(14)

From (14), the variation of the output power depending on
Ton and Torr is expressed as in (15) by using Air oy and
Air, orF as in (6).

APon = Vour Al on + AVouriL puck + AVour Air 0N,
APorF = Vour Aip, oFF + AVouriL buck + AVour Aip OFF .
(15)

Additionally, the slope of the APoy and APorF is calcu-
lated as in (16).

VoutAiL,ON + AVoutiL,buck + AVoutAiL,ON

APON,slope = s
Ton
Vout AlL,OFF +AVour 1L, buck + AVour AlL,OFF
APOFF,slope = .
Torr

(16)
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FIGURE 12. Experimental results of the output voltage control of the
battery charger using the proposed MPC method. (a) Reference voltage is
changed between 24 V and 36 V. (b) Expanded waveform.

Considering the AP, depending on Toy and Torr during
a control period, P, k+1 can be calculated as in (17).

Pout,kJrl = Pout,k + APON,slopeTON + APOFF,slopeTOFF~
(17)

Applying (1) into (17), Pour k+1 is calculated as in (18).
Pout,kJrl = Pout,k + APON,A‘lopeDBATTsamp
+ APOFF,slope (1 - DBAT) Tsamp- (18)

In the proposed MPC method, the cost function is defined
as in (19) with the error of the output power. The cost func-
tion consists of parameters derived by performing predictive
modeling based on system design parameters according to
system requirements. The system requirements include Tqmp
as in (1), Lpycx as in (6), and Cpyer as in (9).

Perr = Pref - Pout,k+1
= Pref - Paut,k - APON,slopeDBATTsamp

- APOFF,slope (1 - DBAT) Tsampa (19)

where P, is the reference output power, which is expressed
as in (20).

PrEf = Vaut,refiL,buCk,refy (20)
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FIGURE 13. Experimental results of the output voltage control of the
battery charger when the modeling parameters were mismatched.

(a) 0.5 Lpyck/Cpuck- (b) 1.5 Lpyck /Chuck- (€) Lpuck /0-5 Cpuck-
(d) Lpyc /15 Cpuck-

Finally, in (19), P, as the cost function is set to zero and
it can be rewritten as in (21). By setting the cost function
to zero, the duty ratio is derived according to the slope of
the APoy and APopr. The duty ratio is input to the power
semiconductor switch of the buck converter and it controls
the Vi to the Vour ref according to the duty ratio.

Pref - Pout,k = APON,slopeDBATTsz/zmp
+ APOFF,slupe (1 - DBAT) Tsamp- (21)

VOLUME 12, 2024

As a result, through the proposed MPC method, Dpar as
the duty ratio of Sy, can be calculated as in (22).

Pref - Pout,k - APOFF,xlopeDBATTsamp

Dpar = (22)

(APON,slope - APOFF,slope) Tsamp

IV. SIMULATION RESULTS

In this paper, simulations were performed to prove the effec-
tiveness of the proposed MPC method for the battery charger.
The simulation parameters are listed in Table 1. The switch-
ing frequency is set to 80 kHz and the control period is set
to 12.5 us.

Fig. 6 shows the simulation results of operation principles
of the battery charger for PMDs. Figs. 6(a) and (b) show
the v, and i, and the phase of them are equal through the
PFC boost converter. Additionally, as shown in Fig. 6(c),
VHign is controlled to 400 V by the PFC boost converter.
Fig. 6(d) shows the V¢, which is a 100 V. Finally, as shown
in Figs. 6(e) and (f), I, and V,,,, are controlled to 12 A and
36 V, respectively.

Fig. 7 shows the simulation results of the output voltage
control of the battery charger using the PI control. In Fig. 7,
Vout,res 18 changed to 36 V from 24 V at 0.3 s, additionally,
it is changed to 24 V from 36 V at 0.5 s. V,,; is controlled to
Vour,ref Dy using the PI controller. In these simulation results,
the bandwidth of the PI-based current and voltage controller
is set to 3000 Hz and 150 Hz, respectively, considering the
switching frequency. Therefore, the proportional and integral
gain of the current controller were 0.369 and 783, addition-
ally, they of the voltage controller were 0.132 and 9.4. As
shown in Fig. 7(b), which is expanded waveform, the settling
time of V,,; to reach 36 V is approximately 40 ms in the
transient state.

Fig. 8 shows the simulation results of the output volt-
age control of the battery charger using the proposed MPC
method. It has the same scenario as that shown in Fig. 7
and V,,, is controlled to Vi ror by using the proposed MPC
method. As shown in Fig. 8(b), which is expanded waveform,
the settling time of V,,,; to reach 36 V is approximately 9 ms
in the transient state. Compared to Fig. 7(b), it was con-
firmed that the dynamic characteristic of the battery charger
is improved about four times.

V. EXPERIMENTAL RESULTS
In this paper, to prove the effectiveness of the proposed
MPC method for the battery charger, the experiments were
conducted using the experimental setup as shown in Fig. 9.
The experimental setup consists of the power board, single-
phase grid source, the electric load, and oscilloscope. The
experimental parameters are completely identical with the
simulation parameters listed in Table 1. In the power board,
the controller is constructed using a digital signal processor
(DSP), which is TMS320F28335 and the proposed MPC
method is programmed into the DSP.

Fig. 10 shows the experimental results of operation prin-
ciples of the battery charger for PMDs. In Fig. 10(a), the
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phase of v, and i, are equal and Vg, is controlled to 400 V
through the PFC boost converter. In Fig. 10(b), V¢ is a
100 V, additionally, I,,; and V,,; are controlled to 12 A and
36 V, respectively.

Fig. 11 shows the experimental results of the output voltage
control of the battery charger using the PI control. It has the
same scenario as that shown in Fig. 7 and V,,; is controlled
to 24 V and 36 V, respectively, by using the PI controller.
As shown in Fig. 11(b), which is expanded waveform, the
settling time of V,,,; to reach 36 V is approximately 41 ms in
the transient state.

Fig. 12 shows the experimental results of the output volt-
age control of the battery charger using the proposed MPC
method. It has the same scenario as that shown in Fig. 11 and
Vour 1s controlled to 24 V and 36 V, respectively, by using
the proposed MPC method. As shown in Fig. 12(b), which is
expanded waveform, the settling time of V,,; to reach 36 V
is approximately 19 ms in the transient state. Compared to
Fig. 11(b), it was confirmed that the dynamic characteristic
of the battery charger is improved more than two times.

Fig. 13 shows the experimental results of the output voltage
control of the battery charger when the modeling parameters
were mismatched. It has the same scenario as that shown
in Fig. 12 except the modeling parameters mismatch. In
Fig. 13(a), the experimental result is performed by changing
Lpuck, which is the inductance of the inductor that consist of
the buck converter, to 0.5 times. In Fig. 13(b), the experi-
mental result is performed by changing Ly, to 1.5 times. In
Fig. 13(c), the experimental result is performed by changing
Chuck > Which is the capacitance of the capacitor that consist of
the buck converter, to 0.5 times. In Fig. 13(d), experimental
result is performed by changing Cp,,¢ to 1.5 times. Although
the Lypycr and the Cp,or Were changed, the output voltage was
controlled by using the proposed MPC method. As a result,
it was proved that the proposed MPC method is robust in the
case of the modeling parameters mismatch.

VI. CONCLUSION

This paper proposed the dynamic characteristic improvement
of the battery charger for PMDs using the MPC method.
Battery charger for PMDs is used to charge the battery of
PMDs such as electric scooters, electric bicycle, and electric
skateboards and the output voltage of the battery charger is
generally controlled by the PI controller. However, the PI
controller requires a gain tuning to improve a dynamic char-
acteristic. Therefore, to improve the dynamic characteristic
of the battery charger for PMDs, this paper presents the MPC
method to control the output voltage of the battery charger for
PMDs. In addition, the proposed MPC method is robust in the
case of the modeling parameters mismatch. The effectiveness
of the proposed MPC method is verified by the simulation and
experimental results.
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