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ABSTRACT

Dynamic Wireless Charging (DWC) systems for electric vehicles (EVs) are being studied and developed for
wide applications. To ensure a long life for lithium-ion batteries, Constant Current (CC) charging is
required. However, the equivalent load of the battery changes during CC charging, which reduces the
system's efficiency. To solve that problem, this paper proposes a new control method that combines CC
charging and improves transfer efficiency using only an active rectifier on the secondary side of the DWC
system. Moreover, this study also proposes a method to estimate the coupling coefficient through the
parameters measured on the secondary side without the need for wireless communication between the two
sides. A model of a 1.5 kW DWC system with a transfer distance of 150 mm was built in a laboratory to
verify the accuracy of the proposed method. The results showed that the charging current reached the
required value, and the maximum system efficiency was 85%.
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I.  INTRODUCTION

Electric Vehicles (EVs) are environmentally friendly means
of transport. To make the use of EVs more convenient and
safer, many problems related to EVs are currently being studied
and developed [1-3]. Wireless charging technology for EVs is
attractive because it simplifies the power supply process and
eliminates some of the dangers of electrical leakage for users.
Research is directed toward applying wireless charging
technology to charge EVs while they are in motion because it
can reduce battery weight and increase travel distance [4-6].
Today, EVs mainly use lithium-ion batteries due to their large
energy density, long life, and safety [7]. To prolong the battery
life, the CC charging mode is required. However, during CC
charging, the equivalent load impedance of the battery varies,
which reduces the system's efficiency [8]. A challenge is how
to achieve CC charging mode and ensure high system
efficiency.

Due to the complexity of wireless charging systems, it is
difficult to achieve both the above criteria. Several studies
attempted to achieve either of these two criteria. Some studies
focused on improving the efficiency system. Commonly used
methods are impedance matching circuit design [9-10], DC/DC
converter control to convert load impedance [11-13], and
minimum input current/power point detection to maximize
transfer efficiency [14-15]. However, these studies have not
addressed the charge control problem. Some studies focused on
the control of the CC/CV charging process. In [16], an LCCC/S
compensation circuit structure and parameter adjustment
method were proposed to achieve CC and CV at two ZPA
frequencies. This method is unsuitable for dynamic charging
systems where various types of electric vehicles operate. In a
Static Wireless Charging (SWC) system, CC and CV charging
modes are achieved at two different frequencies by designing
the coil and compensating circuit [17]. This design method is
complicated, and the system requires wireless communication
between the two sides to control the charging process. In the
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WPT system, CC and CV charging modes are achieved by
phase shift modulation of the primary side inverter [18].
However, on the secondary side, the compensation circuit must
be switched from series to parallel when switching the charging
mode from CC to CV. This method is only suitable for
applications with compact and lightweight receivers.

Some studies have proposed combining CC charge control
with improved transfer efficiency in SWC systems. In [19-20],
the secondary active rectifier phase shift modulation method
was used to realize the CC charging mode. Maximum transfer
efficiency tracking is based on finding the minimum DC input
current point through the perturbation and observation
algorithm. The disadvantage of this system is that the semi-
active rectifier and the inverter can operate stably. Furthermore,
this method is unsuitable for DWC systems because the
working point detection time is high. In [21], a dual-phase shift
modulation method was used to keep output voltage and
current constant while improving the efficiency of WPT
systems. However, as this system requires wireless
communication between the two sides, it is not suitable for
DWC systems.

To solve the above problems, this paper proposes a control
method that combines CC charging and improves efficiency
using only an active rectifier on the secondary side. CC is
required from the Battery Management System (BMS). The

Primary side

efficiency optimization algorithm was implemented based on
the equivalent load impedance control method that follows the
optimal load impedance value and limits the required charging
current. Then, the closed-loop controller was designed to CC
charging. Moreover, a method for estimating the coupling
coefficient in the DWC system is also presented. Therefore, the
system does not need to use wireless communication between
the two sides.

II. STRUCTURE AND CHARACTERISTICS OF THE

PROPOSED DWC SYSTEM

A. System Structure

Figure 1 shows the structure of the proposed DWC system.
Three transmitting coils are placed side by side to create the
charging lane on the primary side. An 85 kHz inverter
consisting of four MOSFETs from S1 to S4 powers the
transmitting coils through the compensation circuit. On the
secondary side, the receiving coil is mounted under the EV to
receive power from the wireless charging lane. The receiving
coil induces an alternating voltage through the compensating
circuit feeds to the active rectifier. The active rectifier consists
of 4 MOSFETs, Q1 to Q4, which provide charging power for
the battery. The LCC compensation circuit is designed for both
the primary and secondary sides.

Secondary side
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Fig. 1.

B. Characteristics of the Coupling Coefficient in the
Proposed DWC System

This study used finite element analysis simulation to design
the transmitting and receiving coils to reduce power pulsation
[22]. Each coil consists of three layers: the Litz wire layer, the
ferrite layer, and the aluminum shield layer. The primary side
consists of three transmitting coils (T1, T2, and T3) placed side
by side under the wireless charging lane. The receiving coil is
mounted under the EV. The transfer distance is equal to 150
mm. Figure 2 shows the structure of the coils in the DWC
system.

The proposed dynamic wireless charging system.

The receiver position in the x direction is denoted by p,, and
in the y direction is denoted by p,. The receiving coil is
centered on the first transmitting coil (T1), (p,, p,) = (0, 0).
Figure 3 shows the EFA simulation results of the coupling
coefficient when the receiver moves along the wireless
charging lane in three cases. In case 1, when the receiver
moves along the charging lane (d, is from 0 to 800 mm) and d,
is 0 mm (no lateral misalignment), the average coefficient
coupling (k) is equal to 0.14. In case 2, when d, is from 0 to
800 mm and d, is 40 mm (lateral misalignment 40 mm), k, is
equal to 0.111. In case 3, when d, is from 0 to 800 mm and d| is
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60 mm (lateral misalignment 60 mm), k, is equal to 0.078.
Thus, it can be concluded that the coupling coefficient depends
on the position of the receiving coil. When the receiver moves,
the total coupling coefficient changes. When the lateral

misalignment increases, the total coupling coefficient
decreases.
Aluminum sheet y
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Fig. 2. Structure of the coils in the DWC system.
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Fig. 3. The total coupling coefficient.

C. Transfer Efficiency Characteristics Analysis

The dual-side LCC compensation circuit was designed for
this system [22]. Figure 4 shows the equivalent circuit diagram
from the inverter output on the primary side to the battery on
the secondary side. The equivalent load impedance seen from
the active rectifier side to the battery is called R;.
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Fig. 4. Equivalent circuit diagram.

Transfer efficiency is calculated as follows [22]:

_ RLIZ
T RLIZ4R I AR P 4Ry 1P, +R317,

n

= L (1)

2
2 Rr 3+k%QiQr,R< 6\ 3@ME
Lw212 iFa0r KFQior)  Rr kFQQr

where Q; =wL/R; and Q, =wL,/R, is the coil quality factor. R;,
R;, R;, and R, are the resistances of the transmitting and
receiving coils, respectively. Equation (1) shows that the
transfer efficiency depends on the changing parameters during
dynamic charging, which are k, and R;. While &, depends on
the position of the EV, R; depends on the state of charge of the
battery. Assuming that the value of k, is known, the transfer
efficiency depends only on R;. To find the maximum transfer
efficiency, the following system of equations must be solved:

on _

ORp, -
o @

The maximum transfer efficiency is obtained as follows:

20;
— ki QiQr 3)

e = <x/§+,/3+k$QiQr>2

The value of the equivalent load impedance is equal to:

w?L%
— — fr ’ 3
RL N RL'Opt N Ry 3+k2Q;Qr (4)

where R, is called optimal impedance, and R; ., depends on
the total coupling coefficient k.. Equations (3) and (4) show
that when R, = R, ,,, transfer efficiency is maximum.

Moreover, as seen above, k. changes when the receiver
moves, and in combination with (4) it is found that the value of
Ry, changes and depends on the receiver's position.
Therefore, for maximum transfer efficiency, it is necessary to
control R, according to the R;,, value. The coupling
coefficient value needs to be estimated when the EVs move.

D. Estimation of the Coupling Coefficient by the Parameters
Measured on the Secondary Side
The currents across the transmitting coils [22] are:

TAB = —jwCpiUyg ()

Iy =1,=1;=1I;= TGt

On the secondary side, the relationship among the
parameters is:

. 1 1 .
((joLr +Re 4 ) 1y + e lepr = joM Iy

. 1
| (jwLs + R = mlcﬁ (6)
k ICfr =l,— L

From (5) and (6), the calculation expression k, is drawn:

L R
r= #JL—LT J;Uab + warIab @)
where U,p is the RMS of the output voltage of the primary side
inverter, and U,, and I, are the RMS of the input voltage and
current of the active rectifier on the secondary side. Thus, if
U,p is not adjusted or is constant, k, can be estimated by
measuring the value of U,, and I,,. This means that k, can be
estimated using only the parameters measured on the secondary

side.
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Fig. 5. (a) Mosfet control signal, (b) MOSFET on/off state.
. CC CHARGING AND IMPROVED EFFICIENCY where f is the phase shift angle, and U, is the output voltage

WITH SECONDARY ACTIVE RECTIFIER PHASE SHIFT
CONTROL

A. The Working Principle of the Proposed Active Rectifier

Active rectifier phase shift modulation was used to achieve
both CC charging and efficiency improvement goals. The
secondary active rectifier is controlled by methods of
symmetric phase shift combined with phase synchronization.
For the equivalent load impedance to be purely resistive, the
input voltage and current of the active rectifier must be in
phase. Then, phase shift modulation is performed to control the
CC charging combined with impedance matching to improve
the system's efficiency.

Figure 5 shows the waveforms and switching states of the
active rectifier. u',, and i',, are the fundamental wave
components of the input voltage and current of the active
rectifier. Vj; + V4 is the open signal of MOSFETs from Q; to
Q,. The MOSFETs on the signal are synchronized with the
zero moments of i, MOSFETs from Q; to Q, operate at the
resonant frequency. During one cycle, the current i,, has
negative and positive directions. At each cycle, there are four
switching states of the IGBTSs corresponding to six different
stages, as shown in Figure 5(b).

State A, corresponds to phases (1) and (3), where O, and Q,
are on. Current i, flows through Q, and Q,, and no energy is
transferred to the load. Therefore, u,, and I;, are zero. Energy
has been accumulated in the capacitor Cyfed to the load. State
B, corresponds to phase (2), where Q;, Q, are on. Current i,
flows to the load through Q; and Q,. u,, is equal to Uy, I, is
equal to i,,, and energy is transferred to the load. In state C,
phases (4) and (6), and in state D, phase (5), the analysis is the
same as in states A and B. Thus, in one duty cycle, u,, has the
following values:

0:0 < wt < B2
) UwBrz< wt<m-p2 .
=) 0:m-B/2< wt< m+B/2 ®)

U+ f/2< wt<2m—f/2

Uap

of the active rectifier. Based on the fundamental harmonic
method, U, is calculated by:

2v2
U = 22U, cc052 ©)
The charging current is calculated as follows:
Lo =22 1yc0s 2 (10)

Equation (10) shows that, when adjusting the f# angle, the
charging current can be controlled by a constant. Assuming that
the reference charging current /;, is known and 7, is measured,
the phase-shift angle f is determined by:

B = 2acos (N_;w) (11)

Based on the power balance condition, R;, is calculated by:

- 2 (ost)

Thus, when R;, changes according to the charging state of
the battery, changing the phase shift angle £ will adjust the
value of the equivalent impedance R;. Therefore, it is possible
to control the equivalent load impedance according to the
optimal load impedance. An expression can be derived from
(12) to calculate the phase shift angle when R; and R;, are
known:

B = 2acos< f oL >
7ZRLe

These equations show that as the phase shift angle changes,
the charging current and the load impedance vary accordingly.

R, (12)

13)

B. The Proposed Control Structure

During the charging process, the BMS will calculate and
decide the charging current value for the battery. The reference
charging current is I, ., and the tolerable charging fluctuation
rate is d. Thus, the current limit in the CC charging mode is:

{IZref = IL.ref(1 +6)

(14)
IZref = IL.rEf(1 - 6)
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Figure 6 shows the block diagram of the CC charging
control combined with optimal impedance tracking to improve
efficiency. The referent charging current (/... is given from
the BMS. The RMS of the input voltage/current (U,/1,,) and
the output voltage/current (U./I;,) of the active rectifier are
measured. k, is estimated by (7), from which the R, ,, can be
calculated according to (4). Substituting R, ,,, into (13) will
find the optimal phase shift angle (f,,). Substituting the
optimal phase shift angle (f,,) into (10) will provide the
optimal current charging (/;.,,). On the other hand, the limits
of the phase shift angle [£,,, S can be calculated from (14)
and (11). Next, the limit on the equivalent load impedance
[Rimins Rimax] 1s calculated according to (12). Finally, the
efficiency optimization algorithm is implemented with the

. + -
nputs ILe.opt’ RL.opt’ RL.min7 RL.max’ ILe.ref’ ILe.ref'

Figure 7 shows the flow chart of the efficiency optimization

and less than R, ,,,, the system performs /., as the reference
current for the current controller. If R, ,,, is greater than R; .,
the system performs I Leres @s the reference current for the
current controller. If R;,, is less than R;,;, the system
performs [I,.,; as the reference current for the current
controller. Based on the errors, the PI calculates the S for the
active rectifier. In addition, the PLL circuit is used to determine
when i’,, crosses zero. The synchronization signal is sent to the
phase shift modulator to open the IGBT QI to Q4. To design
the controllers, the transfer function of the system needs to be
determined. However, with resonant converters with many
capacitors and inductors as in this system, the modeling to find
the transfer function is very complicated. Therefore, this study
used the model recognition method on the PSIM software to
identify the transfer function (15). The PI controller is designed
as in (16).

. . 10 14
algorithm. The closed-loop controller is used to control the CC Ggr = 1.05+1075+6.922+10 (15)
. . .. 3 5¢2 11 16
charging mode. The referent charging current is given from the 57+6.945x10°5%+1.948x10" "5 +1.242x10
efficiency optimization algorithm. If R; ,,, is greater than Ry, G, = —200 — 60118.4115 (16)
PLL Phase Sync Signal
¥ = RS
Iap I Coupling K Optimal Optimal angle Optimal 2
e coefficients | *r load Ry opt phase shift Pord  current | 1Zeomt v 5
—> Voltage/current Uz estimation ™ calculation calcul ati on ™ calculation F;D
ULe | meansurement - ©) () (13) (10) § Qs
K
1—“—» Iu Load Rye 1=
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> g
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Fig. 6. The block diagram of the CC charging control combined with optimal impedance tracking.
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Flow chart for the efficiency optimization algorithm.

IV. SIMULATION AND EXPERIMENTAL RESULTS

To verify the accuracy of the proposed method, a
simulation model was built on PSIM according to Table I.

TABLE 1. SYSTEM PARAMETERS
Parameter Value Parameter Value
Upc 310 V Cii 66.5 nF
ULe 400 V C] 93.7 nF
fow 85 kHz C, 123.2 nF
L 102 pH Cs 95 nF
R; 0.13Q Ly 28.9 uH
L, 120 pH Cpr 120.9 nF
R, 0.13Q C, 38.5 nF

When the reference charging current (Ir,,.p) is 4.5A, the
tolerable charging fluctuation rate J is 5%. Figure 8 shows the
simulation results when the equivalent load changes. The
equivalent load (R;,) increases from 70 Q to 90 Q and 1009,
the charging current follows the referent within the allowable
range (4.75 A, 45 A, and 4.25 A), the charging voltage
increases respectively (332.5 V, 405 V, and 425 V), and the

www.etasr.com

Diep et al.: Constant Current Charging and Transfer Efficiency Improvements for a Dynamic Wireless ...



Engineering, Technology & Applied Science Research

Vol. 13, No. 6, 2023, 12320-12326 12325

average system efficiency is more than 81%. Thus, the
simulation results of the CC charging process are consistent
with the efficiency optimization algorithm presented in Section
III(B). Figure 9 shows the dynamic charging model built in the
laboratory with 1.5kW, 150mm transfer distance, and 85kHz
working frequency built in the laboratory. The coils were built-
in stranded wire. Polypropylene film capacitors were used to
reduce losses and increase bearing capacity at high currents and
frequencies. PE40 ferrite bars were used to increase magnetic
conductivity. CMF20120D SIC MOSFETs were used to
increase the converter efficiency.

Current charging

a5 R Ny ! ]
i : : -
4 [reensiessmmennmmad sk mnnn P rJ -- CECT R 27
- — ol
L L L et L EETT TS

: 4 f X : T Leref

0.04 0.08 012
Time (s)

Fig. 8. Current/voltage waveforms and system efficiency when equivalent
load changes.

!‘5 Trasmitting and
| receiving coils

4 Active rectifier

Dual LCC
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SIC inverter Oscilloscope B

Y <

Fig. 9.

The experimental model.

t [Sus/div]

uyp [150V/div] |

4

MNA N ‘(b\ I\ f\v{v
YaRIVaslVa

ensm} = [

S
-
>

i1 [204/div]
| 1 |

Fig. 10.  Output voltage/current of 85 kHz inverter.
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Fig. 11.  Input/output signal of PLL circuit.
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i S ™ -

I
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Fig. 12.  Active rectifier voltage/current waveform.

ssd./.’-*—o—o—.\,\'

—@— With efficiency optimization

System efficiencty (%)

—=&— Without efficiency optimization

5 25 45 65 85 105 125 145 165 185

Equivalent load resistor RLe (L2)

Fig. 13.  System efficiency characteristics when CC charging.

Figure 10 shows the output voltage/current of the inverter.
The results show that the resonant frequency is 85 kHz and that
the ZVS condition for MOSFETs was achieved. Figure 11 is
the result of measuring the input/output signal of the PLL
circuit. The results show that the output pulse of the PLL
circuit accurately captures the phase angle of the current. The
pulse goes high when the current cuts through the zero point
from negative to positive and goes low when the current cuts
through the zero point from positive to negative. Figure 12
shows the active rectifier voltage/current waveform. The results
show that the voltage and current are phase-synchronized.
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Figure 13 shows the system efficiency when the receiving
coil is centered on the first transmitting coil (T1), (p,, p,) = (0,
0), and the equivalent load varies. In case 1, without an
efficiency optimization algorithm, the system efficiency was
highest at an equivalent load R;, of around 65CQ. When the
equivalent load increases or decreases, the system efficiency
decreases. In case 2, with an efficiency optimization algorithm,
the system efficiency was over 82% in a wide range of
equivalent loads. Thus, when applying the efficiency
optimization algorithm, the efficiency was raised above 3%.
The maximum system efficiency achieved was 85%.

V. CONCLUSION AND FUTURE WORK

This study implemented CC charge control with an
efficiency optimization algorithm. The BMS calculates the
required current charge. Then, the tolerable charging current
fluctuation rate is set up. The optimal load impedance is
calculated based on the previously estimated coupling
coefficient. Limit load impedance values were also calculated.
An efficient optimization algorithm was implemented to
calculate the reference current applied to the charging current
control loop. When applying the efficiency optimization
algorithm, the efficiency increased by more than 3%, and the
maximum efficiency achieved was 85%. Future research will
focus on CV charging control to further improve the system.
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