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A Wide-Range Global Optimal Control Strategy for
Wireless Charging Systems in Electric Vehicles

Haoze Li
Zhijun Wu

Abstract—Maintaining the high efficiency of the wireless charg-
ing system for electric vehicles in the full power range is the key
point and difficulty in the application. In this article, a wide-range
global optimal control (WGOC) method based on the battery
impedance characteristics is proposed. Compared with the existing
control methods, the losses of the circuits at all levels in the wide
operating range are comprehensively considered to achieve the
optimization of battery charging over a wide power range. The
charging demand of the battery is responded to by the current
closed-loop on the secondary side, and the overall efficiency of
the system is dynamically optimized by the primary side. The
active rectifier implements zero voltage switching and synchronous
rectification for the entire cycle. An efficiency model based on
the battery load is developed to obtain the optimal curve. The
steady-state parameters and the efficiency for a wide power range
are accurately calculated. Finally, a 3.5 kW prototype is developed.
The experimental results verify the accuracy of the parametric
model. Moreover, the WGOC improves the efficiency in all power
ranges and the efficiency improvement is up to 9.5% for light load.
The applicability of the WGOC is also verified.

Index Terms—Active rectifier, efficiency model, global optimal
control, wireless power transfer, zero-voltage switching.

I. INTRODUCTION

IRELESS charging technology for electric vehicles is
W currently a research hotspot in the field of electric vehi-
cle charging [1], [2]. Flexible adjustment of charging power and
high charging efficiency are important factors that need to be
considered in current technology promotion. During the charg-
ing process of electric vehicles, as the charging power changes,
the load characteristics of the battery change accordingly [3], [4].
For wireless charging systems that are sensitive to impedance
characteristics, this means that it is difficult to maintain high
charging efficiency at a consistent level [5], [6]. Therefore, how

Manuscript received 6 May 2024; revised 25 June 2024; accepted 28 July
2024. Date of publication 2 August 2024; date of current version 7 October
2024. This work was supported in part by the Qing Lan Project of Jiangsu,
in part by the National Natural Science Foundation of China under Grant
52277004, and in part by the Project of Jiangsu Provincial Key Laboratory of
Smart Grid Technology and Equipment, Southeast University. Recommended
for publication by Associate Editor Y. Tang. (Corresponding author: Linlin Tan.)

The authors are with the School of Electrical Engineering, Southeast Uni-
versity, Nanjing 210096, China (e-mail: 230218321 @seu.edu.cn; tanlinlin@
seu.edu.cn; 230208773 @seu.edu.cn; 230218882 @seu.edu.cn; xlhuang@seu.
edu.cn).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2024.3437180.

Digital Object Identifier 10.1109/TPEL.2024.3437180

, Graduate Student Member, IEEE, Linlin Tan
, Graduate Student Member, IEEE, and Xueliang Huang

, Member, IEEE, Heqi Xu'”, Student Member, IEEE,
, Member, IEEE

to adapt to changes in battery load characteristics in real time
and maintain high efficiency across the full power range during
the electric vehicle charging process is a key and challenging
issue in the application.

The conventional primary side control (PSC) method adjusts
power by changing the input voltage or phase-shift angle of
the primary side inverter, with the secondary side being an
uncontrolled diode rectifier. Since there is only one control
object, the PSC method cannot simultaneously improve effi-
ciency while controlling power [7]. To address this issue, two
types of methods have been proposed. One is to add a de—dc
converter on the secondary side for impedance matching to
optimize efficiency [8], [9], [10]. In [11], the output voltage is
controlled by a dc—dc converter at the load side and the voltage
ratio between the primary and secondary side is regulated by a
front-side converter to maximize the efficiency. However, this
approach introduces additional device losses and severe losses in
the diode rectifier at high power levels. An alternative approach
is to utilize an active rectifier in place of a diode rectifier on
the secondary side [12], [13], [14]. This method introduces a
control object into the secondary side circuit, which facilitates
efficiency optimization and avoids the necessity for additional
devices [15], [16]. In recent years, scholars have conducted
research into several control methods for wireless power transfer
(WPT) systems with dual active bridges.

In [17], load matching is performed by a semiactive rectifier
on the secondary side, and constant power output is achieved by
frequency modulation on the primary side. The power loop of
this control strategy requires wireless communication. In [18],
the regulation of equivalent impedance is realized based on an
active rectifier, but the output voltage is controlled by the primary
side and the voltage feedback requires wireless communication.
In [19], a control method aiming at minimizing zero voltage
switching (ZVS) current and minimizing reactive current is
proposed based on the LCC-S compensation system. However,
the efficiency under light load is significantly degraded. In [20],
a secondary-side control strategy to achieve minimum reactive
power and ZVS is proposed based on a T-compensation network.
However, the primary side control is not considered, and the
optimized power range is limited. In [21], a three-phase-shift
control is proposed for the double-sided LCC system, and the
phase-shift angle for realizing load matching and ZVS is derived,
but the operation control loop is not given. In [22] and [23],
control strategies for realizing ZVS during constant-current and
constant-voltage charging are proposed. However, the global
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efficiency of the system is not analyzed based on the charging
load characteristics of the battery.

In general, the majority of current studies aim to achieve
ZNS or reactive current minimum for optimization purposes.
However, there are numerous sources of losses in WPT sys-
tems, particularly in high-order topologies such as double-sided
LCC compensation. The losses of double-sided LCC com-
pensated systems mainly include coils losses, compensation
inductors losses, and the conduction and switching losses of
power switches [21]. When the operating state is changed, the
trend of the losses is different at each point. For example,
at constant power, as the inverter output voltage decreases,
the current through the primary side compensation inductor
increases, but the current through the transmitter coil decreases.
This indicates the necessity for a global efficiency optimization
strategy to achieve optimal overall efficiency. The realization of
ZVS or the minimization of reactive current at the output of the
inverter does not necessarily result in optimal global efficiency.
Furthermore, studies that optimize and control based on battery
load characteristics are less frequently observed.

In order to address the aforementioned research gaps and
to consider the power control and efficiency optimization of
the wireless charging system for electric vehicles with a wide
power range, a global optimal control method based on the
battery impedance characteristics is proposed for the dual active
bridge topology. To prioritize the stability and fast response
of the output control, a current closed loop is constructed on
the secondary side. The optimization of the global efficiency is
implemented by the primary side controller. The double-sided
LCC compensated WPT system is chosen in this article due to
the advantages of constant coil current on the primary side and
bidirectional transmission [24].

The rest of this article is organized as follows. In Section II,
the driving methods of the active bridges on the primary and
secondary sides are presented, the ZVS and synchronous rectifi-
cation of the active rectifier are implemented, and then the dual-
sided control loop is proposed. In Section III, the impedance
characteristics of the battery during charging are extracted, and
the equivalent impedance of the secondary side and the steady-
state parameters and efficiency of the system are calculated
with great accuracy. Finally, the optimized operation curves are
obtained under a wide power range. In Section IV, a 3.5 kW
prototype is built. The accuracy of the proposed efficiency model
is verified, the dynamic characteristics of the current closed
loop are tested, and the efficiencies between the PSC and the
wide-range global optimal control (WGOC) are compared over
a wide power range. The applicability of the WGOC is also
demonstrated. Finally, Section V concludes this article.

II. CONTROL METHOD

Fig. 1 shows the schematic diagram of a double-side LCC
compensated WPT system based on dual active bridges. The
topology of the system contains a double-side LCC compensated
resonant network and two active bridges. Among them, MOSFETS
S1—S4 form a full-bridge inverter that converts the dc voltage
Vs into a high-frequency ac square-wave voltage us. MOSFETS
S5—Sg form an active rectifier that supplies power directly to
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Fig. 1.  Schematic of double-sided LCC type WPT system.
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Fig. 2. Waveforms of the inverter.

the battery. In Fig. 1, L; and L, are the self-inductances of the
transmitting and receiving coils, respectively. L1, C1, and C; are
the compensating elements of the transmitting coil, and Ly, Ca,
and C; are the compensating elements of the receiving coil. Ry 1,
Rr,2, Ri, and R, are the internal resistances of Ly, Lo, L, and L,
respectively. M is the mutual inductance of the transmitting and
receiving coils. In order to enhance the power transfer capability,
the compensating element and the coil satisfy the resonance
relationship, and the ideal resonance condition is

1 1 1
wn = = =
0 VLG VICy  \/(Ly — L) C,
1
_ - 1
(Lr - L2) Cr ( )

where wy = 27fp, and fj is the resonant frequency.

A. Driving Method of Active Bridges

On the primary side, the output voltage of the inverter ua
is controlled by phase shifting. A typical waveform of the
inverter is shown in Fig. 2, where ug1—uz4 represent the driving
waveforms of S;—S4. The d; is the positive duty cycle of ua,
and the phase shift angle of the inverter is w(1-dy). The ua (¢) is
obtained by Fourier expansion

4V, K1 d d
up (t) ~ — 7‘: ;nsinm; L cos (nwgtJr m; 1). (2)

In the active rectifier circuit on the secondary side, the driving
method, as shown in Fig. 3, is adapted to take into account the
output control, ZVS, and synchronous rectification. In Fig. 3,
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ug5—llgg represent the driving waveforms of S5—Sg. The corre-
sponding operating state is shown in Fig. 4. It is divided into
four stages in one cycle.

1) tp-t1: S¢ conducts, and a short circuit loop is formed
between Sg and Sg.

2) ti1-t5: Sg 1s closed, the current flows from the source to Ss,
and after passing through the load it flows out from the
drain of Sg.

3) to-t3: Sg conducts, and a short circuit is formed between
SG and Sg.

4) t3-t4: Sgisclosed, the current flows into S from the source,
and flows out from the drain of S¢ after passing through
the load. So, the closing phase angle (do7) of Sg and Ss
controls the output current of the rectifier.

This leads to the equation of I}, versus i,

1 [t
I = — / indt. 3)
2fo Jty—day2fo

In addition, S5 is driven at #1-f5 and Sg is driven at t9-14 to
reduce the loss of the MOSFET during reverse conduction by
synchronous rectification. Furthermore, the implementation of
ZVS necessitates the assurance that the body diode is forward-
conducting when driving the MOSFET. Therefore, a deadband
is set after f; to wait for i, to complete the commutation
from S¢ to the body diode of S5 to achieve the ZVS of Ss.
Similarly, a deadband is set after #5 to achieve the ZVS of
Sg. Due to the symmetry of the full bridge circuit, S7 and
Sg operate in the same way as S; and Sg. Thus, this driv-
ing method realizes ZVS and full-cycle synchronous rectifica-
tion of all devices, which is extremely helpful for efficiency
improvement.
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B. Solution for Synchronization

The driving method shown in Fig. 3 needs the synchronization
signal from the primary side as a reference. A synchronization
method based on a resonant filter is used and the schematic is
shown in Fig. 5 [25]. The i, is measured by a current sensor
and the sensed signal is processed by a resonant filter, which
is followed by a zero-crossing comparator to generate the syn-
chronization signal sync. The components of the filter satisfy
the following equation:

wo = — @)
* " VLGt

The transmission gain of the resonant filter is
(w§ — w?)

(wg - w2) +jw(2]wa/Rf'

Ge(w)=1- ®)

According to (5), the filter has a gain of 1 at the resonant
frequency, and the gain at the harmonic frequency decreases
as L¢/Ry decreases. When L¢/Ry is small enough, almost all
harmonics can be filtered so that the phase of the sync can be
synchronized with the primary side.

C. Dual-Sided Control Loop

The proposed dual-side control loop of the WGOC is shown in
Fig. 6. The secondary side controller sends the charging current
demand 1}, ¢ given by the battery management system (BMS)
to the primary side controller through wireless communication
in real time. The primary side controller controls d; based on
Iy, rer and outputs the corresponding drive signal to regulate u .
A current closed loop is constructed on the secondary side, where
the feedback value of [, is obtained through the current sensor,
and the PI controller adjusts d2 according to the current error and
outputs the corresponding pulsewidth modulator (PWM) signal
torealize the tracking of /1, ,¢. The current closed loop is entirely
on the secondary side, which eliminates the need for wireless
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communication and ensures high reliability and responsiveness.
The optimal control curve of the primary side converter for a
wide range of power is the key to achieving efficiency optimiza-
tion of the above control loop. This is determined by accurately
modeling the efficiency of the double-side LCC compensated
WPT system based on the battery load characteristics.

III. EFFICIENCY MODEL WITH BATTERY LOAD

The objective of this section is to model the efficiency of a
battery-load-based wireless charging system and to determine
the control curve on the primary side. This section is organized
into the following three steps.

1) To consider the impedance variation of the battery under
wide power, itis necessary to obtain the R-/ characteristics
of the battery based on testing.

2) Based on the R-I characteristics of the battery, the steady
state parameters of the system, including ds, ia1, a2, Ip,
I;, and I, are derived with d; and P, as variables.

3) The overall losses across the entire system are calculated
based on the steady-state parameters. The efficiency sur-
face about d; and P, must then be obtained, after which
the optimal control curve for d; across a wide power range
is extracted.

A. R-I Characteristics of Batteries

In the actual system, the R-I characteristics of the battery
can be obtained from the charging curve. This part presents
an illustrative example using NCR18650BD cells, demonstrat-
ing how the R-I characteristics of the battery package can be
derived from the results of a single cell’s charging test. The
NCR18650BD has arated capacity of 2980 mAh, a rated voltage
of 3.6 V, and a recommended maximum charging current of
909 mA at temperatures between 10 °C and 45 °C. To facilitate
experimental validation, the simulated battery package is sized
as 44 stages in series and 26 stages in parallel, with a rated
voltage of 158.4 V and a rated capacity of 77.48 Ah. The power
rating of the system is set at 3.5 kW. Fig. 7(a) presents the
voltages observed for a single cell subjected to a charge rate
of 0.1 A-1.5 A (0.03C to 0.5C) at low and high charge levels,
respectively. Based on these observations, the R-I curve of the
simulated battery pack is calculated and presented in Fig. 7(b).
It can be seen that the R-I curves at high and low charges are
highly proximate, thus, the mean is employed for subsequent
calculations. A power function is fitted to the mean data, and the
fitted function is

Ry, = 160.61; " +0.1898. (6)

The fitted curve is illustrated in Fig. 7(c). The sum of the
squared errors (SSE) represents a crucial metric for evaluating
the quality of the fitting results. The SSE is calculated as follows:

SSE =Y wily: — ). (7)
=1

The SSE of the fitting result is 0.0001704, which indicates
that (6) fits well with the measurement results. The equation of
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Iy, and P, can be derived from (6)
IZRy (I,) = P,. (®)

Fig. 7(c) gives the power curve of the battery package. In
addition, the recommended maximum charging current of the
battery package is calculated based on the number of parallel
stages as 23.63 A. It can be observed in Fig. 7(c) that the
charging current at a power of 3.5 kW is below the recommended
maximum charging current. This indicates that the simulated
battery package complies with the recommended operating
region.

It is important to note that the aforementioned simulation
method can also be employed for other packages and cell sizes.

B. Calculation of Steady State Parameters

In order to model the efficiency, expressions for the steady
state parameters of the system concerning P, and d; are derived
based on the constraints of (8). The inverter is equated to an ac
power supply, the active rectifier and the battery are equated to
Z.q, and the ON-state resistance of the active bridge is equated
to Rap. The equivalent circuit of the system is shown in Fig. §,
where Ry = Ry1 + Rap and Ry = Ry + Rap. The input
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impedance Z; of the resonant network is

1
- 1
JwCet TRt 7

Zoy = jwLy + Ry + 550 +
o ]\/12 2

Zn = =57 ©))

Z1:R1 +]WL1+]0.) L T

Cit+
Ty

+Z21+R¢

jwCy

Based on (2) and (9), i can be obtained by

Winn 1 nmd
ia (t) ~ f%zism%ms

n=1MN ‘Z%n)
d
(nwot + = — vl >) (10)

where Z"| = Z;(nwq), ¢™; is the impedance angle of Z,
n=1,35...

The waveform of i, is illustrated in Fig. 2. io1 represents the
fundamental current, while i5, denotes the sum of harmonic
currents. 74 is the zero-crossing point of i5;. The power factor
angle of the fundamental wave at the output of the inverter is
designated as ¢V;. In (9), Z, is the variable that follows the
operating state of the circuit and therefore requires determination
with priority. Due to the phenomenon of resonance, the trans-
mission of harmonic power to the secondary side is minimal.
Consequently, the calculation of the fundamental impedance
ZM,, is sufficient

Ze(ql) = %ejcpeq (11)

al
where U,; is the fundamental amplitude of u,, 1,; is the funda-
mental amplitude of i,, and (. is the fundamental power factor
angle of the active rectifier.

The typical operating waveforms of the active rectifier are
shown in Fig. 9. Due to the effect of dc bus capacitance, u,
presents as a square wave or a step wave. According to Fig. 9,
u, is derived by the Fourier series expansion

41, Ry, o~ 1 d d
Uy () ~ — b bzﬁsinmr 2 cos (nwot—i—m;z)
n=1

T 2
(12)

wheren=1,3,5....

The i, is divided into two parts: i,1, which is transmitted from
the primary side, and i,_,., which is excited by u, in the resonant
network [23]. Thus

13)

la = la1 + iaﬁre'
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Due to the significant attenuation of harmonics by the resonant
network, 7,1 contains solely the fundamental waveform. When
the resonance condition is satisfied and the internal resistance
of the coils and the inductors are not considered, I,,; can be
calculated by

4VeM mdy
———— sin —.
7TOJOL1L2 2
Subsequently, to calculate i, ,, the input impedance of the

secondary side of the resonant network Zs is determined. Ac-
cording to Fig. 8, Z, can be obtained by

al —

(14)

pr— y 1 1
Zn = jwli + Ry + 555 + iwCit oy
2,2
Z12 = ]VIZlU; (15)
— 1 1
ZQ = R2 +JWL2 + jwCa+ .

.ijr+ﬁ+212+Rr‘

Based on (12) and (15), i,_ye can be obtained by

Y o~ 1 d
Z.a_re (t) ~ = b Z ) Sinnﬂ- 2 COs
T —in ‘Z2” 2

d n
<nw0t+ n7; 2 tpg ))

where Zy = Zy(nwyq), ™5 is the impedance angle of Z", n
=1,3,5...

From Fig. 9, it can be seen that since i,_,¢ is not negligible, the
zero-crossing point of u, (f2) must be ahead of the zero-crossing
point of i, (f5). At f5 there is

ia (t2) = 0.

. . Vs
la_re (t2) = la_re <UJO> .

Combining (17) and (18), the phase difference ¢4 between to
and t5 can be calculated by the inverse trigonometric function

16)

(17)
And

(18)

(pq = — arcsin M. (19)
Ial
Then
ial = 1a1 sin (th — (pd) . (20)

With 74 as the u, fundamental zero crossing point and a phase
difference of 0.57(1-d3) between #, and fg, the power factor
angle .4 of the input of the active rectifier can be calculated by

i‘d_l’e (’/T/WO) )

Yeq = 0.57 (1 — da) + arcsin Fi [©2))
al
Combining (11), (12), and (21), there is
4ILR wdy
1) _ 4plip . 2 o
Zéq) = Tﬂ&n—eﬂpq. (22)

In (22), d- is obtained through (3). According to (13) and (3)
can be rephrased as

1 to 12
Iy = — (/ Ta1dt +/ ia_redt> . (23)
2fo ta—da/2fo ta—dz2 /2 fo
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In the actual system, since R1, Ro, Ry, and R, are very small, Z»
is very large at the resonance frequency, and the impedance angle
of Z, at the harmonic frequency is nearly 90°. Consequently, the
integral of i, _,. from #; to 75 is almost 0. Therefore, (23) can be
simplified as

I
I, == (1 = cosmds) . (24)
T
Furthermore, d5 can be obtained by
in(1—=nlh,/I,
L D

™

Up to this point, the values of i, do, and i, in steady state
can be calculated from the determined values of Vg, dy, and P,,.

C. Parameter Corrections at Nonideal Resonance

Itis important to note that (14) is based on ideal conditions. To
achieve high accuracy in the model, it is necessary to consider
the effect of internal resistance and deviation of component
parameters in the actual system. Therefore, expressions based
on actual component parameters are derived.

According to Fig. 8, the system of Kirchhoff equations for the
system is listed as

Based on (26) shown at the bottom of the this page, .1, I,
and I, can be derived as

Awo MV mdy
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The conjunction of (22) with (27) leads to the inference
that the variables I,; and Z, are correlated. Based on the
aforementioned derivation, the interrelationship of the variables
is illustrated in Fig. 10. Given that /,; and Z., are variables of
each other, it is not possible to provide equations for /,; and
Zeq concerning d; and P,. Consequently, an iterative calcula-
tion method is employed to approximate the exact values. A
flowchart, as illustrated in Fig. 11, has been designed with the
following running process.

1) Calculate I,,; based on (14) and use it as the initial value.

2) Determine whether 1,7 > 0.571}, is satisfied. If it is, the

current 7,1 is assigned to 1,1 ’.

3) Substitute I,; into a series of equations, as shown in

Tar = AV sin 9 27) Fig. 10, and compute new I;.
. 4) If the error rate between /1’ and I,; is less than ¢, the loop
4V oo wdy . Z1a Zr2tZe . . .
I == sin St A jwo M (1 + Tzl) (1 + Lécz q) Loy is exited. Otherwise, steps 2), 3), and 4) are repeated.
© Za 5) After the loop, 1.1, ia_re, Zeg, and do are determined, and
subsequently, ia, i,, Iy, and I, are computed according to
(28) (10), (13), (28), and (29), respectively.
M
L= —2" (29) . .
| Z22 (wo)| D. Method for Obtaining the Optimal Curve
where In order to obtain the optimal curve, the efficiency is calcu-
lated for a wide operating range based on the steady-state pa-
Zia = jwoly + Ry, Ziz = jwoLs + R (30)  rameters. The main considerations are coil losses, compensating
. . inductor losses, conduction losses, and switching losses of the
Ziy = jwoLy + Ry, Zir = jwoLy + R, 3 " : : £
Le = Jwo b + S, Ir = Juolr + (1) active bridge. The total losses of the system can be expressed as
Z11
Za =2+ <1 + Zm) (Zui+ Zc) (32) Py = 0512 Ry + 0512 R, + I3 iRy + 12 1 Ro + P
Z Z, B9
o L2 + eq
Zp = Zegt Zi2 + (Zur + Zcx) (1 + Zco ) where Py, represents the switching loss of the active bridge.
Us] [jwLi+ R 1 1 [a]
Ui 0 0 JjwLi+R, 1 JjwM U1
-'[t JwCi 1}
IA ij’1 ]. Ut
A= . . 26
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Fig. 11.  Iteration flowchart.

In (34), R¢, R, R1, and R, are measured by the LCR meter. I,
I, and the time-domain expressions for i5 and i, are accurately
calculated according to Fig. 11. Iz1ms and Is are further
obtained by root-mean-square computation of the time-domain
values.

On the secondary side, ZVS is realized for all devices, and the
turn-OFF time of the MOSFET is very short. Thus, the switching
losses of the active rectifier can be ignored [22]. On the primary
side, the switching losses are calculated based on ZVS states. In
accordance with the principle of ZVS, the primary side inverter
is capable of achieving ZVS under the following conditions:

{z‘A (t1) <0

ian(ta) >0 (3)

It should be noted that (35) is not necessarily satisfied in
all operating states. In the event that ZVS cannot be realized,
it is important to consider the hard-switching loss and reverse
recovery loss of the body diode. To facilitate a more accurate es-
timation of the hard-switching loss, an experimental approach is
employed to establish an estimation formula. The model number
of the MOSFET employed in the prototype is C3M0045065K. The
current of the device is measured by the Rogowski coil. Fig. 12
presents the measured voltage and current waveforms during
hard switching. With regard to the turn-ON process depicted in
Fig. 12(a), the hard turn-ON loss P .y is theoretically linearly re-
lated to the turn-OFF current, given that Vj is fixed in this system.
With regard to the turn-OFF process, as illustrated in Fig. 12(b),
it can be divided into two distinct phases: 1) reverse recovery
and 2) oscillation. During the reverse recovery phase, the reverse
recovery loss P, is found to be linearly related to the turn-OFF
current. In contrast, the oscillation phase is characterized by a
loss P,gc that is dependent on the turn-OFF voltage rather than
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(b) Turn-OFF process.

TABLE I
PARAMETERS OF THE CIRCUIT

Symbol Parameter Value
Vs Voltage of the dc source 400V
Ras On-state resistance of the active bridge 0.115Q
L Primary side coil inductance 96.35 uH
L, Secondary side coil inductance 90.60 uH
R Internal resistance of L; 0.195Q
R, Internal resistance of L, 0.203 Q
L Primary side compensated inductance 20.7 uH
Ry Internal resistance of L, 0.048 Q
L, Secondary side compensated inductance 12.9 uH
Ri» Internal resistance of L, 0.034 Q
C, Primary side compensation capacitor 155.1 nF
G, Secondary side compensation capacitor 257.9 nF
C, Primary side resonant capacitor 43.5 nF
G Secondary side resonant capacitor 42.0 nF
fo Resonant frequency 88.106 kHz

M Mutual inductance 10.1 uH
k Coupling coefficient 0.108

the turn-OFF current. Therefore, in combination with (35), the
switching loss of the primary side inverter is calculated by the
following equation:

o khswiA (tl) + Posm A (tl) >0
o _khswiA (t2) + POSC7 iA (tZ) <0
Psw (t2) - {07 iA (tg) Z 0 (37)

where kg, 1S the hard-switching loss coefficient, kpgsw = (P ox
4+ Pro) ! ia(tsyw), and P is the oscillation loss.

In the test shown in Fig. 12, P oy = 2.39 W, P, = 4.55 W,
Posc = 14 W, and the current at the instant before switching is
1.7 A. So that kygy, = 4.08.

In summary, based onia, i, It, Iy, Psw, and (34), the efficiency
of the system can be obtained

~ PO
" Py Pos

According to (34), the loss breakdown can be calculated.
The parameters of the power supply and circuit are presented
in Table I. The loss breakdown at P, = 3.5 kW is shown in
Fig. 13, where Pjoss = 388.8 W, and 7 = 90%.

In order to ascertain the efficiency in the d;-P, plane, a
parameter scan is conducted for (38). The value of d; is varied
from 0.1 to 1 in increments of 0.01, while that of P, is varied
from 0.5 kW to 3.5 kW in increments of 0.2 kW. And the

7 (38)
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Fig. 14.  Optimization results. (a) Results of the efficiency model. (b) Fitting
curve of operating points.

€ in Fig. 11 is set to 0.001. The efficiency results are shown
in Fig. 14(a), which clearly illustrates the pattern of change in
efficiency when varying d; at each power level. The operating
trajectory of the PSC exhibits a notable decline in efficiency
as power levels decline. The dual active bridge-based system,
however, is capable of adjusting the operating point to the region
of high efficiency by adjusting d; and ds. In accordance with
(35), the ZVS boundary is indicated in Fig. 14(a). ZVS can be
fully realized in the primary side inverter on the right side of
the boundary. Fig. 14(b) shows the efficiency comparison in a
two-dimensional view. It is evident that the efficiency can be
enhanced by operating on the ZVS boundary in comparison
to the PSC. A function of d;(P,) is fitted based on discrete
ZVS boundary data. The MATLAB Curve Fitting Toolbox is
employed for this purpose. It is found that a five-times function
achieves good fitting results. The function to fit the curve is as
follows:

f(x) = 0.018222° — 0.1656x* + 0.53012°

—0.69822 + 0.55272 + 0.061. (39)

The SSE of the fitting result is 0.0001014, and the curve is
shown in Fig. 14(b). Up to this point, the control function for
the optimized efficiency of the primary side inverter is obtained.
Based on this function, the proposed WGOC can regulate the
system to the optimal operating point in the full power range.

IV. EXPERIMENTAL VERIFICATION

In order to verify the effectiveness of the proposed efficiency
model and optimization strategy, a prototype is built, as shown
in Fig. 15. The prototype contains a dc source, a full-bridge
inverter, an active rectifier, an electronic load, a double-side
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Fig. 15.

TABLE II
PARAMETERS OF THE COUPLING COILS

Parameter Value
Size of Lt 500 mm x 500 mm
Size of Ly 400 mm x 400 mm
Turns of the Lt 10
Turns of the Ly 16
Spacing between turns 3.5 mm
Number of strands of Litz wire 1800
Single strand diameter of Litz wire 0.10 mm
Distance between coupling coils 200 mm
Ferrite core material PC95

Size of single ferrite core 100 mmx 100 mm x10 mm

TABLE III
PARAMETERS OF THE COMPENSATION CAPACITORS

Parameter Value
Upns 3000 V
T 40 A
dy/d, 3500 V/us
ESR@1.0kHz 2 mQ

LCC compensation network, and coupling coils. The schematic
diagram of the prototype is shown in Fig. 1, and the parameters
of the components are shown in Table I. The coupling coils are of
planar helical structure and each coil consists of Litz wire, ferrite
cores, an aluminum plate, and a plastic frame. The parameters
of the coupling coils are given in Table II. The dielectric of the
compensation capacitor is polypropylene film and the detailed
parameters of the capacitor are given in Table III.

The power devices of the active bridge are SiC MOSFETS
(C3M0045065K from CREE). The primary side inverter is
controlled by a DSP (TMS320F28379D from TI) and the sec-
ondary side active rectifier is controlled by an FPGA (XC7A35T
from Xilinx). The system efficiency is measured by a power
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TABLE IV
PARAMETERS OF THE SYNCHRONIZATION CIRCUIT

Parameter Value
L¢ 100 uH
Cy 32.63 nF
R 10 kQ

LAH 50-P/SP1
TLV3201AIDBV

Part number of the current sensor
Part number of the comparator

TABLE V
COMPARISON OF EXPERIMENTAL AND MODELLED EFFICIENCIES

Load  Efficiency Efficiency
P d' @ resistance (prototype)  (model) Inaccuracy
900W 0.28 058 29Q 86.9% 88.1% 1.38%
1900W 0.52 0.67 14Q 88.4% 89.5% 1.24%
2900W 0.75 0.79 90 88.8% 89.8% 1.13%

analyzer (LMG670 from GMC-I). The device parameters of the
synchronization circuit are shown in Table IV.

A. Efficiency Model Verification

The results of the model and experiments are compared to
verify the accuracy of the model. Three test points with power
900 W, 1900 W, and 2900 W are selected on the ZVS boundary.
The experimental parameters of the test points are shown in
Table V. Fig. 16 presents the experimental waveforms of these
three test points. Fig. 17 presents the waveforms calculated by
the model. A comparison of Figs. 16 and 17 reveals a high degree
of consistency between the measured and calculated waveforms.
This indicates that the parametric model is able to accurately
represent the operational state of the actual system. Furthermore,

iDSP -
UART —>[’ef Optgr?clt?(()):trol d ePWM > Uyl Ugd, Uys, Ugy
{ H
Wireless communication
A
Frequency |_isync|Synchronization| i,
UART FPGA En[™]| judgment [~ circuits €
En= 1, enable PI controller and modulation;
[y > > Current |/,
I En = 0, reset PI controller and set uyg, u,5 sensor €
re!
4
. _d> | closed loop
/0 modulation (< controller  [€T1 ADC
A |
| \
BMS Ugs, Ugg, Ug7, Ugg
Fig. 18.  Functional diagram of the processors.

the experimental and modeled efficiencies are compared in
Table V, and the error in the model’s estimated efficiency is
calculated. The average error of the model is 1.25%. This is
an acceptable error rate, given that the loss of hard shutdown
is not considered in the model. In conclusion, the experiment
demonstrates that the efficiency model has high accuracy.

B. Optimization Strategy Verification

In order to verify the effectiveness of the secondary side
current closed loop, load disturbance tests, and primary side
disturbance tests are performed. The functional diagram of the
processors shown in Fig. 18 is designed. In the primary side
DSP, ug1—ug4 are generated by the enhanced PWM peripheral.
The value of I,..¢ is also received through the UART port and d
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Fig. 19.  Control system process. (a) Initial stage of charging. (b) Response to
changes in Iycf.

is adjusted according to the optimal control function. /,¢ does
not change at high frequency during charging and efficiency
optimization does not require an immediate response when ..t
changes. Therefore, the primary side control does not need to
set a high sampling frequency. In the experiment, the sampling
time of the primary side control is 5s. In the FPGA on the
secondary side, several parallel modules are implemented: an
analog-to-digital converter, a closed-loop controller, a modula-
tor, and a frequency discriminator. The closed-loop controller
receives I}, and I,..¢ and outputs do after a discrete PI operation.
The modulator generates the corresponding ugs—ugg based on
ds. The frequency discriminator calculates the frequency of the
synchronization signal sync in real-time and outputs En, which
is set when the frequency is correct and reset when opposite.
The closed-loop controller and modulator are enabled by the
En signal. When En = 0, resets the PI controller and sets iy,
ugg to short-circuit the input to the rectifier thus turning off the
output. When En = 1, the closed-loop controller and modulator
are enabled. Based on the designed control logic, the flow of the
system at startup is shown in Fig. 19(a). First, after recognizing
the charging request, the FPGA sends /¢ to the DSP, then the
DSP turns ON the inverter and the secondary side generates an
induced current. Subsequently, the FPGA recognizes the correct
frequency of i, and starts the closed loop on the secondary side.
During operation, when the ;s changes, the system response
flow is shown in Fig. 19(b). After the I, is refreshed, the
secondary side closed loop responds immediately, and then the
FPGA sends the I,¢f to the DSP. Subsequently, the DSP adjusts
d; to complete the operation point optimization. The output
current sensor is the CAS 50-NP from LEM, with a sensitivity of
12.5 mV/A. In the experiment, the PI controller is implemented
in discrete form by FPGA, and the output of step m is

u(m) =kple(m) —e(m—1)] + kTse (m) +u(m —1)
(40)

where Ty = 10 us, k, = 0.5, k; = 100.

The waveforms of the soft switching for the active rectifier
were measured, as shown in Fig. 20. The turn-ON signal of S5 is
set with a 150 ns deadband to wait for the junction capacitor to
discharge. The turn-ON signal of S6 is given by the FPGA after
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Fig. 22. Primary side disturbances test. (a) d1 from 0.52 to 0.59. (b) d; from
0.59 to 0.52.

detecting the zero-crossing signal of i,;. Due to symmetry, S7
and S8 can also realize ZVS. The experiment demonstrates that
soft switching can be reliably implemented in active rectifiers.

For the load perturbation test, the value of d; is set to 0.52,
while the value of Iy, ,f is set to 11.66 A. Fig. 21(a) illustrates
the waveforms that are generated when the load is suddenly
increased from 9 ) to 11 €. It can be observed that I;, remains
stable prior to the introduction of the perturbation input. At
the moment of load increase, [}, experiences a decline due to
the inability of the voltage of the Cy to change abruptly. This
is followed by a return to the steady state within 40 ms, as a
result of the action of the current loop. Fig. 21(b) illustrates the
waveforms of the load transitioning from 11 €2 to 9 €2. Similarly,
there is a jump in /}, at the moment of load reduction, followed
by a rapid return to a steady state.

In the primary-side perturbation test, the load is set to 9 €2, and
Iy, ref is still set to 11.66 A. Fig. 22(a) illustrates the waveforms
when d; changes from 0.52 to 0.59. I}, exhibits a slight increase
as I, increases after the perturbation input, and then [}, returns
to a steady state as the current loop reduces dz. Conversely,
when d; changes from 0.59 to 0.52, the opposite phenomenon
is observed, as illustrated in Fig. 22(b).
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Fig.23. Measured efficiencies of the WPT system with two control strategies.
TABLE VI
PARAMETERS OF THE WPT SYSTEM BASED ON SAE J2954
Symbol Parameter Value
L; Primary side coil inductance 45.11 uH
L, Secondary side coil inductance 42.57 uH
R, Internal resistance of L, 0.029 Q
R, Internal resistance of L, 0.065 Q
L, Primary side compensated inductance 14.7 uH
Ry Internal resistance of L, 0.036 Q
L, Secondary side compensated inductance 9uH
Ri» Internal resistance of L, 0.022 Q
Cy Primary side compensation capacitor 222.0 nF
C, Secondary side compensation capacitor 362.6 nF
C Primary side resonant capacitor 107.3 nF
C: Secondary side resonant capacitor 97.2 nF
fo Resonant frequency 88.106 kHz
d Face-to-face distance of coils 200 mm
M Mutual inductance 493 uH
k Coupling coefficient 0.113

The experiments demonstrate that the designed secondary-
side current loop is capable of achieving the target current and
maintaining it in a stable state. Furthermore, the control loop is
able to rapidly regulate I}, back to a steady state in the event of
load disturbances and primary side disturbances.

In order to verify the effectiveness of the proposed optimal
control strategy for improving efficiency, the wide power range
efficiency of the PSC and the WGOC are tested separately. For
the PSC test, diodes (C3D30065D from CREE) are used for the
secondary side rectifier bridge. A comparison of the measured
efficiencies is presented in Fig. 23. It can be observed that the
optimal control strategy enhances the efficiency over the entire
power range, particularly in the interval of power less than
1.9 kW, where the efficiency improvement is more pronounced,
reaching up to 9.5%. Thus far, the output control and efficiency
optimization of the WGOC have been verified experimentally.

In order to verify the applicability of the WGOC for different
resonance parameters, another system based on the society of
automotive engineers (SAE) standard is analyzed. Table VI gives
the parameters of the coupling coils and their compensation
networks, which are designed in accordance with the SAE
standard. The primary side and secondary side coils of the
system are designed with GA WPT2 and VA WPT2/Z2 given
by SAE J2954 standard as reference, respectively. Substituting
Table VI into the proposed efficiency model, the corresponding
results are shown in Fig. 24(a). The proposed dual-side control
loop enables the system to operate on the optimal path, thereby
maximizing efficiency. Fig. 24(b) illustrates the control curves
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Fig. 24. Optimization results of the WPT system based on SAE J2954.
(a) Efficiency model. (b) Comparison of efficiency and optimal control curves.

under the optimal strategy and compares the efficiency between
the optimal path and the PSC. The function of the control curve
is

f (x) = 0.029562° — 0.3212° + 1.3352* — 2.66923

+2.6952% — 1.167z + 0.38. 41)

It can be seen that the optimal path achieves higher efficiency
throughout the power range, improving efficiency to 91.7%-
94.3%, and the optimization effect is more pronounced in the
low power range. The above results verify the applicability of
the WGOC in double-side LCC systems.

V. CONCLUSION

This article presents a global optimal control method for
electric vehicle wireless charging systems, which is designed
to enhance efficiency over a wide power range. The driving
method for implementing ZVS and full-cycle synchronous rec-
tification for all devices of the active rectifier is presented. The
enhanced dual-sided control loop, comprising a current loop on
the secondary side and an efficiency optimization loop on the
primary side, is presented. In order to obtain the target curve
for optimal control of the primary side, the double-sided LCC
system is taken as an example to establish an efficiency model
based on the battery load. The impedance characteristics of an
EV battery pack are simulated based on the results of cell tests.
The zero-crossing point offset of the secondary side current is
analyzed, and the equivalent impedance of the secondary side
is derived. The steady-state operating parameters of the system
are calculated with great precision. The efficiency in the d;-P,
plane is analyzed based on the soft-switching case of the dual
active bridges and a function of the optimal operating point is
fitted. A 3.5 kW prototype was built to verify the effective-
ness of the WGOC. The accuracy of the efficiency model is
experimentally verified. Meanwhile, compared with the PSC,
the proposed WGOC improves the efficiency in the full power
range. In addition, the optimization effect is examined in another
double-sided LCC system based on the SAE standard, which
proves the applicability of the proposed method. At present,
the optimal control curve is dependent on the accuracy of the
system parameters. Subsequent studies will investigate the effect
of mutual inductance variations in coupled coils and autonomous
identification methods for mutual inductance.
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