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A Hybrid Control Strategy of LCC-LCC
Compensated Electric Vehicles Wireless
Charging System With Wide ZVS Range

Jinlin Peng, Bo Zhang

Abstract—In this article, a hybrid control strategy considering
zero-voltage-switching (ZVS) of the inverter within a wide load
range is proposed for LCC-LCC compensated electric vehicles
wireless charging system. The modified asymmetric voltage can-
cellation and half-bridge (HB) control modes are combined to
satisfy output requirements. Based on the hybrid control strat-
egy, constant-current and constant-voltage outputs can be easily
achieved by fixed-frequency phase shift without complex control
and additional auxiliary circuits. A time-domain model consid-
ering harmonics and rectifier load is developed, based on which
an optimal parameter design method is presented for the hybrid
control strategy to achieve ZVS and minimize circulating reactive
power. Finally, a 3.3 kW experimental prototype is built to verify
the feasibility of the proposed method. The results show that ZVS
can be achieved over the range of 10-100% rated output power.
Compared with the conventional hybrid control strategy that com-
bines symmetric phase shift and HB control, the efficiency can be
improved by 1.2-3.6% and the maximum efficiency is 94.1%.

Index Terms—Asymmetric voltage cancellation (AVC), constant
current/constant voltage (CC/CV), electric vehicles (EVS), wireless
power transfer (WPT), zero-voltage-switching (ZVS).

NOMENCLATURE
SPS Symmetric phase shift.
MAVC Modified asymmetric voltage cancellation.
HB Half bridge.
S1-S4 MOSFETS of the inverter.
D-Dy Diodes of the rectifier.
L Primary compensation inductance.
Ly Secondary compensation inductance.
L, Self-inductance of the transmitter coil.
Ly Self-inductance of the receiver coil.
Cn Primary parallel compensation capacitance.
Cr2 Secondary parallel compensation capacitance.
Cp Primary series compensation capacitance.
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Cs Secondary series compensation capacitance.

M Mutual inductance the magnetic coupler.

k Coupling coefficient of the magnetic coupler.

Ugc Input dc voltage.

Uin (Iin) Input voltage (current) of compensation network.

o (io) Output voltage (current) of compensation
network.

ip (is) Current of the transmitter (receiver) coil.

« Phase shift angle of SPS control mode.

B Phase shift angle of MAVC control mode.

5y Phase shift angle of HB control mode.

A Defined coefficient in MAVC control mode.

Uy, (Iy) Battery charging voltage (current).

Upn (Ibn)  Nominal battery charging voltage (current).

Ry, Equivalent battery resistance.

Rimax Maximum equivalent battery resistance.
Rimin Minimum equivalent battery resistance.
Req Equivalent resistive load of the rectifier.
Zeg Equivalent inductive load of the rectifier.
Ocq Impedance angle of Z.

Zin n Input impedance of the nth harmonic.
Oin_n Input impedance angle of the nth harmonic.
- Critical turn-OFF current of the MOSFET.
Cas Drain-source capacitance of the MOSFET.
tq Dead time of the MOSFET.

Tep,de Rate of decrease of the capacitance Cy,.
Tes,in Rate of increase of the capacitance Cs.

P, Battery charging power.

Piy Input power of the compensation network.

Ploss_av Average power loss.

Nav Average transfer efficiency.

I Charging current at the moment of control switch-
ing.

toff-on Time from OFF to ON for Ss.

Nyep,de (hy) Iteration step length of r¢p, ge (1).

I. INTRODUCTION

OMPARED with traditional conductive power transfer,
C wireless power transfer (WPT) is considered a promising
technology due to its safety, convenience, and flexibility [1],
[2], [3]. WPT has been widely used for medical implants [4],
[5], smart homes [6], [7], consumer electronics [8], and electric
vehicles (EVs) [9], [10], [11], [12]. Specifically, by employing
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WPT technology, the charging process of EVs can be achieved
automatically with the help of an assisted parking system. As
a result, drivers can get rid of manually operating bulky and
dangerous cables. With the development of autonomous driving
technology, wireless charging will play a crucial role in the EVs
market.

Usually, high-performance lithium-ion batteries are used in
EVs. According to the typical charging profile of the battery,
constant current (CC) and constant voltage (CV) charging modes
should be adopted to improve the battery’s lifetime and safety
[13], [14]. The battery equivalent resistance, which is defined as
the ratio of charging voltage to current, gradually increases with
charging time. Therefore, accurate regulation of charging current
and voltage under variable load is essential. Furthermore, to
improve system efficiency, reduce electromagnetic interference
(EMI), and suppress voltage spike of MOSFETS, the zero-voltage-
switching (ZVS) operation of the inverter is also required [15],
[16]. Researchers have proposed several methods to achieve the
goals mentioned above, which can be divided into four types.

The first method is to add auxiliary circuits, including de—dc
converter [17], [18], ZVS branch [19], [20], switch-controlled
capacitor [21], [22], and dc-controlled variable inductor [23],
[24]. In these papers, some circuit components or switches are
used to increase the controllable degree of freedom so that
the ZVS and the output requirements can be achieved simul-
taneously, but this method inevitably increases system cost,
complexity, and power loss.

The second method is frequency control. In [25] and [26],
a self-oscillating control strategy is proposed to achieve CV
output and ZVS operation. However, frequency variations over a
wide range increase the reactive power and the overall efficiency
is poor, especially when the operating frequency is far from
the resonant frequency. Therefore, the variable frequency phase
shift control strategy is widely adopted to reduce the range of
frequency variations. In [15], a three-loop control strategy is
proposed based on variable frequency phase shift. Moreover,
the author also develops a method for accurate phase detection
[27], which enables dynamic adjustment of frequency and phase
shift angle to optimize the ZVS angle under various output
requirements. However, the coupling between the ZVS angle
loop and the voltage/current loop may lead to control instability.
In addition to closed-loop control based on phase detection,
the frequency can also be obtained by iterative calculation [16]
and curve fitting [28]. Although these numerical methods of
frequency calculation avoid coupling between control loops,
frequency jittering may occur during practical operation.

The third method is active rectification control. Active rectifi-
cation offers an extra phase shift angle at the secondary rectifier
compared to passive rectification. By controlling the respective
phase shift angles of the inverter and rectifier, impedance match-
ing of the load can be performed to reduce reactive power and
improve efficiency. However, the hard switching would occur
easily. Therefore, the third phase shift between the primary
and secondary side is introduced as an extra control variable
to realize ZVS operation [29]. In [30] and [31], three phase shift
angles are jointly optimized to ensure the ZVS of all switches.
However, active rectification control requires the primary and
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secondary phases to be synchronized quickly and accurately,
which is difficult due to data delay and signal interference.

The fourth method is to design component parameters [32],
[33], [34]. In [32], the effect of each component of LCC-LCC
topology on the output current and input impedance angle is
investigated, and then the parameters are designed to implement
the ZVS, but not the CC/CV outputs. In [33] and [34], the CC
and CV outputs are realized at two different frequencies, one of
which is much higher than the other, increasing switching loss
and EMIL

Furthermore, the full-bridge (FB) and half-bridge (HB) modes
of the inverter are usually combined to maintain high efficiency
while considering ZVS [28], [35]. In FB mode, the asymmetric
voltage cancellation (AVC) control exhibits better performance
than the conventional symmetric phase shift (SPS) control for
ZVS operation [36]. However, most of the previous studies on
AVC have only considered the fundamental harmonic. For some
high-order compensation topologies like LCC, where the turn-
OFF current of switches contains a large number of high-order
harmonics, the fundamental harmonic approximation (FHA) is
not accurate enough for ZVS analysis.

In this article, the hybrid control of AVC with HB is inves-
tigated considering harmonics and rectifier load based on the
LCC-LCC topology. It is found that the ZVS operation of the
four switches cannot all be achieved for AVC control under light
load, so a modified asymmetric voltage cancellation (MAVC)
control strategy is proposed to replace the AVC. Then, through
designing optimal component parameters, CC/CV outputs and
ZVS over a wide load range can be achieved, and the system
maintains high efficiency. The main advantages of the proposed
method are as follows.

1) The frequency is fixed at 85 kHz according to the standard
in SAE TIR J2954, and only the phase shift control is
used to achieve the CC and CV outputs, providing robust
control stability.

2) Additional auxiliary circuits are not required for ZVS.

3) The proposed hybrid control of MAVC with HB improves
the system efficiency significantly compared to the com-
mon hybrid control of SPS with HB.

The rest of this article is organized as follows. Section II
develops time-domain models in different control modes of the
inverter and gives the ZVS operation conditions. Section III
selects optimal parameters to implement the ZVS and discusses
the parameter constraints. Then, the ZVS analysis in different
control modes is covered in Section IV. Section V validates
the proposed strategy with experiments. Finally, Section VI
concludes this article.

II. TIME-DOMAIN ANALYSIS IN DIFFERENT CONTROL MODES
A. Control Modes of the Inverter

Fig. 1 shows the circuit diagram of the LCC-LCC com-
pensated WPT system, which consists of an inverter powered
by a dc source Ug., a compensation network, and a recti-
fier with batteries. S;—S4 and D;-D, are power switches of
the inverter and rectifier diodes, respectively. Lg, Crp, and
C, are the compensation inductance, parallel compensation
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Fig. 2. Typical waveforms for different control mode. (a) SPS mode.
(b) MAVC mode. (c) HB mode.

capacitance, and series compensation capacitance of the pri-
mary side, respectively. Similarly, Lg, Cre, and Cy are the
corresponding parameters of the secondary side. L, and Lg are
self-inductance of transmitter and receiver coils, and M is the
mutual inductance. The coupling coefficient k£ between the coils
is defined as k = M/(LpLS)”Z. The input voltage and current
are denoted by uj, and i;,. The output voltage and current
are denoted by u, and i,. Moreover, i, and is are currents of
transmitter and receiver coils, respectively.

The different control modes of the inverter can be obtained
by regulating the switching sequence of the S;—Sy4, as shown in
Fig. 2. T and ¢4 represent the switching period and dead time.
In Fig. 2(a), the SPS control enables the inverter to generate a
fundamental voltage from O to U,, by adjusting the phase shift
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angle o, where Uy, is the maximum fundamental voltage that can
be generated by the inverter. However, considering the inverter’s
ZVS, the combination of AVC and HB has superior performance
than the SPS. Fig. 2(b) and (c) display the two control modes,
where 3 and ~y are the phase shift angles, and A is a coefficient
defined in this article. It can be noted that AVC control occurs
when A = 0. However, the ZVS cannot be implemented for
all switches when S is closed to 7 in the AVC control mode.
Therefore, this article proposes the MAVC control strategy, as
shown in Fig. 2(b). By setting A > 0, the ZVS for each of the four
switches can be achieved. A detailed analysis will be presented
in Section IV.

In order to accurately analyze the ZVS operation conditions,
harmonics are not negligible, so it is necessary to establish the
time-domain model of the u;, under different control modes.
Through Fourier series decomposition, u;,, for different control
modes can be derived as

Uiy = % + Z [\/ai + b2 sin (nwt + arctgzn)]

n=1,2,3,...
(1)
where w is switching angular frequency.
For SPS control mode, ag, a,, and b, are expressed as
ag = 0
a, = f% sinna 2
b, = 2% cosna + 1].
For MAVC control mode
ag = —%(1-4)B
an = Ye[sinn(m + AB) + sinn(r — B)] 3)
by, = Y&2 — cosn(m + AB3) — cosn(r — B)].
For HB control mode
ag = UT"(W -7)
ap = —% sin nry “4)

— U . oS
by, = 7% [cosny — cosn].

B. Equivalent Impedance of the Rectifier Load

Considering a diode rectifier connected to a resistor under
continuous conduction mode (CCM), the equivalent load is
typically regarded as a pure resistance Roq = 8Ry,/m?, where Ry,
is equivalent battery resistance. However, the equivalent method
of pure resistance leads to significant error due to the nonlinear
characteristics of the rectifier, especially at light load. Therefore,
this section analyzes the rectifier characteristics and establishes
a more accurate load model.

It should be noted that the rectifier may operate in the dis-
continuous conduction mode (DCM) with increasing R}, during
the charging process, which would make it extremely difficult to
establish a mathematical model. However, DCM can be avoided
by reasonable parameter design and some other methods. For
example, Li et al. [37] proposed a series LC filter on the L¢
branch, which can recover the CCM operation from DCM
without changing the original system characteristics. Therefore,
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Fig. 3. (a) Simplified secondary equivalent circuit. (b) Voltage and current
waveforms under CCM.

subsequent analysis of this article is based on the CCM without
considering the DCM.

The voltage u. of capacitor Cyy can be replaced by a sinusoidal
voltage source because of the negligible current harmonics in
coils [37], as shown in Fig. 3(a). The expression of i, is given
as

Ue = Uen sin(wt + @) (5)

where U, and ¢ are the voltage amplitude and initial phase
angle of the sinusoidal voltage source.

Fig. 3(b) shows actual voltage and current waveforms. For
ease of analysis, i, is assumed to transform from negative to
positive at t+ = 0, and only the positive half period is taken
into consideration because of symmetry. Then, the following
equation can be developed:

dig
Lip— 6
f2dt+Ub (6)

where U}, can also represented by the average value of i, in the
positive half period, as shown in

1 [" Uy
- odwt = —. 7
[ e »

If wr = m, It can be obtained that i, = 0. Additionally,
combining (6) and (7), the expression for i, in one period can
be derived as

io(t) =

Uem sin(wt + ¢) =

Lo [ cosut +9) — 2220t cong] 0 <3
L2 ot +9) + 250t —cos] £ < 0 <2
(®)

where ¢ = arctg(wL/Ry,). It can be seen that i, contains not only
the sinusoidal function but also a linear function, which depends
on the Lgy and Ry,. Analyzing and modeling of the system are
quite difficult when dealing with such a nonsinusoidal function,
soitis necessary to find a sinusoidal function to replace the actual
expression of i,. Without a doubt, the fundamental component of
i, is a great option. Thus, by applying the Fourier decomposition
for (8), the fundamental component i, ; can be obtained as

Uen/16(4

) — m2)cos?p + mt
io 1 (t) = id

2wl

(8 — )Rb

X sin |wt 4 arctg L
2

9
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Fig. 4. Comparison between equivalent resistive load and inductive load.

(a) Current waveforms when Ry, = 40 2 and U, = 100 V. (b) MSE curves.

TABLE I
PARAMETERS OF THE WPT SYSTEM AT RESONANCE

Parameter Value Parameter Value
Usge 400 V fo 85 kHz
k 0.2 M 35 uH
L, 172.8 uH L 175.5 uH
Ly 30.7 uH Lp 59.2 uH
G 24.2 nF Cs 30.2 nF
Ch 116.9 nF Cp 59.4 nF
Rn 35 mQ Rp 50 mQ
R, 210 mQ R 212 mQ
Ry(CC) 15-23 Q Ry(CV) 23-230Q
I,(CC) 12A I,(CV) 12-12A

Furthermore, the fundamental component of u, can also be
derived as

8U.
Uo 1(t) = w sin wt.

(10)

Combining (9) and (10), the equivalent impedance Zq of
rectifier load is expressed as follows:

8w Ly cos (arctg @l )

\/16(4 — 72)cos? (arctg‘”LQ) + 7

(72-8)Ry,

eJarctg Tole

Zeg =

(11)
As seen in (11), the rectifier load is inductive rather than
resistive if i, is substituted with i, ;. To compare the inductive
load with the conventional resistive load intuitively, the wave-
forms of i, under different load models are shown in Fig. 4(a)
with the parameters in Table I. The current waveform of the
inductive load is clearly more in line with that of the rectifier
load. Additionally, mean square error (MSE) is used to quantify
the degree of fit, which is defined as

MSE :% /07r (20 — 20) dwt

where i, is the input current of the actual rectifier load; s the
input current of the equivalent resistive or inductive load.

Fig. 4(b) shows the trend of MSE with Ry, for the two load
models. The MSE of the inductive load is substantially smaller
than that of the conventional resistive load, indicating that the

(12)
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Fig. 5. Fundamental harmonic equivalent circuit of the LCC-LCC topology.

equivalent impedance represented by (11) can more precisely
reflect the characteristics of the rectifier load.

C. Derivation of Input Current I, in Different Control Modes

When considering the fundamental harmonic, the output volt-
age of the inverter can be regarded as a voltage source, and the
rectifier load is substituted by (11), as shown in Fig. 5.

According to Kirchhoff’s voltage law (KVL) and Kirchhoff’s
current law (KCL), the system equations based on FHA are
expressed as

Tin 1 Uin_1
I, | 0
A I-S = 0 (13)
i 0

where the matrix A is shown in (22), shown at the bottom of the
next page. By solving (13), the fundamental input impedance
Zi, 1 can be acquired as

2
@12

2
a23“a44
33 —a342 a22
a33044—a34

Zin1 = a1 +

(14)

where aj; denotes the element in row i and column j of the
matrix A. Additionally, the input impedance angle 6;, ; can be
expressed as 0;, 1 = arctg(Im Z;, 1/Re Z;y,_1).

Specifically, if the component parameters satisfy

{WLfl = ﬁ,w(Lp - Lfl) = wé'p

1 s)

1
(.L)Lfg = @,W(LS — Lf2) = TCD

The current 1, o 18 derived as (16) by substituting (15) into (13)

MUin_l

= (16)
¢ jwLg Leo

It can be seen that the output current is independent of the
load at the resonance shown in (15), which is beneficial for CC
charging of the battery.

Because L¢i, Cri, and Ly, constitute a low-pass filter, the
circuit can be simplified to a branch consisting of Lg and Cgy
when considering high-order harmonics. Therefore, the input
impedance of the nth harmonic is expressed as

Zinn =] (nwLﬂ - ) n=23.... (17

nwCiy
For SPS control mode, combining (1), (2), (14), and (17), i,

can be calculated as

AUy cos 5

%in,SPS = m

«
X sl t— — — O )
sin (w 5 1
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4Uq. cos =5+

. no 4+
X sin (nwt 5 )

(18)

nwCry

nm ’TLUJLfl —

For MAVC control mode, combining (1), (3), (14), and (17),
i;n can be calculated as

V2Uqer/3 + cos(1 + 1) B + 2(cos B + cos A3)

lin, MAVC =
Mav T |Zin_1‘
X sin <wt + arctg@ — bin 1)
bl -
+
n=2,3,...
{ﬁUdC\/3+cos n(14+x1)8—2[cos n(m—pH)+cosn(r+rp5)]
nm ’TIWLflfﬁ

19)

. anp T
X sin (nwt + arctgb— — 2)}
n

For HB control mode, combining (1), (4), (14), and (17), i,
can be calculated as

2U4c cos L
T2 S sin (wt - % — 9in,1)

{\/ﬁUdC\/l—cos N7y COS N

nm ‘nwLﬂ —

lin,HB =
" ™ ‘Zin_1|

p>

n=2,3,...

. ay, T
X sin (nwt—i—arctgb — 2> } .
n

1
nwCpy

(20)

D. Conditions for ZVS Operation

Fig. 2 shows the output voltage and current waveforms of
the inverter when ZVS is achieved. Taking SPS control as an
example, to realize ZVS for Sy, i;;,, must be kept negative until the
moment when S3 is turned OFF. Then, the drain-source capacitor
must be completely discharged within the dead time. To realize
ZVS for So, i;, must be kept positive until the moment when S
is turned OFF, and the drain-source capacitor must be completely
discharged within the dead time. The ZVS conditions for S; and
S3 are identical to those for S4 and So, respectively. It can be seen
that the ZV S operation is related to the turn-OFF current, the dead
time 74 and the drain-source capacitor Cqs. Table II summarizes
the ZVS operation conditions in different control modes, where
1., is the critical turn-OFF current and can be expressed as [32]

o 2C(ds Uge

I = i (21)
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TABLE II
OPERATION CONDITIONS FOR ZVS

Control mode Time ZVS operation conditions

Hh=o/®w S3,S4: i t) <—le

SPS ! 3,54 l ses(?1)
h=mww S1,Sa: Tinses(t2) > Lo
to=0 S1,S4: dinmave(to) < —lee

MAVC t = (=p/o Ss: dinmave(ty) > Lo

b= (Ao Sy dnmave(ts) > L
h=yw Stz dinus(t) < Lo

HB 1= 15 Ginu(fh)
h= V.40 525 iin,HB(tZ) > Icr

III. OPTIMAL PARAMETERS SELECTION AND CONSTRAINTS
A. Selection of the Optimal Parameters

Equation (16) indicates that the LCC-LCC compensation
network is suitable for CC charging of the battery due to the load-
independent current output characteristics when the parameters
are designed in accordance with (15). However, the charging
current should be gradually decreased with increasing Ry, during
CV stage. Without adding extra circuits, the CV outputis usually
achieved by phase shift control, causing hard switching, and
increasing the loss of switches.

To satisfy the ZVS conditions, the system input impedance
must be inductive by adjusting frequency or designing compo-
nent parameters. This article focuses on the latter considering
the problems of control instability and EMI caused by frequency
variation. The selection of optimal parameters is crucial for ZVS,
which has been analyzed in [32]. According to [32], C, and Cg
are selected as the optimal component parameters to implement
the ZVS.

To simplify the analysis, parameters of the WPT system at
resonance are summarized in Table I. Based on (13) and power
conservation, charging current [, can be calculated as

8
Ib = 5 |Yb| Udc COS (‘)eq

(23)
™

where 0. is the impedance angle of (11), and the admittance Y},
is
12023034

Y, = .
(a1la22 - 0122)(0342 - a33a44) + 011a23za44

(24)

The trend of 1, with R}, for different parameter change ratios
can be plotted according to (23), as shown in Fig. 6. As can be
seen in Fig. 6(a), I}, is extremely insensitive to the variations of
Cp. Fig. 6(b) shows that I3, is slightly influenced in the CC stage
by changing Cs, and the maximum fluctuation of the current
is less than 3%. In the CV stage, the change of C; leads to a
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considerable decrease in I}, and brings [}, closer to the ideal
charging current, which is beneficial for ZVS operation.

Fig. 7 shows the fundamental input impedance angle versus
Ry, under different parameter change ratios. As C,, decreases
or Cy increases, the input impedance becomes more inductive.
Therefore, decreasing C}, and increasing C; are the optimal ways
to implement the ZVS.

B. Parameter Constraints for CC Mode

To ensure the charging quality, the influence of parameters on
I, in the CC stage must be considered. Setting I, in the CC stage
satisfies 0.95I,n < Iy, < Iyn, where I is the nominal charging
current. Fig. 6 shows that decreasing C,, has a negligible effect
on I, whereas I, is decreased when increasing Cs, especially as
Ry, increases. So, the parameter constraints should be obtained
when Ry, reaches its maximum in the CC mode (i.e., Ry, = 23 Q).
The three-dimensional view of I, with the change ratio of C}, and
Cs has been plotted in Fig. 8, where r¢, qc and rqg in represent
the decrease rate of C}, and increase rate of Cs. The red boundary
curve can be obtained by crossing the surface of 1}, with the plane
of 0.95/,n and projecting the intersection line to the r.p de-
Tes,in plane. It is obvious that the range of parameter variation
is restricted to the left region of the boundary curve.

J (WLﬂ - ﬁﬂ) i Prom
R R T
0 —jwM
0 0

0 0
—jwM 0
: 1 1 <1 (22)
J (WLS T wCs wa2> Jwag
jwéf2 J (WLf2 - ﬁ&) + Zeq
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IV. ZVS ANALYSIS IN HYBRID CONTROL
A. Efficiency Analysis

Minimizing reactive power is one of the most important goals
while implementing ZVS, so this section focuses on the transfer
efficiency of the system.

According to (13), the current of each branch can be acquired
by

{I:o = Ybl:]in_la I:s = YIU.inT1 25)
I, = YUy 1, Iin_1 = Y3Uin 1
where Y1, Yo, and Y3 are expressed as
Vi — a34(a11;7,227a122)Yb7a12a23
1123 Fazs(a122—a11azz) (26)

Y, = a11a23Y1+ais
aiz?—aiiazz ’

_ 1-a12Y>
ari

The fundamental input voltage Uj, ; in CC mode can be
directly expressed by Uy, due to the constant-current output
characteristic, but in CV mode, Uy, ; is determined by the load
and component parameters because of phase shift control. It can
be derived as

227, CC

\fﬂUh‘N
4]Yy| Ry, cos Beq ’CV

Un1 = 27)

where Upy is the nominal charging voltage in the CV stage.
Furthermore, it is easy to determine the charging power under
the two modes as

Uni® V. (28)

{beZRm CcC

If the power loss of rectifier is neglected, combining (25),
(27), and (28), the transfer efficiency can be obtained as

1

2 )

1+ e (1Yo * Rea Y1 * Rt |Yal* Ry Y3 % R )
n= 1 CV
1+ - (\Yb\ Rex+|Y11? R+ [Ya " Rp+[Ya* Rer )’ ’

(29)

From (28) and (29) it can be seen that both output power and
transfer efficiency vary with the load Ry,. The efficiency of any
single load does not appropriately reflect the overall efficiency in
the whole load range. Therefore, an average transfer efficiency
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Nav that can represent the overall efficiency is defined as
f Rbmax P,(Ry) de

f]f;::‘:x P Rb)de bemax P, (Rb)de

(30)
where Ryax and Rppmin are the maximum and minimum equiv-
alent battery resistance, P;, is the input power of the compensa-
tion network. Then, the average power 10ss Pjoss oy Of the whole
load range can be expressed as

1 [bemax P Rb de
Rbmax - Rbmin Tav

Romax
o
Equation (31) shows that for a wireless charging system with
given output power and load range, the average power loss
Pioss_av 18 only determined by 7,, and inversely proportional to
it. As a result, n,, can well reflect the average loss of the whole
load range and represent the overall efficiency of the system.
Fig. 9 shows the average transfer efficiency 7, for different
Tep,de and 7cs in. The 1, decreases as r¢p de OF Feg in INCreases.
This is because the system will gradually move away from
the resonance frequency and more circulating reactive power
is injected with increasing rp, qe OF ¢ in. Moreover, it can be
seen that r.p, 4. has a greater effect on the efficiency than 7 jn.
Therefore, while designing parameters to achieve ZVS, r¢p, de
and r.s iy should be kept as small as possible, especially the

Rbmax Rbmin

Nay =

Rbmax Rbmin

P]ossﬁav =

Po(Rb)de:| . (1)

Tep,de-

B. ZVS Analysis in SPS Control Mode

In the CV stage, the output voltage of the inverter is regulated
by phase shift control as the charging current [;, decreases,
causing hard switching. However, the input impedance can be
changed by adjusting the parameters C;, and Cs, which provides
the potential of achieving ZVS. Therefore, C}, and Cs should
be optimized so that ZVS can be achieved over the whole load
range while maximizing system efficiency.

For typical SPS control, the input current i;, sps at a given
load can be calculated by (18). Fig. 10 shows the i;, sps(f1) and
iin,sPs(f2) with respect to r¢p ge and r¢sin When the charging
current /1, = 4 A. Furthermore, the plane of the critical turn-OFF
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Fig. 11.  ZVS situation in SPS control mode. (a) ZVS boundary curves under
different /,. (b) ZVS range and 7., with respect to r¢p, de and r¢s in-

current /., is also shown in Fig. 10 (I, = 1.1 A). According to
the ZVS operation conditions in Table II, it can be seen that the
ZVS range and non-ZVS range of S3 and S, are divided by the
projected bule ZVS boundary curve in Fig. 10(a). S; and S, can
always achieve ZVS over the range of parameters variation, as
shown in Fig. 10(b).

Moreover, the ZVS boundary curves for different /;, are
plotted in Fig. 11(a) to determine the ZV'S range over the whole
load. The arrows on these curves point to the ZVS range. It
can be seen that the ZVS range shrinks as /;, decreases, and the
final ZVS range will be determined by the minimum charging
current of 1.2 A. This is because smaller I}, requires a larger
phase angle «, resulting in much more challenging to achieve
ZVS. Consequently, the values of r.p, qc and 7 i Will be large
to ensure ZVS over a wide load range, which is extremely
detrimental to system efficiency.
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I, in SPS control mode and curves of Iy, under different rg ;5. (¢) Fitted ZVS
boundary curve in SPS control mode. (d) ZVS range and 7,, with respect to
Tep,de and 7cg in in SPS+HB control mode.

Fig. 11(b) displays the ZVS range and average transfer effi-
ciency 1, for different r.p 4o and 7 i, in the SPS control mode.
The red curve is the boundary curve of Fig. 8, and the feasible
ZVS range is indicated by the arrows of the two curves. In this
region, the point with the largest 7, is selected as the optimal
point of the parameters design. It can be seen that r.;, go = 0.32
and r. i, = 0.39 at the optimal point, and 7, is only 78.84%.

C. ZVS Analysis in SPS+HB Control Mode

When only the SPS control mode is used, the reason for lower
efficiency is to satisfy the ZVS requirement under the minimum
I,. To improve system efficiency, the hybrid control of SPS
and HB is typically used. With the hybrid control mode, the
inverter will be switched from SPS to HB mode when I}, is
small. Fig. 12(a) shows the ZVS boundary curves for various /},
in the HB control mode, where the ZVS range is still determined
by the minimum /;,. However, the ZVS range corresponding to
the minimum 1}, is larger than that in Fig. 11(a), which means
that the value of rp qe and 7¢ i, can be smaller and the system
efficiency will be improved. Before applying the hybrid control
strategy, it is necessary to calculate the charging current at the
moment of control switching, denoted as I,s. Only when the
Is has been calculated can the ZVS in hybrid control mode
be precisely analyzed.

From (23), the charging current /;, in the CV stage can be
expressed as

2V2

Ib = T |Yb| COS HeqUin_l. (32)
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Uin_1 in HB control mode can be derived as follows from (1)
and (4):

V2Uy. cos 7

™

U 1,08 = (33)
where v = 0 at the moment of control switching. Combining
(32) and (33) yields
4
Ib = F(Ib) = ﬁ |Yb| COS Hequc- (34)
By solving (34), the current I;,s at the moment of control
switching can be obtained. However, such a complicated nonlin-
ear equation cannot be solved analytically. Thus, the numerical
solution based on fixed point iteration is applied. The iterative
formula is constructed as

In(n+1) = F (Iy(n)) n=0,1,... (35)
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where taking the initial value of iteration /1,(0) = I,n/2. So, I
can be acquired by

Ibs = lim Ib(n)

n—0o0

(36)

Fig. 13 depicts the relationship between /},(n) and the iteration
step n based on the parameters listed in Table I. It can be seen
that ,(n) quickly converges to I,,¢ as step n increases.

The iteration result is already precise when n = 4, so I,y =
I, (4) = 5.63 A. It should be noted that /;,; must be recalculated
when component parameters are changed. As shown in Fig. 6,
the variation of the parameter C}, has almost no effect on the
charging current Iy, so the value of I,¢ is only determined
by Cs. According to (35) and (36), I for different r.g i, can
be obtained, as shown by the dashed lines in Fig. 12(b). The
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solid lines represent the ZVS boundary curves under different
charging current in the SPS control mode, and the charging
current corresponding to these curves are Is with the same
color. Obviously, the ZVS boundary curve of SPS can be fitted
by the intersections of curves with same color and the ZVS and
non-ZVS range are obtained, as shown in Fig. 12(c).

By combining the ZVS boundary curves of HB and SPS, the
ZVS range in the hybrid control mode is obtained, as shown in
Fig. 12(d).The baby blue curve represents the ZVS boundary
curve in the SPS control mode, and the pink curve represents
the ZVS boundary curve in the HB control mode. The common
area pointed by the arrows on the three curves is the permitted
ZVS range. Compared to SPS control, the combination of SPS
and HB control modes broadens the ZVS range. The 7, of the
optimal point is substantially increased to 92.46%.

D. ZVS Analysis in MAVC+HB Control Mode

The AVC control mode is commonly used instead of the SPS
control mode due to its superior ZVS performance. However,
ZVS operation of all switches cannot be guaranteed under light

Steady-state waveforms of the proposed hybrid control of MAVC with HB when (a) I, = 12 A, (b) I, = 10A, (c) I, =7 A, (d) [, =5.6 A, (e) I, =
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Fig.21. Dynamic waveforms when the R}, changes (a) from 35 to 40 €2 in the

MAVC control mode and (b) from 60 to 70 €2 in the HB control mode.

load by adopting AVC. It is assumed that rg ;,, is 0.3 in order
to explain this phenomenon more intuitively. From Fig. 12(a)
it can be seen that when r. ;, = 0.3, the ZVS condition in the
HB control mode can be satisfied regardless of the variation of
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Tep,de- According to Table II, the ZVS range with r.p qc and
R}, in the AVC control mode is shown in Fig. 14(a). The ZVS
operation conditions of S; and S, are always satisfied naturally,
so only the ZVS boundary curves of Sy and S3 are plotted and
indicated by the red dotted and solid lines. It can be seen that
the non-ZVS region inevitably exists regardless of rp, 4. The
main reason is as follows.
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As shown in Fig. 2(b), the time 74, for Sg to switch from
OFF to ON can be expressed as fof.on = (m—3)/w. If L =0 (i.e.,
AVC control is employed), the phase shift angle 3 is quite large
and close to 7 in order to satisfy the requirement of low output
power under light load. Therefore, the #,g o, Of S3 is extremely
small, which makes it impossible for the current i, to abruptly
transition from the negative state of turned OFF to the positive
state of turned ON in such a short period of time. As a result,
the ZVS of S3 cannot be achieved under light load. However,
if > 0 (i.e., MAVC control is employed), 3 is smaller for the
same output requirement compared to the AVC control, which
increases the #,.on Of S3 and it becomes feasible to realize ZVS
even with the light load. Fig. 14(b) shows the ZVS range when A
= 0.15. When 7, qe is within [#¢p min, 7ep,max], the ZVS of all
switches can be achieved in the range of full load to half load. So
the proposed MAVC should combine with HB to achieve ZVS
of a wide range.

Similar to the hybrid control mode of SPS with HB, Fig. 15
shows the ZVS range with r.; g and 7. in for different A in
the hybrid control of MAVC with HB. There is no shared ZVS
region for the two control modes when A = 0.1. As X increases,
the ZVS range begins to form and gradually expands. However,
increasing A causes a larger ., 4. at the optimal point, resulting
in lower efficiency. Therefore, there exists an optimal A such
that the optimal point of the parameter design satisfies the ZVS
requirements and minimizes the r.p, de.

E. Calculation of Optimal Parameters

The previous section shows that multiple variables need to
be determined, including r.p e, 7cs,in, and A. At the same
time, expressions of the ZVS boundary curves cannot be ob-
tained because of the transcendental functions. Consequently,
the method of numerical iteration is required to determine the
optimal parameters. In order to decrease the computational time
and arithmetic requirements on the computer, the ZVS boundary
curve of HB is linearly fitted as (37) with the aid of MATLAB
= G(Tep,de) = —0.0867¢p de + 0.283,7¢p de € [0,0.2].

(37)

A flowchart of the optimal parameters calculation for hybrid
control of MAVC and HB is shown in Fig. 16. First, a few initial
values need to be set, including 7., 4e, A, and the corresponding
iteration step length A}, 4o and h,. Then, r.;, is calculated
according to (37). After that, if the ZVS operation of So and
S35 are both achieved over the whole load range, the parameters
are exported and the calculation is finished. Otherwise, 7.} de
should be increased based on £, de, and 7. in is recalculated
with the new 7., 4. The above process is repeated until the ZVS
operation conditions is satisfied. Meanwhile, before judging
ZVS operation conditions, it is required to determine whether
Tep,de 18 Within the limited range. If not, A should be increased
based on &, and r.p g should be reset to the initial value,
following which a new iteration computation continues. The
calculation process for hybrid control of SPS with HB is similar,
which will not be repeated here for space limitation. The results
of the calculation are summarized in Table III.

Tcs,in
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TABLE III
CALCULATION RESULTS OF OPTIMAL PARAMETERS

Hybrld mode Fep,de Fes,in A Hav
SPS+HB 0.12 0.27 / 92.46%
Proposed MAVC+HB 0.04 0.28 0.115 93.95%

If ZVS is implemented over the entire load range, the 7,y is
higher in the hybrid control mode of MAVC with HB compared
to the SPS with HB hybrid control mode. High transfer efficiency
means less reactive circulating current, which will contribute to
lower loss of switches and further improve system efficiency.
Therefore, the proposed hybrid control of MAVC and HB is
chosen as the optimal control strategy.

V. EXPERIMENTAL VERIFICATION
A. Experimental Prototype

To verify the feasibility of the proposed hybrid control
strategy, a 3.3 kW experimental prototype is built up, as shown
in Fig. 17. The distance between transmitter and receiver coils
is 135 mm, and the coupling coefficient k¥ = 0.2. Bluetooth
communication is used to establish a connection between the
primary and secondary sides. An electronic load is employed in
replace of the battery, and the equivalent battery resistance R},
varies from 15 €2 to 23 © in CC mode and 23 2 to 230 §2 in
CV mode. More detailed parameter information is summarized
in Table I, where C}, and C; are redesigned according to the
optimal 7, 4c and 7 i, in Table III. As an example, the hybrid
control of MAVC and HB results in C;, = 23.23 nF and C; =
38.66 nF. The switching current /,s = 5.6 A can be calculated
by (35) and (36). The inverter consists of four power MOSFETS
(IMZAG65R027M1H), and the rectifier diodes of the secondary
side are IDW40G65C5XKSAL1. The controller is a digital signal
processor TMS320F28335.

B. CC/CV Operations

Fig. 18 shows the control logic in different control modes.
According to the typical two-stage charging profile, the battery
should be in CC mode while the charging voltage is less than
the nominal voltage Uy, and in CV mode otherwise. Although
the constant current output in the CC stage can be achieved by
designing parameters reasonably, closed-loop control based on
PIis still required considering the fluctuation of the input voltage
and component parameters. In the CV stage, the hybrid control
strategy is employed. When the charging current /, exceeds the
switching current /1,5, the inverter operates in the SPS or MAVC
control mode; otherwise, the HB control mode is adopted. The
charging voltage can be adjusted and stabilized by controlling
the corresponding phase shift angles «, 3, and y under different
control modes.
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C. Steady-State and Dynamic Performance of the Proposed
Hybrid Control of MAVC With HB

Fig. 19 shows the steady-state waveforms of the proposed
hybrid control strategy of MAVC with HB under the CV stage.
When the charging current /;, > 5.6 A, the MAVC control is
employed; otherwise the HB control is employed, as shown in
Fig. 19(a)—(d) and (e)—(f), respectively. It can be observed that
with the combination of the two control modes, the ZVS can
be realized with a fixed frequency of 85 kHz under various
loads. For the CC mode, the constant current output can be
realized without closed-loop control because of the reasonable
parameters design. Therefore, the steady-state waveforms in CC
mode are similar to Fig. 19(a), which is not presented here.
The voltage and current variation of the whole charging process
is shown in Fig. 20. The experimental results are in excellent
agreement with the theoretical charging profile, and the current
fluctuation in the CC stage and the voltage fluctuation in the CV
stage are both less than 1%.

In order to test the dynamic response of the proposed hybrid
control strategy, the load is step-varied under different modes.
Fig. 21(a) shows the dynamic waveforms when the resistance
Ry, suddenly increases from 35 €2 to 40 2 in the MAVC control
mode. The charging voltage U}, can be adjusted to the nominal
value of 276 V within 140 ms. Fig. 21(b) shows the dynamic
waveforms when the Ry, suddenly increases from 60 €2 to 70 €2
in the HB control mode. The U, is also stabilized at 276 V
and the dynamic response time is roughly 200 ms. The dynamic
response time is mainly limited by the Bluetooth communication
rate, and it can be improved by increasing the baud rate of
Bluetooth or using faster Wi-Fi. However, cost and data transfer
stability issues must be considered. The detailed study is outside
the scope of this article.

The waveforms of the control switching are shown in
Fig. 22(a). It is evident that when the control mode changes, the
charging current I}, and the charging voltage U}, remain steady,
which is beneficial for the battery. Fig. 22(b) shows the enlarged
view at the switching moment. The control mode can smoothly
switch from MAVC to HB, and the output current of the inverter
can be stabilized within a few periods.

D. Efficiency Analysis and Comparison

The measured de—dc efficiency based on the proposed hybrid
control strategy of MAVC with HB under different output power
isshownin Fig. 23. In the CC and CV modes, the efficiency range
is 89.6-90.7% and 86-94.1%, respectively. For comparison, the
efficiency under the hybrid control strategy of SPS with HB is
also provided. If the ZVS of four switches is required to achieve
over the range of 10-100% nominal output power, the proposed
hybrid control strategy of MAVC with HB can improve the
system efficiency by 1.2-3.6% compared to the hybrid control
strategy of SPS with HB.

Table IV presents the performance comparison with some ex-
isting works. Most of the references require additional auxiliary
circuits in order to regulate the output voltage and current while
implementing ZVS over a wide load range, which inevitably
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TABLE IV
COMPARISON WITH EXISTING WORKS
Rated output Coupling Auxiliary  Output power . Maximum
Reference cc/ev ) Frequency o Control complexity* )
power coefficient circuit range of ZVS efficiency
Frequency tracking and
[18] 3.3kW CC&CV 0.09-0.21 81.38-90 kHz Yes / ) ) 91.54%
active rectifier®
[19] 500 W No 0.233 85 kHz Yes 100-500 W Phase shift") 91.7%
Switch-controlled capacitor
[22] 10W CC&CV 0.365 85 kHz Yes 4.6-13.3W ) 87%
and phase shift®
[26] 30 W (&Y% 0.15-0.39 126.8-141.5 kHz Yes 30-80 W Variable frequency® 91.5%
[14] 2 kW (&% 0.167 85 kHz No 0.2-2 kW Open-loop" 92.14%
Variable frequency
[15] 500 W No 0.164-0.22 85-105 kHz No / ) 94.19%
phase shift®

[34] 24 W CC&CV 0.367 206.6/259.9 kHz No 5-24 W Frequency switching” 93%
This

K 3.3 kW CC&CV 0.2 85 kHz No 0.33-3.3 kW Phase shift® 94.1%

wor|

*The superscripts (1)—(4) represent the control complexity, i.e., control complexity increases as the number increases.

decreases system efficiency [18], [19], [22], [26]. Additionally,
frequency variation of a wide range has also been used to fulfill
multiple control objectives but tends to increase the control
complexity and lower the stability [15], [26], [34]. However,
using the hybrid control strategy and optimal parameter design
method proposed in this article, the output requirements of
CC/CV and the ZVS of a wide load range can be achieved
by fixed-frequency phase shift control only, with a maximum
efficiency of 94.1%.

VI. CONCLUSION

This article proposes a hybrid control strategy for the LCC—
LCC compensated EVs wireless charging system. Combining
the MAVC and HB control modes and designing optimal pa-
rameters Cp,, Cs, and A, CC/CV outputs as well as the ZVS with
a wide load range can be achieved only by phase shift control.
This method eliminates the requirements for auxiliary circuits
and complicated control. Meanwhile, in order to analyze the
ZVS operation conditions, a time-domain model considering
harmonics and the characteristics of the actual rectifier load
is developed. Based on the time-domain model, the turn-OFF
current of switches can be calculated accurately. A 3.3 kW
experimental prototype is built. The results show that the system
can implement ZVS over the range of 10-100% nominal output
power, and the current fluctuation in the CC stage and the voltage
fluctuation in the CV stage are both within 1%. Compared
with the conventional hybrid control of SPS and HB, system
efficiency can be improved by 1.2-3.6%, with a maximum
efficiency of 94.1%.
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