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An LCC-LCC Compensated WPT System With

Switch-Controlled Capacitor for Improving
Efficiency at Wide Output Voltages

Na Fu", Junjun Deng

Abstract—1In this article, a triple-phase-shift (TPS) control strat-
egy combining a switch-controlled capacitor (SCC) is proposed for
LCC-LCC compensated wireless power transfer (WPT) system to
improve the overall efficiency at wide output voltages. The basic
mathematical model of the system is first established, and the
conditions for zero-voltage switching (ZVS) and load matching
are described under TPS. Then, the mechanism of TPS reducing
system efficiency at wide output voltages is revealed based on the
established model. An SCC is employed to adjust the compensa-
tion capacitance to achieve a minimum circulating reactive power
on both sides and reduce the rectifier input current. Finally, the
impact of the compensation capacitance variations on the current,
output power, and impedance are analyzed, based on which the
optimal value of adjustable capacitance for maximum efficiency is
derived by further considering the established time domain model.
A comparative experiment is performed with traditional TPS and
the proposed control technique, which shows that the system with
the proposed control technique achieves a higher efficiency over
the TPS within the entire power range.

Index Terms—Electric vehicles (EVs), LCC-LCC compensation,
switch-controlled capacitor (SCC), wireless power transfer (WPT).

1. INTRODUCTION

IRELESS power transfer (WPT) technology has re-
W ceived increasing attention due to its safety, reliability,
and convenience [1], [2]. Without plugging any charging cables,
WPT provides an ideal solution for the automatic charging of
electric vehicles (EVs) [3], [4]. Different EVs may have different
internal battery voltages, which requires the WPT system to
efficiently deliver the required charging power at different output
voltages. In addition, the battery voltage varies dramatically with
the state of charge. These two factors bring a great challenge
for power regulation of the WPT system, especially in battery
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charging applications where constant voltage or current needs
to be generated [5], [6].

To realize wide output power regulation for WPT system,
numerous approaches have been proposed, which can be roughly
categorized into two groups, i.e., with auxiliary de—dc converters
and with active rectification.

Adding auxiliary dc—dc converters on primary side, secondary
side or both sides is an effective way to implement output regu-
lation and maximum efficiency tracking [7], [8], [9]. However,
such two-stage structure notably increases the overall volume
and mass and degrades the system efficiency due to larger power
losses. It is not the preferred choice considering the limited
space, system efficiency, and cost.

To eliminate the cascaded dc—dc converter while preserving
the overall controllability, an active rectifier at secondary side
is an alternative choice to realize wide output modulation [10],
[11]. It has been proven in [12] that the equivalent reactance of
the active rectifier should be adjusted to its appropriate value
for optimal efficiency. In this regard, Huang et al. [13] proposed
a dual control strategy to achieve constant voltage output and
load impedance matching. This strategy combined the operat-
ing frequency of the primary inverter and the phase angle of
the secondary active rectifier. Unfortunately, regulation of the
operating frequency over a wide range not only causes serious
system detuning, thus significantly reducing the efficiency, but
also leads to the bifurcation phenomenon [14]. To avoid regu-
lating the frequency, dual-phase-shift (DPS) control method is
proposed in [15]. The DPS method utilizes the phase angles of
the primary inverter and the secondary active rectifier to track
the optimal impedance [16], [17], [18], [19]. The main problem
with the DPS method is the loss of zero-voltage switching (ZVS)
operation, which increases the switching losses in the converter
and dramatically decreases system efficiency. To address this
issue, the triple-phase-shift (TPS) control scheme is proposed by
introducing a third phase shift angle, i.e., using an outer phase
shift between the inverter and rectifier [20]. In this method, two
critical third phase shift angles were derived separately under
ZVS conditions for the primary and secondary side, and the
minimum of these two critical values is utilized to implement
the third phase angle. Then, the ZVS of both sides is guaranteed.

Previous studies have described various methods for ensuring
the ZVS operation and achieving impedance matching. How-
ever, challenges remain in how to further minimize the reactive
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power on both sides for a wide range of output voltage while
effectively reducing the conduction and turn-off losses caused
by high current stress on the receiver. Individually using the
mentioned modulation methods, such as DPS or TPS, etc.,
cannot address these issues due to the limited control freedom.

The LCC-LCC compensation topology can provide more
design freedom, so it is a promising topology to solve the
aforementioned challenges without affecting the output power
via a reasonable adjustment of compensation parameters [21],
[22].

In this article, a switch-controlled capacitor (SCC) is added
to the LCC-LCC compensated WPT system. The compensation
capacitor value is adjusted by controlling the control angle
of the SCC. This operation can achieve a high-power factor
and reduce current stress at wide voltage outputs. The SCC
technology was first proposed in [23] and it has been applied
in various types of resonant converters [24], including the WPT
systems [25], [26]. SCC used in WPT systems can compensate
for inductance fluctuations caused by coil misalignment [27],
[28], [29], or implement ZVS [30], [31]. To improve power
output and system efficiency under coil misalignment, numerous
approaches have been proposed based on the variable capacitor
[32],[33]. The variable capacitor used in WPT systems can com-
pensate for inductance fluctuations caused by coil misalignment
[27], [28], [34], [35]. In terms of ZVS realization, Wang et al.
[30] employed a hybrid control method of single-phase-shift
and SCC for LCC-S topology to obtain wide output voltage
regulation with ZVS. Nevertheless, the wide-range ZVS op-
eration is achieved at the cost of increasing resonant current,
which decreases system efficiency. Similar problems exist in
the combined dual phase DPS and SCC control strategy. In
[36], through adopting the SCC, LCC-LCC compensated WPT
system implements ZVS of CV output procedure. However, only
asingle CV output can be implemented over the wide range load.

In contrast, this article proposed a TPS control strategy com-
bining an SCC for LCC-LCC compensation topology to improve
system efficiency. In the TPS control method, power and effi-
ciency calculation models are first established, and the ZVS and
load matching conditions are given. Based on these conditions,
the relationship between two inner- and one outer-phase shift
angles is established. Then, by analyzing the reactive power of
the primary and secondary sides at wide output voltages, an
SCC is added to the secondary side to adjust the series com-
pensation capacitance. This can ensure a minimum circulating
reactive power on both sides and reduce the input current of
the rectifier. Finally, the impact of the compensation capaci-
tance variations on the current, output power, and impedance
are analyzed respectively, and the optimal value of adjustable
capacitance can be derived based on the established time-domain
model.

The main contributions of this manuscript are summarized as
follows.

1) The relationship between the series compensation capac-
itance value of LCC-LCC topology and system output
characteristics is established, and a calculation model of
series compensation capacitance value is proposed for
current stress reduction.
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Fig. 1.

LCC-LCC compensated WPT system with an active rectifier.

2) An optimal method of the series compensation capaci-
tor value is put forward with the harmonic-considered
time-domain model, which can be used to achieve ZVS
operation with minimum reactive power as well as current
stress reduction.

3) A control strategy combining SCC and TPS is proposed
for CC or CV output with variable loads, which max-
imizes the system efficiency under wide voltage output
conditions. An additional complicated control technique
is not required in the proposed control strategy since SCC
control loop is decoupled from the CC/CV control loop.

The rest of this paper is organized as follows. Section II

presents the basic mathematical model and the conditions for
ZVS and load matching under TPS. Section III introduces the
proposed control strategy of SCC in conjunction with TPS for
the LCC-LCC system. Section IV presents the diagram of the
proposed control strategy. In Section V, a comparative experi-
ment is conducted to demonstrate advantages of the proposed
method. Finally, Section VI concludes this article.

II. PROBLEM FORMULATION

A. System Structure

Atypical LCC-LCC compensated WPT system with an active
rectifier is shown in Fig. 1, which consists of two H-bridge con-
verters and the LCC compensation circuit. V; and V, represent
the dc power source and the battery voltage respectively. M is
the mutual inductance and the coupling coefficient k is defined
as k = M /\/LyLs. For easy description, in Fig. 1, the power
source side is defined as the primary side, and the EV side is
defined as the secondary side.

Fig. 2 shows the main waveforms of the WPT system under
TPS control. 3, is the phase angle of U,p that is the output
voltage of the primary full bridge. 5, is the phase angle of U,
that is the input voltage of the secondary full bridge. v is the
phase angle between U 4,1 and Uy, 1, where Uy g1 and Uy 1
are the fundamental voltage of U 45 and U, respectively.

The phasor voltages of U p,1 andU ;1 can be derived by the
Fourier series expansion, as shown in (1) and (2)

. 2
Uap1 = iVI sin

- (2>ZO (1)
L (4]

Uab,l = 7‘/2 sin
Fig. 3 shows the equivalent model. Uy and Uy, are the in-
duced voltages in the primary and secondary coils, respectively,

2
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Fig. 2. Waveforms of the WPT system under TPS control.

Fig. 3.

AC equivalent circuit of LCC-LCC compensated WPT system.

and they are given by
Ups = _jWMjQ (3)
Usp = jwMT,. @)

If the system is completely resonant, i.e.,

_ _1 _ _1
{WLfl = wal’waz = 5Cr

1 1 _ — _1
le — wa1 = pr“JL? (JJLfg = wCs

Neglecting the loss resistances and using Kirchhoff’s voltage
law (KVL), the phase form of the currents iy, i, irs, and
irso at the fundamental harmonic frequency can be deduced as
follows:

UaB,

L= _]Ffl ®)
LJ:jﬁﬁi (6)
ij1,1 = ]\ile = ]wj\g][ia[b/; ()
Ipfon = ]\/2?21 = —jﬁlﬁf}; ®)

where X = wL py=wL ¢y is the characteristic impedance of the
system.
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(a) (b)

Fig. 4. Vector relationship between voltage and current.

The transferred active power and reactive power are calculated
by

VLiLy

P; =Re {Uab,Jffg} = WLflLka ’Uab,l‘ ’UAB,l

sin(y)
9
V' LiLs

=t {Oalipe ) = SEEk | [Uana | costo).
Q( m Ub71 Lf2 UJLflLf2 Ub,l UAB,l COS(’)/)

(10)
According to (5)—(8), the vector relationship between voltage
and current is shown in Fig. 4. ¢,, is the phase angle between

Uap,1 and irf 1, and ¢, is the phase angle between Uy 1 and
irf2,1. Itis clear that the phase angle ¢, and ¢, can be derived

as
_ 72—y 0<~y<m/2
r = {”y—ﬂ'/Z T/2<y<m an
_ /2=y 0<y<7/2
¥s = {’7—71’/2 m/2<~y<m (12)

As can be found from (11) and (12), the phase angles ¢, and
s are related to , which means ¢, and ¢, can be simultane-
ously regulated by only changing . Therefore, with the variation
of v from 0 to 7, the input impedance of the secondary full bridge
changes from capacitive to inductive. Meanwhile, the output
impedance of the primary full bridge changes from inductive
to capacitive. As a result, it is easy to realize soft-switching
for primary and secondary full bridges by adjusting -, which is
analyzed in the next section.

B. ZVS Conditions Analysis

It should be emphasized that the hard-switching of power
switches is a significant challenge for WPT systems at high-
frequency operation. Thus, ZVS operation of both the primary
and secondary full bridges is desired.

Although the FHA model is accurate enough for power calcu-
lating, it has a nonnegligible error in determining ZVS range due
to the high-order harmonics in output currents of full bridges. In
order to analyze ZVS conditions, the time domain model of the
full-bridge output current needs to be established by taking the
harmonics into consideration. The specific derivation process
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can be found in [20]. According to [20], the critical phase angle
~ for ZVS realization of primary and secondary power switches,
respectively, can be derived as

T By 1 (21X 1zvs + Vi (Bpm — 8sin(f,/2))
Mm=g5 T Teos ( Ak Va sin(Bs/2) )
(13)

T Bs 1 (271X Izys + Vo (Bsm — 8sin(Bs/2))
2=y Ty heos ( 81k Vy sin(B,/2) )
(14)

where A = Ll/Lfl = LQ/LfQ, X = walzwag, IZVS is the
threshold current and /7y g = 2Coss U go/tq.

The optimal phase angle v for ZVS realization of all power
switches in both the primary and secondary side can be derived
as

v = max (71,72) - s)
C. Conditions for Load-Matching and Maximum Transfer
Efficiency of the Resonant Tank

The loss model of the resonant network is built as shown in
Fig. 3. R; and R, are the parasitic resistances of the primary and
secondary coils, respectively. Ry and Ry, are the equivalent
loss resistances of the compensation inductors. The losses of the
resonant network are given by

PLossfnet :Ij%flRLfl +112R1 +I%f2RLf2+122R2- (]6)

Then, the efficiency of resonant network can be given by 7t
P

Tlnet = (17)

PLoss_net + Po .

Substituting (9) into (17) and assuming R; = Ry = R, and
Rip1 = Ry = Ry, the efficiency 7),,¢, can be obtained by

B EAX |sin |
Thet = 10X [siny| 4+ (k2A2Rf+R.)Tac+ (K2A2 Ry + R.) T::c
(18)

where T, is the ratio of the excitation voltages in the primary
and secondary side

; Bs
U, Vasin (—)
Tac - bl — ’

U C van (Be)
AB,1  Vjsin (7’”)
Solving the derivative of 7, with respect to Ty, the ex-

citation voltage ratio to obtain the maximum efficiency of the
resonant tank is derived as

19)

dﬁnet
dTyc

From (20), it is obvious that in order to obtain the maxi-
mum system efficiency, equal primary, and secondary excitation
voltages should be implemented. This is the load-matching
condition.

According to (19) and (20), 3, and 3 satisfy

Bp = 2arcsin (“2 sin (%)) .

=0= The = 1. (20)

2D
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TABLE I
ELECTRICAL PARAMETERS OF THE WPT SYSTEM

Symbol  Description Value
v Input Voltage 400 V
123 Output Voltage 100-400 V
I Resonant frequency 85 kHz
Ly Primary compensation inductance 50 uH
Cp Primary parallel compensation capacitance 70.4 nF
Cy Primary series compensation capacitance 21 nF
L, Primary coil inductance 217 uH
M Mutual inductance in well-aligned case 65.1 uH
k Coupling coefficient 0.3

Lp Secondary compensation inductance 50 uH
Cp Secondary parallel compensation capacitance ~ 70.4 nF
C, Secondary series compensation capacitance 21 nF
L, Secondary coil inductance 217 uH

The phase shift angles 3, and (3, are used to realize load
matching, namely voltage matching of the excitation voltages.
For a given output power P,, the optimal 3, and 3, can be

calculated as
. ™ | X
5? = 2arcsin (2‘/1 MP())
X
[Bs = 2 arcsin <27TV2‘ / 2M€PO> .

D. Problem of Unmatched DC Voltages on the Primary and
Secondary Sides

(22)

(23)

A WPT system that operates efficiently over a wide range
of output voltages is preferred because it can charge batteries
at different voltages. In this article, the primary input voltage
is fixed at 400 V and the output voltage varies from 100 to
400 V. The designed maximum transmission power is 6.6 kW
for the LCC-LCC compensated WPT system. The parameters
of magnetic coupler used in this article are L1 = Lo = 217 uH,
mutual inductance M = 65.1 p/H. These parameters are obtained
by multiobjective optimization with an air gap of 140 mm
and physical dimensions of 600 mm x 600 mm. The design
method for parameter optimization of magnetic coupling has
been provided in previously published paper [37]. With the
maximum transmission power, the compensation inductance
parameters can be calculated as Lyy = Lgp = 50 pH. Then,
the value of Cy1, Cyp, Cy, and C; can be derived according to the
resonant conditions. Therefore, we can obtain several important
parameters for the proposed converter, organized in Table I.

With the parameters listed in Table I, Ay (A =~-7/2) and 5
as a function of output power P, are plotted in Fig. 5 according
to (15), (22), and (23). We can clearly find that the A~y increases
as P, decreases. As shown in Table I, the ratio of output dc
voltage to input dc voltage varies from 0.25 to 1. When the dc
voltage ratio is not equal to 1, that is, Vo < V1, B, and 3, cannot
satisfy (20) anymore due to the unmatched dc voltages under
heavy load, so [, is kept 180° to approximate unit excitation
voltage ratio and maintain high efficiency. Only when V5 = V1,
(20) can be satisfied over the entire power range.
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Fig.5. A~ and 3 versus output power for load matching condition and ZVS.

To achieve the load-matching condition, according to (19) we
can easily get 3, < 3, under the condition that Vo < V;. Then,
~ can be calculated by (13), i.e., ¥ = 1. In this case, the primary
and secondary MOSFETS can also realize ZVS. However, this TPS
method can only achieve ZVS of the primary-side converter with
minimum reactive power, but it brings relatively large reactive
power to the secondary side. Moreover, the high current stress
on the secondary full-bridge input causes large turn-off losses
and conduction losses. The above two aspects limit the further
efficiency improvement of WPT system.

III. PROPOSED METHOD

A control method is proposed in this section to overcome the
problem of Section II-D. An SCC is added to the secondary
side to adjust the series compensation capacitance. This can
ensure a minimum circulating reactive power on both sides and
reduce the input current of the rectifier even if Vy varies widely
away from V.

This section will introduce the basic concept of the SCC first.
Then, the circuit characteristics, including current, output power,
and impedance, are analyzed to demonstrate the advantages
of the introduction of SCC. Furthermore, the optimal value
of adjustable capacitance is derived based on the established
time-domain model.

A. Operation of the SCC

A variable compensation capacitor is introduced for LCC—
LCC compensation topology to improve system efficiency. The
circuit diagram is shown in Fig. 6. The secondary-side series
compensation capacitor Co is not a fixed-value, whereas it
is adjustable according to the different loads for achieving a
minimum circulating reactive power on both sides and reduce
the rectifier input current. The variable Cs consists of a fixed
capacitor Cy, and two MOSFET switches, S, and S}, forming an
SCC.

The switching sequences and the operating waveforms of the
SCC are shown in Fig. 7. S, is turned OFF with a time delay of
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Fig. 6. Proposed LCC-LCC compensated WPT system with SCC.
A
is /\\ /\\
\_/ \_/
<& 9 > & 9 >
Sa
Sh
Vox
iCx N
N
Fig. 7. Operation waveforms of the SCC.

6 to the zero-cross point where io commutates from negative to
positive and then turned back ON after another time delay 27
— 20. Sy, is turned OFF with a time delay of 6 to the zero-cross
point where is commutates from positive to negative, and turned
back ON after another time delay 27 — 26. With this modulation
method of the SCC, when Cy is shorted, the current mainly flows
through S, and S}, rather than through the antiparallel diodes of
both of the MOSFETs. Thus, a low conducting loss of the MOSFETS
in the SCC can be realized. Meanwhile, since S, and S}, are
turned ON at zero voltage, ZVS can be achieved to minimize the
switching losses.

The equivalent capacitance of the SCC can be modulated
by varying the control angle 6 (7/2 <60 <m). According to the
Fourier decomposition of vCx, without considering high-order
harmonics, the equivalent adjustable capacitance Co can be
derived as [27]

7TCX
21 — 20 + sin(20)

Ceq = (24)

The trend of the ratio C,,/Cx with control angle 6 is as shown
in Fig. 8. When 6 varies from 7/2 to 7, the capacitance ratio
could range from 1 to 40 in theory.

B. Circuit Characteristic of LCC/LCC Compensation
Topology With Adjustable C2

In this section, we will derive the conditions that variable
capacitor Ca needs to meet to reduce current stress and reactive
power. In addition, the effect of C5 variation on the resonant
currents, output power, primary input phase angle ¢,,, and sec-
ondary output phase angle ¢, is discussed.
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angle.

Relationship between capacitance magnification ratio and the control

1) RMS Current of 11,12, I 1, and Ir o The transfer ef-
ficiency is the most important index for a WPT system and it
is directly related to the current RMS, so the variations in the
current RMS with adjustable C5 considered are analyzed here.

First, the equivalent capacitance value of Ca controlled by
SCC is denoted as C,g, and € is used to express the relationship
between C., and the ideal resonant capacitances Cs_o:

Ceq

€= .
Ca o

(25)

Then, the ratio of the equivalent reactance caused by the
change in Cj to the ideal reactance X can be described as

ng — wCoq

f= —. (26)

¢ is introduced to more intuitively discover the variation trend
of C,, with respect to Ca_g. The introduction of £ can simplify
the formula.

The KVL equations of the proposed system can be obtained
as

Uap = jwLyilps + (ij1 - fl)/(ijfl)

(fes1 = 1) fGwCr) = B fjwCy) + jwLihy — jwM Iy
jwMI = j2/(jWCQeq)+jWL2j2+(I.2*I'Lf2> J(jwCya)
(£ = f1s2) JjwCy2) = oL palvge + Unp

27
If varying C», the system is not completely resonant, i.e.,
1
Lo — Lyo). 28
O # w(Ly — Ly2) (28)

According to the condition of (28), it is found by a deriva-
tion that this nonresonance does not change the calculation of
currents Iy, Io, and I, i.e., (5)—(7) still holds. However, the
expression for I,y is derived as in (29) after considering the
variation of Co

wMle

X (& — 1)j2,1

Irfa1 scc =
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) . Q9)

The ratio of the RMS Iy,s» with the SCC to that of the ideally
compensated condition is used to evaluate the effect of Cy on
the RMS I, that is

+(€-1) U;ﬁ’l

[ wMUag,

|(@MUapa+ (€~ )X 0w )|
’wMUAB,l‘

’ij2,1_scc‘

oo

b2 + 2ab cos(7)

a=wM ’UAB,l‘

where .
b=(¢—1)X ‘Uab,l‘

(30)

where a > 0;if £ > 1,b > 0.
According to (30), to reduce the RMS I, it is necessary to
satisfy

b® + 2abcos(y) < 0= 0 < b< —2acos(y). (31)
The ¢ and € can be deduced as respectively
—2wM ’UABJ‘ cos(7)
1<&<1+ : (32)
X |Oan |
1
l<e< 2 . . (33)
14 2w CzigM.lUAByl‘COS(’Y)
|Uab,1|

According to the above-mentioned derivation, the current /s>
can be decreased by adjusting € > 1. The equivalent capacitance
C.4 adjusted by SCC needs to be larger than the ideal resonant
capacitance value to reduce the current stress on the active
rectifier. In addition, Iy, I, and I are independent of e.
Adjusting the equivalent capacitance of the SCC can reduce the
current stress of the active rectifier without increasing the other
resonant currents RMS, which reduces the turn-ON and turn-OFF
losses.

2) Output Power: For a WPT system, a stable and control-
lable output power is desired. The output power under the ideal
compensation condition is calculated according to (9). When Co
is regulated by SCC, with a detailed derivation, the output power
can be calculated as follows:

M ‘UABJ‘ ‘Uab,l sin(7)

LpLgs

From (34), it can be seen that the output active power is
independent of €. Equation (34) is consistent with (9). This
means that the output power remains constant under varying
Cs.

Although the proposed control method adds an additional
control variable § when SCC is introduced, it does not increase
the complexity of the control.

3) Phase Angle Between U o ; andirs; 1: According to the
previous analysis, varying Cs has no effect on the calculation
of I 1, 1.e., (7) still holds, and therefore, the phase angle

P, =Re{Uualip} = (34)
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¢p between Uap1 and ipp ; still satisfies (11). This shows
that the regulation of Cy by SCC does not change the input
impedance angle, so the ZVS condition of the primary side
converter remains unchanged under Cy regulation.

In the above-mentioned analysis, we conclude that the power
and phase angle ¢, remain unchanged when C, changes. Al-
though this conclusion is derived using the FHA model, the
effect of the change in Cs on the power and the ZVS condition
of the primary side converter can be ignored after considering
the higher harmonics.

4) Phase Angle Between Uqp 1 and if g2,1: When Cy is reg-
ulated by SCC, the input impedance of the active rectifier can
be calculated as follows:

Ua Ua
Zs - b,1 _ — b,1 )
__7< X?B,l +(€_1) abl)

Irfo
Then the phase angle ¢, between Ug, 1 and ifs 1 can be
obtained as (34)

(35)

t(Z,) _ M [Oasa|cost) + (€ = DX [Fua|
tanpg = Re(Zy) =

wM ‘UAB 1‘ sin(v)
(36)
According to the analysis in Section II, in order to achieve
ZVS for all power switches, y satisfies 7/2 < vy <m, so cos(7)
<0. From (36), it can be seen that if £ >1, the ¢ decreases as £
increases, and when & =1 — (WM |Uap 1| cos(7)) (X |Uap|),
s = 0, the unit-power-factor rectifier can be achieved. There-
fore, using SCC to adjust the equivalent capacitance value of Cs
according to (37) is an available way to reduce the ¢, and even
achieve active rectifier ZPA

—wM ‘UABA ‘ cos ()

X ‘Uab,1’

1<é<1+ (37)

By comparing (32) with (37), it can be seen that (37) is a
subset of (32). Therefore, as long as (37) is satisfied, not only
the current stress can be reduced, but also the phase angle ¢,
can be decreased, thus reducing the reactive power. It is worth
noting that if the equivalent capacitance value of Cs is tuned
to 1 — (wM|Uap.1|cos(7))/(X|Uap.1|) according to (37), al-
though minimum current stress and ZPA of the active rectifier
can be achieved, ZVS is not guaranteed. This is due to the fact
that at light loads, the secondary phase shift angle 3 needs to
be modulated, and in this case, the secondary MOSFETs suffer
from hard switching, and thus the switching losses increase.
Therefore, in this article, the equivalent capacitance value of Cs
is controlled to achieve ZVS for the secondary MOSFETs with
minimum reactive power. In this way, the efficiency of the system
is maximized.

C. Capacitor Tuning for the Secondary MOSFETs With
Minimum Reactive Power

According to the above-mentioned analysis, the efficiency
improvement can only be maximized by adjusting Co to mini-
mize the reactive power. To determine the value of ¢ for ZVS
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(2 (b)

Fig. 9. Simplified circuit model considering high-order harmonics.

realization with minimum reactive power at different loads, a
harmonic-based time domain system model is established.

Although the FHA model is accurate enough for power cal-
culating, it has a nonnegligible error in determining ¢ for ZVS
realization due to the high-order harmonics in output currents
of full bridges. To solve this problem, a time-domain model
considering high-order harmonics is developed as shown in
Fig. 9(a). Due to the filtering function of Ly, and Cy,, there
are rarely high-order harmonics in the coil current. So the coil
current can be calculated by the FHA model instead of a precise
model for simplification.

The steady-state waveforms of coil currents calculated by the
FHA method are as

i1(t) = %%sin <ﬁp> sm( t— g) (38)
ia(t) = %%sin (%) sin (wt — A%) (39)

where Ay = y-m/2.
Then, the time domain expression of the voltage across Cyy
is derived as (40)

ucya(t) = fkalsm (5;)) sin (wt)

- fﬁ%sm (52 > cos (wt — A7) (40)

So the circuit model can be further simplified with the derived
voltage on Cyy, as shownin Fig. 9(b). The model can be described
with only a differential equation, as shown in the following
equation:

dlrsa(t)
Uab (ﬁ) dt N

By solving the differential equations, the expression of the
current iz g can be derived.

Ucya(t) = —Lya (41)

When t{<t<t), Uy(f) = —Va and the i Lf2 can be derived as
. . V 4V
irp2(t) =irg2 (t) + yz (wt — Ay) = 725

X sin (BQ ) sin (wt — A%)

Ak . (B
— —x sin (;) [cos(wt) — cos(A7)]. (42)

When ¢} <1<,

isz(t)ziLfg(t/)_ig (6)

U,(t) = 0 the current iz is calculated as
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Jonor- 8 -sn (4]

4rkVy . (B Bs
— ——x sin (2’7) {cos(wt) — cos <2+A'y)] .

(43)
When t5, <t <t}, Ugp(f) = Vo the current iy, p is calculated as
. . V 21 — B,
ZLfQ(t):ZLfQ (té)ff <wt B) ﬂ A’y)
X 2
. . [ Bs 40 kV;
t— Avy) — -
X {sm(w ) — sin ( 5 X
X sin <B2p) [cos(wt) + cos <B23 - Av)} .
(44)

Due to the symmetry of the current waveforms, it is obvious

t/ = = — t' _ —" A 45
ZLf2<3 w > ZLf2<0 " ( )
Then the current iy, in t{ is calculated as
40KV
irfe (ty) = — 7rX1 sin (’ip) cos(Anv). (46)

With the start point current value, current waveform within
the entire switching period can be described analytically.

To realize ZVS operation for active rectifier, energy stored in
the parasitic capacitances of switches should be depleted before
switches are turned ON. The following constraints should be
satisfied:

inf2(ty) > Izvs,ing(ty) > Izvs (47)

where I7y/g is the threshold current and Iy = 2Coss Vi /ty.
Using the time domain model, the current irs» in switching
points ¢} and t/, are calculated as (48) and (49)

VaB, 48Va ( Bs )
2

. t/ _ Y2pFs
wpth) =55 -5

DRV (B, B,
-k 51n<2)cos<2 +A7> 48)
A€V,

V2 B sin? &
X 2 X 2

irp2(ty) = — &5 —
+ DAV, sin (ﬁp) cos (55 — Aw) .49

X 2 2

If inpp(t)) > Izvs, inp(th) > Izys must be satisfied since
inp(th) > irp(t)). Sowithonly ir p(th) > Izvs, ZVS operation
of all secondary side switches can be ensured.

According to the previous analysis, in order to achieve high-
efficiency modulation, SCC is used to control the equivalent ca-
pacitance value of C; to realize ZVS with the minimum reactive
power on both sides. In order to realize this goal, the current at
the switching point should be controlled at the minimum value,
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Fig. 10.  Variation of reduction of current /1,r> and £ with power.

i.e., irp(t)) = Izvs. By solving (48) with switching current
I7vys, the optimal & can be derived as

20X 17y s —7VofBs+8AkV]sin (%’J) cos (% + A’y)
$Vasin? (4 )

gopt =

(50)
From (50), it can be seen that when the voltages V; and V5 are
defined, £ can be calculated according to the phase shift angles
Bp, Bs, and A~y at any power. The trend of £ with output power
for different output voltages is shown in Fig. 10. It can be seen
that the lower the output voltage, the larger the range of variation
of £ over the full power range, and the value of ¢ is close to 1
for both heavy and light loads. In addition, Fig. 10 describes the
reduction of current /1 relative to { = 1 with the change of £.
As can be seen, the maximum current drop of /1> can be up to
27%, 45%, and 64% at output voltages of 300, 200, and 100 V,
respectively, over the whole power range. This demonstrated that
by adjusting the equivalent capacitance value of Co according
to (50), not only the ZVS on the secondary side can be achieved
with minimum reactive power, but also the current stress can be
reduced, thus increasing the efficiency.
According to (26), the optimal ¢ is derived as

Eopt = 1/ (wC (WL1 — &opiX))- (51)

Based on the relationship between the control angle 6 and
€ in (24), the control angle 6 of the SCC can be obtained for
maximizing efficiency.

IV. PROPOSED CONTROL STRATEGY

The block diagram of the proposed control strategy is illus-
trated in Fig. 11, which contains three subsystems.

1) Controller for primary side.

2) Controller for secondary side.

3) Communications between primary and secondary con-

trollers.

The secondary side control is designed to carry out SCC
control and output current or voltage tracking. The adjustment of
(s and the phase synchronization between two sides is used for



FU et al.: LCC-LCC COMPENSATED WPT SYSTEM WITH SCC FOR IMPROVING EFFICIENCY AT WIDE OUTPUT VOLTAGES

Electronic load
==m
A |
. 5 om0 _=1

Primary Side R Secondary Side
Ln ) MG Lp
) _m»n__.L_*‘ Oy —rr B
i Primary @ PRI o ¥ = e Secondary | |,
convert T convert
Y b B
r—t———— e A r————— mE——————— B e
: sl-sZT T i } oo |
I I : }
I I l
PWM | |
| [
| Generator 1 I \Wireless} G PWM 3 I
: : } i, } enerator I
| ||
| /%J S L I
| | b o
I — B i, e B PI ;
I Ppcalculating [ } % He | controller [
| Po_re oo H v cr !
L Primary Side Control : L | LSecondary Side Control Vorg |

Fig. 11. Diagram of the proposed control strategy.

regulating the output current or voltage to follow the reference
values (Ip_ref OF Vo_iof). When the WPT system operates at
the CV output mode, at the steady state, the output voltage is
maintained at the desired value, and the reactive power on both
sides is minimized and ZVS is guaranteed. If a load change
occurs on the secondary side, it will cause a voltage deviation,
e.g., Vo < Vo_er. Then, the PI controller for the active rectifier
will increase [ in order to boost up the output voltage. The
primary side control adjusts 3, for load-matching optimization
according to 3. The value of ~y varies with the Sp and (s to
guarantee the ZVS operation on both sides. Then, the SCC
control angle € can be adjusted according to 8p, s, and
for realizing minimum reactive power and low current stress.
As a result, the efficiency optimization, as well as constant
voltage, will be efficiently achieved by controlling these four
variables. Similar processes in constant current charging mode.
The measured battery voltage V> and the control signals need to
be transmitted via a wireless communication channel.

Phase synchronization between the two controllers on the pri-
mary and secondary sides is necessary. Some available solutions
can be used to solve this phase-synchronization problem [38],
[39]. A more simple and practical method is proposed based on
disturbance observation for phase synchronization [40], [41].
According to the relationship between the output current and
the relative phase-shift angle , the phase synchronization state
can be realized by tracking the extreme value of the output
current. Disturbance is applied to the . If the output current
increases, v will continue to increase or decrease in the same
direction. Otherwise, it will change in the opposite direction.
With this strategy, the WPT system works well without auxiliary
hardware and is independent of the accurate phase difference
measurement.

V. EXPERIMENTAL VERIFICATION

A. System Setup

An experimental prototype with 400 V input voltage and
100 V output voltage was configured to verify the feasibility of
the proposed method, as shown in Fig. 12, which includes a dc
power source, an HF inverter, LCC resonant networks, an active
rectifier, and an electronic load. Two coils of DD structure are
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Rectifier

Fig. 12.  Experimental setup of the LCC-LCC WPT system.
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Fig. 13.  Output voltage and current waveforms of primary and secondary side
bridge under the TPS control without SCC at (a) 1000 W and (b) 500 W.

employed as the magnetic coupler. Additionally, the efficiency
of the WPT system is measured by the power analyzer ZLG
PA8000. DSP TMS320F28335 is employed to implement the
digital controller. More detailed system parameters are given in
Table 1.

B. Steady-State Waveforms

Figs. 13 and 14 show the experimental results of TPS without
SCC and the proposed control under different power.

It can be seen from Figs. 13 and 14 that both TPS without
SCC and the proposed control can realize ZVS on both primary
and secondary side at different powers. For TPS without SCC,
as shown in Fig. 13, when the output power is 1000 and 500 W,
the turn-off current I,g is 15.6 and 12 A, respectively. As a



9192

Tek stop f i @

250V 10.0A 4.00us 31.2MS/s [&8 / 19:11:56
[CH3 | =7 0,00000s 2000 points. 28 Apr2022
(a)
Tek stop f 1 K @

31ams/s  [E /S
2000 points

250V 10.0A 4.00us

19:15:25

=" 0.00000s 28 Apr2022

(b)

1 10.04

Fig. 14.  Output voltage and current waveforms of primary and secondary side
bridge with the proposed control strategy at (a) 1000 W and (b) 500 W.

result, with the TPS without SCC, both the turn-off loss and
the reactive power loss increase, which will degrade the system
efficiency.

However, for the proposed control, as shown in Fig. 14,
when the output power is 1000 and 500 W, the I, remains
around 3.5 A, which is in accordance with the theoretical
analysis. Thus, the turn-off loss decreases significantly and
the reactive power loss can be minimized with the proposed
control. In addition, comparing Figs. 13 and 14, it can be seen
that under the proposed method, the RMS current of iy is
lower than that of TPS without SCC, which results in a smaller
conduction loss. This verifies the effectiveness of the proposed
method.

To verify that both MOSFETSs in the SCC can achieve ZVS, the
experimental results are shown in Fig. 15. It can be seen that the
voltage across the drain and source of the MOSFET reaches zero
before the gating signal switches to high, which proves the ZVS
can be achieved in both S, and Sy, of the SCC.

C. Dynamic Performance

In order to verify the dynamic performance of the proposed
control, the prototype is tested under step variation of the output
current. The results are shown in Fig. 16. It shows the waveforms
of the dynamic process when [; varies from 10 to 7 A with
a constant output voltage Vo = 100 V. That is, the output
power changes from 1000 to 700 W. The transient response
time is about 10 ms, which is fast enough for hourly charging
time.
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D. Efficiencies and Power Losses

The measured dc to dc efficiency with two control strategies
at different power level are shown in Fig. 17. All efficiency
data results presented in Fig. 17 are measured using the power
analyzer ZLG PA8000. With these two control strategies, the
efficiencies were measured at different powers with the same
measurement method and measuring instruments. It can be
found that the efficiency with the proposed TPS+SCC control
is higher than that with TPS control only over the whole output
power range, which is due to the fact that ZVS is achieved with
minimum reactive current on both sides and the RMS current of
iz is reduced, so that the turn-off loss, the reactive power loss,
and the conduction loss are all reduced. At 700 W, efficiency can
be improved up to 1.7%. Given the EVs’ charging time lasting
for hours, the saved energy is considerable, which holds great
potential in the case of high-power charging.
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The loss of each component in the WPT system has been
analyzed through theoretical calculations and shown in Fig. 18,
which depicts various losses of the prototype system with two
control methods at 1000 W output. In the proposed TPS control
strategy with SCC, the power loss of the SCC is very low because
ZVS is achieved and the turn-off loss can be ignored referring to
Fig. 15. The coil loss accounts for the largest proportion under
both control strategies. Under the proposed TPS+SCC control
strategy, although additional power losses caused by the SCC are
unavoidable, the power losses of the active rectifier and inductor
can bereduced significantly compared with TPS only. The power
losses in the inverter and coils are similar under both control
strategies.

VI. CONCLUSION AND DISCUSSION

In order to improve the efficiency of the WPT system with
wide output voltage, a practical control strategy is proposed
with TPS combined with SCC for LCC-LCC compensated WPT
system. The introduction of SCC can solve the high reactive
power problem under the TPS control method for a wide voltage
output system. With the proposed control method, the reactive
power can be minimized on both the primary and the secondary
sides, and the input current stress of the rectifier can be low
without affecting other circuit characteristics. With the proposed
method, the overall efficiency can be improved compared to the
WPT system with TPS control owing to the minimized reactive
power and low turn-off and conduction losses. A laboratory
prototype is built to verify the effectiveness of the proposed
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control method. Experimental results indicate that the system
with the proposed control technique achieves a higher efficiency
over the TPS within the entire power range.
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