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Abstract: Wireless power transfer (WPT) for electric vehicles is an emerging technology and a future
trend. To increase power density, the coupling coefficient of coils can be designed to be large, forming
a strongly coupled WPT system, different from the conventional loosely coupled WPT system. In this
way, the power density and efficiency of the WPT system can be improved. This paper investigates
the dual-side phase-shift control of the strongly coupled series—series compensated WPT systems.
The mathematical models based on the conventional first harmonic approximation and differential
equations for the dual-side phase-shift control are built and compared. The dual-side phase-shift
angle and its impact on the power transfer direction and soft switching are investigated. It is found
that synchronous rectification at strong couplings can lead to hard switching because the dual-side
phase shift in this case is over 90°. In comparison, a relatively high efficiency and soft switching can
be realized when the dual-side phase shift is below 90°. The experimental results have validated
the analysis.

Keywords: distortion; dual-side phase shift; magnetic resonance; soft switching; wireless power
transfer (WPT)

1. Introduction

Compared with the conventional conductive power transfer, wireless power transfer
(WPT) [1-6] has many advantages, such as safety, automation, convenience, and feasibility
to various working environments, such as mining and underwater situations. Thus, WPT
has broad application scenarios, such as wireless sensor networks, consumer electronics,
implantable medical devices, domestic appliance, electric vehicles (EVs), electric vessels,
and even space solar station. WPT via magnetic induction is the most popular WPT
technology and has received tremendous attention both from academia and industry.
Wireless charging for EVs based on magnetic induction is currently one of the research hot
topics [7].

Power density is one of the key indicators for WPT systems. To increase power density,
the coupling coefficient of the two coupled coils can be designed to be large, forming a
strongly coupled WPT system, where the coupling coefficient is normally larger than 0.5.
This system has a totally different feature from the conventional loosely coupled WPT
systems, whose coupling coefficient is around 0.2. The current waveforms of the strongly
coupled WPT systems are distorted and can be discontinuous [8], whereas in loosely
coupled WPT systems the current waveforms are sinusoidal.

(1) Synchronous rectification is normally conducted to the secondary-side rectifier of
the loosely coupled WPT systems to improve efficiency [9,10]. However, it is found
in strongly coupled WPT systems that this will result in the primary-side inverter
working in hard switching, leading to decreasing efficiency and potential circuit
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failures. Additionally, in loosely coupled WPT systems, dual-side phase-shift control
is seldomly used to regulate the secondary-side charging current due to the fact
that too much reactive power will be introduced if the phase difference between the
primary-side and secondary-side voltages is not 90°. However, in strongly coupled
WPT systems, since the coupling coefficient is large, the efficiency can still be high
even though the phase difference is not 90°. Thus, the secondary-side charging current
and even bidirectional power flow can be easily regulated. The contributions of this
paper include building the mathematical model of dual-side phase-shift control for
strongly coupled WPT systems;

(2) Investigating the performance of dual-side phase-shift control for strongly coupled
WPT systems;

(3) Revealing that synchronous rectification is not suitable for strongly coupled WPT
system because soft switching can be lost;

(4) Experimentally validating the model and analysis.

This paper studies the dual-side phase-shift control of the strongly coupled series—
series compensated WPT systems. The mathematical models based on first harmonic
approximation (FHA) and differential equations are built in Section 2. Experimental results
are offered in Section 3 to validate the analysis. Section 4 concludes this paper.

2. Mathematical Modelling

The topology of a series—series compensated EV wireless charging system with full-
bridge converters is shown in Figure 1. 5;-Sg are the active switches. Viny (Vrec), 11
(u), 11 (i), L1 (L), C1 (Cy), uci (ucy) are the respective primary-side (secondary-side) dc
voltage, ac voltage, ac current, self-inductance, capacitance, and capacitor voltage. M is the
mutual inductance.
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Figure 1. Topology of a series—series compensated WPT system for EV charging.

The load is modelled as a voltage-source load. The voltage gain of the WPT system
Gy is defined as
VREC
Gy = 1
V= T M

2.1. First Harmonic Approximation

FHA is normally utilized to model the WPT system. Based on FHA, the equivalent
circuit is shown in Figure 2. U; (Up) and Iy (I2) are the fundamental components of
the inverter (rectifier) ac voltage and current, respectively. Ry and R; are the equivalent
resistance of the transmitter and receiver, respectively. With 180° phase shift within the
legs of the inverter and the rectifier, we have

{ U = 22Viny @
Uy = %VREC-
The model in Figure 2 can be established as
. 1 .
u, = (R1 +iwLy + jw—cl)ll +iwMI, o
U = (Ro +jwla + ks ) o + joM,
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where w is the working angular frequency and the parameters in bold represent the
phasor quantities.
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Figure 2. Equivalent circuit of series—series compensated WPT system based on FHA.

At resonance where 1 1

VLG VLG

and ignoring Ry and R; when their voltage drops are significantly smaller than U; and U,

we have
{ I = 2v2 VRec

(4)

w = Wy

7n_ wM
2v2 Vinvy ®)
T wM

I =
According to FHA, the transmitter and receiver currents are constant.
With the dual-side phase-shift angle of , by which U, leads U, the phasor diagram is

plotted in Figure 3 [11]. The rectifier dc current and the output power can be calculated as

8 Vi .
IREC-FHA = p= % sin B (6)
8 VinvVkec .
Pout-FHA = ? % sm ,B (7)

Figure 3. Phasor diagram of series—series compensated WPT system based on FHA.
Irgc and Py change sinusoidally with the dual-side phase-shift angle .

2.2. Time-Domain Modelling

The waveforms of the series—series compensated WPT system are distorted and can be
discontinuous [10,12]. Therefore, FHA is no longer valid. Similar to [12], the time domain
modelling based on differential equations is conducted. The typical waveforms are shown
in Figure 4. Assume that the cycleis T. At t =0, u; is rising, and at £, u, is falling. In the
first half cycle, S; and S4 are on and S; and S3 are off. In the second half cycle, S; and Sy are
off and S, and S3 are on. Due to symmetry, only the first half cycle is considered.
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When 0 < t < ty, Sy, S4, S5, and Sg are all on, namely u; and u; are both positive, the
differential equations can be given as

di di
Vinv = tci—1 + Ly 111+M12

dz dz
VREC—Mcz 1+ M=+ L= 2 ®)
l C uCll
1-1 = C—g—

u

i 1=0C C“,

where the subscript “—1" denotes that the symbols are in the interval of 0 <t < f;.

| u

1 - 4 >
T/Z\\/T time

>

0 b 12 time

Figure 4. Typical waveforms of inverter and rectifier ac voltages and currents.

When ty <t <T/2,5;,Ss, S5, and Sg are all on, namely u; is positive and u; is negative,
the differential equations can be given as

Vinv = uci— 2+L1d] 2 +Md12

—VREC = ucz 2+Md + L, dlz ©)
11 2—C1 MC1 2
h,=0C MCZ =2,

where the subscript “—2” denotes that the symbols are in the interval of tg <t < T/2.
With considerations of the boundary conditions, namely

i1-1(0) = =iy 2( 5

i1-1(to) = i1-2( )

ir-1(0) = —12 2\

ir—1(to) = 122 (to) (10)
uct— 1(0) —uci—2( %

uci-1(to) = uci-2(to)

uc2-1(0) = —ucr—2( 3

uca-1(to) = uca—2(to),

the differential equations can be solved.
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The rectifier dc current and the output power can be calculated as

(i) 1)
_ Vinv 1+4-cos \/L
IREC-DE = TV, _COS(\/%%O)+C01:( 2171/((707%)) (11)
1+cos( {Tfk)
SERIE LR
_ VInvVReC Ltcos( A
Pout-DE = m 7cos( zlikaO)Jrco];(k Zlik (tTO,%>) , (12)
l+cos< {ik)
where k is the coupling coefficient, defined as
k= M (13)

VLiLy

to indicates the phase-shift instant when the secondary-side rectifier is switching. The
relationship between fy and B is

to
=2m—. 14
p=2mz (14)
Thus, (11) and (12) are transformed into
B p—m B p—m
; _ Vinv cos Tk -+ cos T cos - -+ cos — 5
RECDE = 0/ - - - (15)
1+cos(\/m) 1+cos(m)
B p—n B p—m
Pouips — VNV VREC oS Ar TS xS Tig TS it (16)
out-DE = .
7T LL
wy Lilo 1+cos(\/1”ﬂ) 1+COS(\/17TT]()

For synchronous rectification, there should be one more boundary condition as
in-1(tg) = ip-2(tp) = 0, which is the natural zero crossing point of the receiver current. By
solving this, the phase-shift angle between u; and the u; is larger than 90°. In this condition,
i1-1(0) is larger than 0, indicating that soft switching is lost.

2.3. Comparison of FHA and Model Based on Differential Equations

Dividing (15) by (6) yields the ratio of the rectifier dc current from the differential
equations over that from FHA, namely

B p—m B p—n
IREC-DE _ ke | 908 A% + cos = COS —= + €08 = a”
Irgcpra  8sinf| 14 cos( ﬂ”ﬂ) 1+ cos( ﬂ’%k)

The ratio of the rectifier dc currents in (17), varying with the phase difference between
up and 11, namely B, is plotted in Figure 5. At strong couplings, the rectifier dc currents are
larger than the predictions from FHA between the phase-shift angles of 60° and 120°, and
smaller at other phase-shift angles. This shows the inaccuracy of FHA at strong couplings.

In Figures 2 and 3, the corresponding voltage and current (U; and I3, U, and I,) are
defined in an associate reference direction. This means that when the active power of
the voltage source is positive, the voltage source acts as an actual source and the active
power is transferred from the voltage source to the outside circuit; when the active power
of the voltage source is negative, the voltage source acts as a sink and the active power is
transferred from the outside circuit to the voltage source. Thus, in Figure 3, when U, leads
U, or B € (0, 180°), active power is transferred from the primary side to the secondary side;
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when U, lags behind U; or B € (—180°, 0), active power is transferred from the secondary
side to the primary side. This is also true for strongly coupled cases.

1.2 . . :

0.8 1

Ratio of Irec: Eq.(17)

0'4 1 1 L 1
0 30 60 90 120 150 180

Phase Shift Angle 3 (°)
Figure 5. Ratio of Ixgc in (17) varying with B.

Attention should be paid to the range of [0, 180°] where active power is transferred
from the primary side to the secondary side. As can also be seen from Figure 3, when
0 < B <90°, I lags behind U;, which means the input impedance is inductive. Thus, zero
voltage switching (ZVS) can be achieved for both the primary-side inverter and secondary-
side rectifier. When 90° < § < 180°, I; leads Uj, and zero current switching (ZCS) can be
achieved for both the primary-side inverter and secondary-side rectifier. When MOSFETs
are used, ZVS is preferred, indicating that the dual-side phase-shift angle should be in the
range of [0, 90°]. The variations of the rectifier currents or output power with the dual-side
phase-shift angle § are plotted in Figure 6.
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Figure 6. Variation of Ixgc or Poyt with B.
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3. Experimental Validation

An experimental prototype is implemented to validate the analysis, as shown in
Figure 7. The parameters of the experimental prototype are tabulated in Table 1. The
prototype with the coupling coefficient of 0.64 is a typical strongly coupled WPT system.
Vinv is set to 200 V. Three voltage gains are selected: 0.5, 1.0, and 2.0, with corresponding
Vrec of 100V, 200 V, and 400 V.

Rectifier S

Figure 7. Photo of the experimental prototype.

Table 1. Parameters of experimental prototype.

Parameters Values

Airgap 40 mm
fo 83.3 kHz
Ly 169.7 uH
L, 169.8 uH

] 21.5nF

Cy 21.5nF

k 0.64

The measured dc-dc efficiency, the rectifier current, and the output power under
synchronous rectification and phase shift are illustrated in Figure 8. The data denoted
as “synchronous rectification” indicate that synchronous rectification is achieved at these
phase-shift angles, which are larger than 90° and locate at the range of ZCS, as shown in
Figure 6. Thus, with synchronous rectification, soft switching is lost. By changing the phase
shift angle between 0 and 90°, the output current, namely the rectifier current, can be easily
regulated, as shown in Figure 8b. In the wide regulation range, the dc-dc efficiency can still
be high, different from the loosely coupled wireless power transfer systems.
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Figure 8. (a) Measured dc-dc efficiency, (b) rectifier current, and (c) output power under three
voltage gains.

The experimental waveforms when the voltage gain is 2.0 are shown in Figure 9. With
synchronous rectification in strongly coupled WPT systems, the phase-shift angles are
always larger than 90°, and the dc-dc efficiency is smaller than that with a 90° phase shift.
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The inverter may work in hard switching, as shown in Figure 9a. With a 90° phase shift,
this issue is solved, as shown in Figure 9b.

uy: 100V/div
| : : e

ip: SA/div
1. 200V/div

iy DAy

[y
Measure P1:rms(C1) P2:rms(C2) P3:rms(C3) P4:rms(C4) P5:rms(C5) Pér
value 21188V 4212v 171 mv 222mA 6.288A 3

status v

v v
) FED =3
100 Vid
0 mV offset

(a)

v

uy: 100V/div

i §-5A/div

0y 200V/div

5 2A/di§

ry
Measure P1:rms(C1) P2:ms(C2) P3:rms(C3) P4:rms(C4) P5:rms(C5) Pér
value 21071V 4190V 239mv 10.8mA 6.316A
status v v

v v
[c1] FBD C5 ]
100 Vid
0 mVoffset]

(b)

Figure 9. Experimental waveforms with 2.0 voltage gain: (a) synchronous rectification; (b) 90°
phase shift.




World Electr. Veh. ]. 2022,13,6 10 of 10

4. Conclusions

This paper presented the modelling and dual-side phase-shift control of the strongly
coupled series—series compensated WPT systems. There are issues with synchronous recti-
fication in strongly coupled series—series compensated WPT systems: the efficiency is not
the highest and the inverter may work in hard switching. In comparison, with a 90° phase
shift, the inverter will always work in soft switching and the efficiency is the highest. More-
over, with dual-side phase-shift regulation in strongly coupled series—series compensated
WPT systems, the output current can be easily regulated by changing the phase difference
between the primary-side and the secondary-side converters with relatively high dc-dc
efficiency over a wide regulation range, which is a different characteristic from the loosely
coupled WPT systems.
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