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ABSTRACT: A bidirectional inductive power transfer (BIPT) system of full-compensated series-series (SS) topology with full bridge con-
verters on both primary and secondary sides is analyzed in this paper. The steady-state electrical characteristics of the BIPT system under
triple-phase-shift control are obtained, based on which, the conditions for achieving the maximum transfer efficiency of the intermediate
circuit and zero voltage switching of all switches are derived. Triple Phase-Shift Control (TPSC) strategy was proposed for the control of
the two inner phase shifted of the primary and secondary side full bridge converters and the fundamental excitation voltage phase shift,
which achieved the maximum transfer efficiency of the intermediate circuit and zero voltage switching of all switches. The proposed
control method was verified through simulation. The results showed that the control strategy can realize the bidirectional energy transfer
of the IPT system, the efficiency optimization of the intermediate link, and the zero-voltage turn-on of all switching devices under various

load conditions.

1. INTRODUCTION

ith the introduction of Energy Internet and the develop-

ment of related technologies of intelligent distribution
network, the bidirectional induction power transmission sys-
tem (BIPT) of electric vehicles has gradually begun to show its
unique advantages. For power grid, BIPT system enables bidi-
rectional flow of electrical energy between the grid and onboard
batteries. If intelligently regulated, it can achieve optimized
operation functions such as orderly charging of electric vehi-
cles and peak shaving and valley filling of the power grid. For
power users, the induction power transmission method elimi-
nates the step of connecting or disconnecting charging cables,
and there are no problems such as interface wear, poor contact,
or leakage. Its operation is extremely convenient. Therefore,
the technical development of BIPT plays an important role in
improving the stability and intelligence of the future Energy In-
ternet [1].

Compared to the unidirectional induction energy transmis-
sion system where power can only flow from the grid to the
electric vehicle battery, in BIPT system, the diode half con-
trolled rectifier bridge on the electric vehicle side is replaced
by a full bridge converter composed of fully controlled devices,
which enables bidirectional transmission of electrical energy
between the onboard battery and the power grid, depending
on different control methods [2]. When the full bridge con-
verter is controlled in the inverter state, power can flow from
the electric vehicle battery to the grid. When the full bridge
converter is controlled in synchronous rectification state, power
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can flow from the grid to the electric vehicle battery. In a uni-
directional IPT system, to achieve autonomous regulation of
charging power on the electric vehicle side, it is often neces-
sary to cascade a DC/DC converter between the rectifier on
the receiving side and the battery [3—5]. Compared to the uni-
directional IPT system using semi-controlled rectifier devices,
BIPT system introduces fully controlled devices instead of un-
controlled devices, which not only makes reverse power flow
possible, but also utilizes a full bridge converter composed of
fully controlled devices to adjust the transmission power size,
thereby eliminating the DC/DC conversion link between the
rectifier and the battery in traditional unidirectional IPT sys-
tems, and reducing corresponding power losses [6, 7]. In addi-
tion, if the control method proposed in this article is adopted,
the zero voltage switching (ZVS) of all switching devices can
be achieved by controlling the external phase angle between the
full bridge converter on the ground side and the electric vehicle
side, thereby reducing switching losses, improving efficiency,
and reducing electromagnetic interference (EMI) [8—10].

This article establishes a steady-state mathematical model of
a fully compensated SS type topology BIPT circuit, obtains
the power transmission characteristics and the conditions for
achieving the highest transmission efficiency in the interme-
diate link, analyzes the conditions for achieving zero voltage
switch(ZVS) in all switch devices, and proposes a triple phase
shift control scheme that takes into account transmission effi-
ciency, transmission power, and ZVS of switch devices, and
conducts simulation verification on it.
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FIGURE 1. The of main circuit of the BIPT system of fully-compensated SS topology.

FIGURE 2. The equivalent circuit of the intermediate circuit considering only the fundamental components.

2. CHARACTERISTIC ANALYSIS OF FULLY COMPEN-
SATED SS TOPOLOGY BIPT CIRCUIT

The common intermediate compensation topology for BIPT
generally includes SS compensation, dual LCL compensation,
and dual LCC compensation. Among them, the fully compen-
sated SS topology has the fewest number of compensation com-
ponents, so it has lower power loss, relatively simpler design
parameters, and wider range of application prospects [11]. The
main circuit of the BIPT system based on fully compensated SS
topology is shown in Fig. 1, in which U 4. and Usg, are the DC
side voltage of the primary and secondary full bridge converters
(battery voltage), respectively; Uy and U, are the fundamental
excitation voltage outputs by the primary and secondary full
bridge converters, respectively; I; and I, are the fundamental
current components in the primary and secondary coils, respec-
tively; Q1, Q2, Qs, and Qg4 are the switching tubes of the full
bridge converter on the original side; Q5, Qg, Q7, and Qg are
the switching tubes of the secondary side full bridge converter;
C1 and (' are the compensation capacitors on the primary and
secondary sides, respectively; L, and L, are the self inductance
of the primary and secondary sides of the coupling mechanism
(coil), respectively; M is the mutual inductance coefficient be-
tween the primary and secondary coils of the coupling mecha-
nism; Ly, is the secondary DC side filtering inducted used to
smooth the charging or discharging current of the battery; rq
and r are equivalent resistances that represent the losses of the
primary and secondary sides, respectively.

2.1. Power Transmission Characteristics of Fully Compensated
SS Topology
For a fully compensated SS topology, the relationship between

the capacitance values of the primary and secondary compen-
sation capacitors and the self inductance values of the primary
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and secondary coils of the coupling mechanism is as follows.

P
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where wg and fy are the switching angular frequency and
switching frequency of the BIPT system, respectively. When
the circuit parameters satisfy the above relationship, the induc-
tances of Ly and Lo are completely offset by the capacitances
of C and Cy, respectively. Meanwhile, due to the strong band-
pass filtering characteristics of the intermediate resonant link,
harmonic components higher than the resonant frequency fj
are largely filtered out. For the convenience of analysis, the
fundamental analysis method can be used, considering only the
fundamental component with frequency fq [1]. The equivalent
circuit of the intermediate link in Fig. 1 is shown in Fig. 2.

This article proposes that the primary and secondary side
converters of the BIPT system adopt triple phase shifting con-
trol. Let the internal displacement phase angle of the entire
bridge on the original side be 5;. The internal displacement
phase angle of the secondary side full bridge is 52,0 < f,
B2 < m/2; the phase difference between the fundamental volt-
age outputs from both full bridges is § (The excitation voltage
on the secondary side leads the excitation voltage on the pri-
mary side as positive, —7/2 < § < 7/2), then the excitation
voltage waveform of the full bridge output in the primary and
secondary side are shown in Fig. 3, respectively.

The excitation voltage in both sides of the full bridge can be
concluded by performing Fourier decomposition on the excita-
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FIGURE 3. The excitation voltage of the primary and the secondary side.

tion voltage waveform.

‘U1‘ = 4\[/];: sin (621)
(2)
’Uz’ = 45;: sin (%)

Due to the relatively small equivalent resistances of r; and
9, the voltage drop on them can be ignored, and the fundamen-
tal current phase on the both sides can be obtained.

I =—
! wOMU2
, (3)
. j .
Iy=— U
2 woM !

When the power flows from the primary side (ground charg-
ing station) to the secondary side (electric vehicle) in the pos-
itive direction, the transmission power when ignoring losses is
shown as below.

‘Ul‘ ’Ug}siné
= i

— Msm 2 sin e sin o
UJ()M7T2 2 2

From Eq. (4), it can be seen that it is a necessary condition of
maintaining the fundamental phase difference ¢ of the excita-
tion voltage for maintaining a constant direction and magnitude
of power transmission. The adjustment of transmission power
size and direction can be achieved by adjusting the 31, 82, ¢
control implementation.

-.Re(Cﬁff)

“)

2.2. Analysis of the Highest Transmission Efficiency of Inter-
mediate Links

To analyze the highest transmission efficiency, it is necessary to
consider the losses on equivalent resistors r; and 3. According

to Fig. 2, the total losses on r; and 75 can be solved.

2

.12 .
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Taking the flow of power from the primary side to the sec-
ondary side as an example, the input power of the excitation
voltage port on the primary side is as follows.

(Msin(é)wo ‘Ug‘—l-‘fh‘?“z) ‘Ul‘

M?2wi+ri72

Pinput =Re (UJI*) - (6)

The transmission efficiency of the intermediate link can be
obtained as follows.

P)input _ P)loss - ’UQ’ (MSIH((S) wo ‘Ul‘ — ‘Ug‘ 7“1)

Pinput ‘Ul’ (M sin () wy ‘Uz‘ + ‘U1‘ 7’2)
B T ™)
M sin (§) wok + K219
where
o
R= 1
2 ®
_n
X = e

When the transmission efficiency of the intermediate link
is maximized, the voltage ratio between the primary and sec-
ondary sides is as follows.

4|
'7:,‘{/:

0

XT2 + \/X2r§ + M2 ssin” (§) wdx
M sin (§) wo

)

= Ropt

When the power flows from the secondary side to the pri-
mary side, a similar conclusion can also be drawn. In practical
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situations, the following relationship is generally satisfied by
the following equation.

XxTe < M sin (6) wo/X
(10)
x2r2 < M?sin® (§) wlx

Therefore, in order to achieve the highest transmission effi-
ciency, the conditions that need to be met can be approximately
simplified as follows.

‘Ul‘ U1ge sin (%1) B
‘U2’ UQdCSll’l(ﬁ2) B

I

|12|
opt— 1 ~ = 11
pt |‘I’]| \/i ( )

This condition can be qualitatively explained as follows:
when the above conditions are met, the power losses on the
equivalent loss resistors 71 and 7 are approximately equal, and
the total power loss is the lowest. At this point, the transmis-
sion efficiency of the intermediate link reaches the highest. In
the actual process, the transmission efficiency of the intermedi-
ate link can be optimized by controlling the internal phase shift
angles 81 and [ of the primary and secondary sides.

2.3. Analysis of Zero Voltage Turn-on Conditions for Switching
Devices

For converters with high switching frequency and power level,
zero voltage switch (ZVS) for switching devices is an impor-
tant condition for reducing switch losses and electromagnetic
interference. Due to the use of semi-controlled rectification on
the secondary side, the fundamental phase of the voltage on
the AC side of the rectifier bridge is approximately the same
as the fundamental phase of the current on the secondary side,
i.e., [0] & 90°. If the primary side full bridge converter adopts
internal phase shifting for power regulation, the range of ZVS
achieved by the primary side full bridge switching transistor is
extremely narrow, and ZVS cannot be achieved in most oper-
ating conditions. For the BIPT system in this article, due to
the use of fully controlled devices in the AC/DC converter on
the secondary side, it can be achieved by adjusting the § value
adjustment to achieve ZVS.

Taking the power flowing from the primary side to the sec-
ondary side (forward power transmission) as an example, ac-
cording to the analysis in Subsection 2.1, the fundamental phase
of the both side currents can be expressed as follows.

. AUzie . (B2
I
1= osin ( 5 ) (sind — jcosd)
(12)
I, = __J AU sin &
2 wM 7 2
The time-domain form is as follows.
.  AUge2 B2
i1 (t) = ~ o Sin <2> cos (wt + 0)
13)
. _ 4Udcl ﬂl
is (t) = i S ( ) cos (wt)
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The drive-time relationship of the switching tubes on the both
sides is shown in Fig. 4. The driving signals of the upper and
lower tubes on each bridge arm are complementary and have a
certain dead zone. For a certain switching tube, if its antiparal-
lel diode conducts before the switching tube, its terminal volt-
age can be clamped to zero by the conducting diode before the
switching tube conducts, and the switching tube can achieve
zero voltage turn-on. In order to analyze conveniently, ignor-
ing the junction capacitance between MOSFET DS switches, it
can be concluded that the conditions for achieving ZVS are as
follows, based on the above considerations,

17— B
=<
2 wo
17+ 5
to =
2 wo
i1 (t) <0 ty = L3
i1 (t3) >0 2w
il(t3)>0 ¢ 7137T+ﬂl
==t
i1 (ts) <0 , 2 wo
) among which: 14)
22(t5)<0 . _177—52—2(5
ig(t6)>0 5_2 wo
iz (tr) > 0 L lnts -2
iz (ts) <0 ST w
137 — B, — 20
tr=-— 2 =
2 wo
13745, —20
tg = ~——2
2 wo

According to the symmetry of the current waveform in the
positive and negative half cycles, the above formula can be sim-
plified as follows.

1

sin ( 561 + 5) <0
i 1
i1 (t) <0 sin (61+6) >0
11 (tg) > 0 L. 2

, itis: (15)

19 (t5) <0 1
is (tg) > 0 sin <252+5) >0

) 1

sin (—2,82 + 5) <0

According to the range of (31, 2, and , the conditions for
achieving ZVS of all switching devices are as follows.

(16)

WWwWw.jpier.org



Progress In Electromagnetics Research M, Vol. 126, 19-27, 2024

PIERM

0 0> 0 0>
A i
o 0 04 oF 0y
A .
Os Os Os Os Os
A i
0Os 07 Os 07 Os
, | -
+U1dc - BI E Eﬂ_j
u NN
0 1 T
-Ujac i i
A | I
+U2c -1t
o] il R
| | o !
_U2dc : : - >
i Bz
t, t, t3 tts et t

FIGURE 4. The driving signal of switching components and the waveform of the formed excitation voltage.

That is to say, without considering the junction capacitance
of the switching transistor, in order to achieve ZVS, it is neces-
sary to ensure that the absolute value of the fundamental phase
difference of the excitation voltage on both sides is less than
half of the minimum internal phase angle value in the two side
converters. In practice, considering the influence of switch
junction capacitance, a certain margin needs to be left to make
the absolute value of the fundamental phase difference slightly
smaller than the critical value.

a, a>0

min{ﬂ; , B2} 3 (17

0] =

3. IMPLEMENTATION OF TRIPLE PHASE SHIFT CON-
TROL STRATEGY

The BIPT system needs to control the charging/discharging
power of electric vehicle batteries, while also taking into ac-
count overall efficiency and finding ways to reduce external
electromagnetic interference. According to the previous con-
tent, the control method proposed in this article has three de-
grees of freedom, namely the internal phase shift angle of the
primary side full bridge converter 31, the internal phase shift
angle of the secondary side full bridge converter 35, and the
fundamental phase difference of the primary and secondary side
excitation voltage J. According to the previous conclusion, the
transmission power is influenced by three controlled variables.
The fundamental amplitude of the excitation voltage on the pri-
mary and secondary sides depends on the internal phase shift
angle of the full bridge converter of the corresponding side.
The fundamental power factor of the AC port of the bilateral

23

converter is determined by the fundamental phase difference.
From the analysis in Subsection 2.3, it can be concluded that in
order to achieve ZVS for all switching devices, it is necessary
to make the value of |4| not equal to 90°. However, accord-
ing to the expression of transmission power, compared to the
case where |d| = 90°, when |4| is not equal to 90°, a higher
value of 51 or 35 is required to achieve the same transmission
power. According to the conclusion in Subsection 2.2, in order
to achieve the highest transmission efficiency in the intermedi-
ate link, it is necessary to increase (1 and (3, simultaneously,
which leads to an increase in the RMS value of the fundamen-
tal wave of the excitation voltage on both sides, resulting in an
increase in the RMS of the resonant current in the primary and
secondary loops. As a result, higher losses will be generated at
the equivalent resistors r; and r5. To avoid additional losses on
r1 and 79, it is necessary to maintain |§| = 90°, but at this point,
some switching devices will be in a hard open state, which in-
creases its losses. If low-cost silicon material switching tubes
are used, the losses caused by hard switching of the switching
device will be higher than the additional losses generated on 7,
and ro when A deviates from B under the same transmission
power. Therefore, priority should be given to ensuring that all
switch tubes achieve ZVS.

Based on the above control requirements, this article devel-
ops a control strategy for the BIPT system as shown in Fig. 5. In
this system, the secondary side battery has two control modes:
constant voltage mode and constant current mode. The constant
current mode is used to control the charging or discharging cur-
rent of the battery to a given value, while the constant voltage
mode is generally used during the constant voltage charging
stage of the battery. The control of charging and discharging
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FIGURE 5. The proposed control method.
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FIGURE 6. Forward power flow, full load, 31

current or battery voltage is essentially the control of transmis-
sion power.

Asshown in Fig. 5, first of all, calculate the error between the
battery current or voltage and the corresponding given value,
and send it to the proportional integral (PI) regulator for opera-
tion to obtain the internal displacement phase angle value 32 of
the full bridge in secondary side. Then, according to the ZVS
condition in Subsection 2.3, calculate the fundamental phase
difference 6, and send it to the PWM modulation stage to drive
the full bridge converter in the secondary side. At the same
time, send the secondary side information to the primary side
controller through wireless communication. Finally, the pri-
mary controller calculates the internal phase angle of the pri-
mary full bridge converter according to Eq. (18) and sends it to
the modulation stage of the primary full bridge converter.

sin (%)) ,2(|5|+a)} (18)

Ropt Uage

= 2sin [ —optTde
051 max{ sin ( Us.
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By = 174°, 5 = 82°.

From Eq. (18), it can be seen that the proposed control
method prioritizes the implementation of switching tube ZVS
and secondly strives to make the ratio of excitation voltages on
the primary and secondary sides equal to the optimal ratio as
much as possible to optimize the transmission efficiency of in-
termediate links.

4. SIMULATION VERIFICATION

To verify the correctness of the control method proposed in this
article, simulation validation was conducted on the CloudPSS
cloud simulation platform. The BIPT system parameters in the
simulation are shown in Table 1, and the coupling mechanism
parameters are taken from the parameters of an actual coupling
mechanism. When the primary and secondary coil structures
of the coupling mechanism are symmetrical, the primary and
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FIGURE 8. Forward power flow, 1/4 load, 81 = 32 = 82°, § = 36°.

secondary sides have the same impedance coefficient, ry = ro,
Kopt = 1.

Given the transmission power of 6.6 kW (full load), 3.3 kW
(half load), 1.65kW (1/4 load) respectively in the forward di-
rection, and 6.6 kW (full load) in the reverse direction, simula-
tion was conducted on the CloudPSS cloud platform using the
control method described in Section 3. The simulation results
are shown in Figs. 6 to 9, respectively. By analyzing the phase
relationship between the excitation voltages of the primary and
secondary sides and their respective currents in each figure, it
can be concluded that for Fig. 6 to Fig. 8, the absolute value of

25

the phase difference between the fundamental waves of U; and
I is less than 90°, indicating the power output from the ports.
The absolute value of the phase difference between the funda-
mental waves of Uy and I is greater than 90°, and the port
absorbs power. For Fig. 9, the absolute value of the phase dif-
ference between the fundamental waves of U; and [; is greater
than 90°, and the port absorbs power. The absolute value of the
phase difference between the fundamental waves of Us and 1o
is less than 90°, and the port emits power. For Fig. 9, power
is transmitted from the secondary side to the primary side. In
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FIGURE 9. Backward power flow, full load, 81 = 32 = 167°,§ = —78°.

TABLE 1. Parameters of the BIPT system.

Circuit parameter value
Uide 400V
Usge 400V
Pn 6.6 kW
Ly 177.1 uH
Lo 176.8 uH
M 36 uH

Circuit parameter value
C1 19.796 nF
C2 19.83nF
ry 161 m§2
ro 161 mQ2
f 85kHz
@ 5°

summary, the system has achieved bidirectional energy trans-
mission.

Based on the conclusion in Subsection 2.2 and the parameters
given in Table 1, it can be concluded that when the transmission
efficiency of the intermediate link reaches its maximum, the
ratio of the amplitude of the primary and secondary currents
should be approximately equal to 1. According to Figs. 6to 9,
under four different operating conditions, the ratio of primary
and secondary currents is 1.0233, 1.0231, 1.0226, and 0.9733,
respectively. The ratio of primary and secondary currents is
close to 1, which meets the conditions for achieving the highest
transmission efficiency in the intermediate link and optimizes
the transmission efficiency of the intermediate link.

According to the conclusion in Subsection 2.3, in order to
achieve zero voltage turn-on of all switching devices, the an-
tiparallel diode of the switching transistor must conduct before
the switching transistor. To achieve this condition, at the mo-
ment before Qq, Q2, Q3, and Q4 conduct, the primary current
i1 should be negative, positive, positive, and negative, respec-
tively, according to the reference direction in Fig. 1. At the mo-
ment before conducting in Qs, Qg, Q7, and Qg, the secondary
current /5 should be negative, positive, positive, and negative,

26

respectively. From Figs. 6 to 9, the above zero voltage turn-on
conditions are met, and all switching devices can achieve ZVS.

5. CONCLUSION

This article establishes a steady-state mathematical model of a
BIPT system with a full bridge converter for the primary and
secondary sides, and a fully compensated SS topology for the
intermediate link. The power transmission characteristics, con-
ditions for achieving the highest transmission efficiency in the
intermediate link, and conditions for achieving zero voltage
turn-on of all switching devices are analyzed. A triple phase
shift control scheme is proposed, which utilizes the internal
phase shift angle of the primary and secondary full bridge con-
verters and the fundamental phase difference of the excitation
voltage of the primary and secondary sides as three control vari-
ables to achieve bidirectional energy transmission, optimization
of intermediate link transmission efficiency, and zero voltage
turn-on of all switching devices over a wide load range. Fi-
nally, the correctness of the proposed control method is veri-
fied by establishing a simulation model on the CloudPSS cloud
simulation platform.
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