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ABSTRACT Inductive power transfer (IPT) technology used for charging electric vehicles faces challenges
in transferring high power because the power capacity and switching losses of high-frequency semiconductor
devices are limiting factors. A three-phase system is a common high-power solution and soft switching is
crucial for efficiency-oriented applications with high switching frequencies. In addition, dual active bridge
(DAB) topology is a suitable topology for soft switching and has advantages in controllability and high
efficiency. Therefore, to obtain higher power and efficiency, this paper studies the zero voltage switching
(ZVS) of a three-phase inductive power transfer system with a dual active bridge. The three-phase IPT
system with a DAB is different from both the normal three-phase DAB converter and the single-phase IPT
system with a DAB, so their ZVS conditions and ranges are also different and need to be studied. This paper
investigates the conditions and operating range for realizing zero voltage switching of the three-phase IPT
system with a DAB. Based on this, the efficiency of the system is improved by changing the load angle
between the primary and secondary sides. Finally, a 60 kW three-phase IPT system with a DAB is built, and
the experimental verification of the study is conducted.

INDEX TERMS Dual active bridge (DAB), inductive power transfer (IPT), zero voltage switching (ZVS).

I. INTRODUCTION and higher power densities than single-phase systems. In this

Inductive power transfer (IPT) has the potential to be an
important part of the charging infrastructure for electric vehi-
cles (EVs). To meet the requirement of quickly charging
EVs, it is necessary to improve the power of IPT systems.
At present, the high-power solutions for IPT systems mainly
involve series and parallel connections of each part (power
module or coupling coils) or three-phase systems [1], [2], [3],
(4], [5], [6].

In [7] a thorough review of the current research and outlook
of high power wireless charging is presented. It is concluded
that multi-phase systems can achieve higher power levels
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paper we focus on the three-phase system for IPT.

In addition, zero voltage switching (ZVS), as an important
means to improve system efficiency. For ZVS of three-phase
systems, most related references are on DC/DC applica-
tions [8], [9], [10]. In [8], an asymmetrical duty cycle control
strategy is proposed for a three-phase three-level DC/DC
converter. To decrease the current stress of switches in
high power conditions, a current-tripled-rectifier ZVS three-
phase full-bridge DC/DC converter based on a PWM control
strategy was proposed in [10].

The dual active bridge (DAB) is an efficient way to
achieve ZVS in a three-phase IPT system. DAB has a simple
structure, high efficiency and good controllability, and its
control method is widely studied in single-phase circuits.

© 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
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DAB control in a three-phase system has also been studied.
Reference [11] proposes a novel simultaneous PWM control
strategy for a three-phase DAB to realize ZVS in the whole
load range.

However, there is a lack of research on ZVS for three-phase
IPT systems with DAB. As a high-frequency resonant sys-
tem, an IPT system has some uniqueness compared with a
normal three-phase DC/DC system. The coupling coefficient
of IPT system is usually small, which makes the transmitted
reactive power significant and affects the efficiency of the
system. At the same time, reactive power will change the
phase between voltage and current, which is very important
for the control of DAB. So the ZVS for three-phase IPT
systems with DAB needs to be studied. Nevertheless, there
is some research on soft switching with DAB structures in
single-phase systems or transformer applications [12], [13],
[14], [15], [16].

Article [12] identifies the ZVS switching boundaries
for DAB converters by using frequency domain analysis.
A triple-phase-shift control strategy for a bidirectional IPT
(BIPT) system was proposed in [13] to achieve ZVS for all
power switches within the entire power range. A scaled down
prototype of 1 kW BIPT system is developed. Paper [14] pro-
poses a dual-side asymmetrical voltage-cancellation control
technique for bidirectional IPT systems, which considers both
efficiency optimization and zero-voltage switching operation
of all switches.

Compared with single-phase system, three-phase system
circuit is more complex. The interaction between the phases
makes it impossible to achieve the phase shift control like
a single-phase system; instead, duty cycle control is used.
At the same time, three-phase asymmetry is an additional
problem, which does not exist in single-phase systems.

In this paper, a three-phase DAB topology is selected
(shown in Fig. 1). The advantages of this topology include
employing common three-phase drive inverters, stable
DC-link power flow, modular pad design, and zero interphase
mutual inductance.

11 jbﬁ* B
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FIGURE 1. Schematic diagram of three-phase DAB IPT system with
magnetically decoupled individual pads.
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In a three-phase DAB system, there are three degrees of
freedom for control. They are the duty cycle of the primary
side inverter, the duty cycle of the secondary side inverter,
and the switching angle between the primary and secondary
sides, which is defined as the load angle in this paper. How
to use these control methods to achieve efficient and wide
range ZVS power regulation of the three-phase IPT system is
the problem to be solved in this paper. The ZVS range of the
system with load angle control methods is studied. On this
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basis, the efficiency of the system is improved by changing
the load angle and adjusting the ZVS range of duty cycle
control to the full power range.

Il. ZVS OF A THREE-PHASE IPT SYSTEM WITH DAB

The ZVS of a bridge circuit is generally realized by having
an inductive load, and the DAB topology has the ability to
adjust the reflected load impedance. This chapter covers the
theoretical conditions to achieve ZVS for a three-phase IPT
system with DAB.

A. SINGLE-PHASE AND THREE-PHASE IPT SYSTEM

Fig. 2 is the equivalent circuit diagram of the mutual
inductance of the AC side of a single-phase IPT system.

s
SR

FIGURE 2. Equivalent circuit diagram of the mutual inductance of the AC
side of the bidirectional IPT system.

The relationship between the primary and secondary volt-
age and current can be expressed as

. . 1 .

Vi =h(jwl) —j—) + joMI,
a)Cl

. - o1 I

Vo = h(jwly — j——) + joMI. (D
wCy

In a typical IPT system, the inductors and capacitors in the
circuit resonate at the operating frequency, i.e., LC = 1/w?.
From this, (1) can be simplified as

V] =ja)Mi2
Vo = joMI,. )

In this case, the inverter has unity power factor.

For three-phase systems, relations (1) and (2) are still
valid if the three phases are balanced. The inductance and
capacitance in the resonant circuit need to be tuned to meet a
certain relationship to maximize the power factor of the sys-
tem. In fact, there are four basic resonance topologies for the
three-phase system (shown in Fig. 3) for both the primary side
and secondary side. The relationship between the inductance
and capacitance to keep the topologies resonant should follow
Table 1.

If the inductors (L,, Ly, and L;) in Fig. 3 are coupled
with a compensated secondary side, the reflected impedance
will be purely resistive and can be put in series with the
inductors. In Table 2 the current and voltage stress for L, and
C, with equal excitation and power transfer is shown. YC-AL
compensation maximizes the power transfer with minimum
voltage stress of the compensation capacitors.

VOLUME 12, 2024
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C
b) YC-AL

a) YC-YL ¢) AC-YL d) AC-AL.
FIGURE 3. Different series connected compensation topologies for

three-phase IPT systems.

TABLE 1. Relationship between inductance and capacitance in resonant
condition.

Topology Capacitance Topology Capacitance

1 1

YC-YL C=— AC-YL C=—
w'L 3w'L

3 1

YC-AL C=— AC-AL C=—
'L w'L

TABLE 2. Component stress for different three-phase series tuning with
the same supply voltage and power transfer.

Voltage stress Voltage stress Current stress Current stress

Topology coil capacitor coil capacitor
YC-YL 1 1 1 !
YC-AL 3 1 5 !
AC-YL 1 NE) ! 7
AC-AL B 3 & z

In these topologies, “YC” has a lower voltage stress but
higher current stress on capacitors than “AC”; similarly,
“YL” has a lower voltage stress but higher current stress
on inductors than “AL”. Considering the limitations of the
experimental system, we choose the YC-AL topology in this
study.

The pads are designed as shown in Fig. 4. Current is
the most critical stress factor for the coils due to losses,
while voltage stress is the limitation for the compensation
capacitors. To reduce both of this, the pads are A-connected
which will reduce conduction losses and the capacitors are
Y-connected to lower the voltage stress. The three-phase
system in this study employs a DAB, and the primary and
secondary sides of the system exhibit essential symmetry.
This enables bidirectional power transmission, similar to
other studies utilizing DAB technology [13], [14], [15]. The
pads and compensation capacitors are configured according
to Table 1 so that any two-phase circuit is in resonance, which
contributes to power transfer and soft switching.

Fig. 5 shows a schematic of the primary-side modes of
this system. The three digits at the top of Fig. 5 represent
the switching states of phases a, b, and c. 1 means the upper
switch is on and the lower switch is off, and 0 means the
opposite. Vxp and Iy, represent the output voltage and current
of inverter phase Xx. Vcxp and Iy xp represent the voltage across
the compensation capacitor and the coil current. Since the

VOLUME 12, 2024

FIGURE 4. Structure of the three-phase IPT system with a DAB.
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FIGURE 5. Operating modes of three-phase IPT system primary-side.

primary and secondary sides are symmetric, the operating
modes of the secondary side are not repeated here.

Although a three-phase IPT system is more complex, its
resonance behavior is no different than that of a single-
phase system. For instance, based on Fig. 5, Fig. 6 shows
the resonance between the a-phase and b-phase bridge legs.
“Vap - Vop” and “Iy, - Iyp” are the phase-to-phase volt-
age and current. “Vicap - Vepp ™ is the sum of the capacitor
voltages in the loop and “ILap - ILpp - ILcp” is the sum of
the inductor currents in the loop. The energy oscillates back
and forth between the inductor and capacitor, leading to the
phenomenon of resonance.

E3]

Vip=Vip & | _— S—
Lp-Ty | =
\ P
Vea=Vesy [ — - t
L S
Lp-1rop-11cp ‘( S t

h b Bty 5t U

FIGURE 6. Resonance relationship between phases a and b.

With node and mesh analysis of the system in Fig. 4 with
YC-AL-connection on both sides, the line currents (ifq,p,c})
and coil currents (i{1,... ¢}) can be expressed as

Ax=b 3)
i{&b,C}P V{ab,bc,calp
A A i{a,b,c}s _ V{ab,bc,ca}s )
Ay Ap i{12,3) 0
i{4,5.6 0
7123
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where Ajj is 6-by-6 matrices, iy and v, are 3-by-1 vectors, and
the zero vectors, 0, are 3-by-1. Setting up the node and mesh
equations, the A-matrix becomes

Zw  ~Zp O o 0
0 Zip —Zep 0
Ap=|"%w 0  Zp - 0 (5)
L 0 0 0 e L
4 e JoMia 0 0
0 V4 e JjoMos 0
Ap=| : : (6)
0 jowMs, e Zs 0
| 0 0 JwMeg3 e Zs
M1 0 e 0
0 1 .0
A =| . . : @)
_0 0 1
M —1 0 1 0 0 0
1 -1 0 0 0 0
0 1 -1 0 0 0
An=149 o o -1 o0 1 ®)
0 0 0 1 -1 0
0o 0 0o o 1 -1
where

Ziabelps) = rc +1/(oClabeiips)
are the compensation capacitor impedances, and
Zy,...6) =1L +joL,. 6

are the pad impedances. The subscripts {p, s} denotes pri-
mary and secondary side respectively. Here the pads are only
coupled with a single coil on the other side, which results in
a sparse A1 matrix. For the general case, the matrix Ajs is
the same as the inductance matrix in (9).

Vi JjoLii+r1 joLi i1

JjwLes + 16 ig

©))

V6 JwLey

According to [22], the efficiency-optimized load of an IPT
system with series-series compensation can be expressed as

2
Rp,opt = oM | = (10)

r
Similarly, the per-phase load resistance that maximizes
the efficiency of the three phase IPT system in Fig. 4 can
be calculated as (10). Since the system is symmetric both
electrically and geometrically, the same pad design is used
on both sides. Hence, the coil resistances are equal (r; = r7)
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FIGURE 7. Simulation of inductances and coupling for different number
of turns. The design of the primary and secondary side is the same.

and (10) simplifies to Rz opt = wM . Then the optimal mutual
inductance of the system can be expressed as:
Rpeq w2 dec

Moy, = == 11
opt - 8 wPou (11)

Considering the trend towards increasing battery voltage,
we use a nominal dc-link voltage of 400 V. The targeted
power transfer is Py = 55 kW and the resonance frequency
is fsw = 75 kHz. This results in a mutual inductance of Moyt =
7.6 wH. If the pads are misaligned the mutual inductance will
reduce, therefore Moy is a lower boundary for the mutual
inductance in the pad design.

In this work the rectangular winding of the pad is selected
and the nominal air-gap is 120 mm. The outer dimensions of
the pads are limited to 750 mm x 500 mm. Litz wires with a
strand diameter of 0.071 mm is selected with a total effective
area of 50 mm?. A finite-element model is developed that has
the number of turns, N, as the only free variable. A plot of
the self inductances, (Lxp and Lys), the mutual inductance,
(Mps), and the coupling factor (kps) for different number of
turns is shown in Fig. 7. The number of turns is selected as
N =5 which results in a mutual inductance of Mps = 9.3 uH,
and self-inductances of Ly, = Lys =27.0 uH, along with a
coupling factor of kys = 0.34.

The finite element model and the flux density in the ferrite
are shown in Fig. 8. The flux is concentrated below the coil
and the ferrite in the center is not utilized fully. If weight and
cost is a big concern, ferrite can be removed from the center.
This will have negligible effect on the coupling factor and
losses. Although there will be more stray field behind the pad
and additional shielding might be required.

The losses from the inverters are divided into conduction
losses and switching losses. Conduction losses are minimized
by using synchronous rectification and switching losses are
mitigated utilizing ZVS. The principle of synchronous recti-
fication is that the secondary side MOSFETs are turned on in
pairs when their respective body diode starts to conduct. The
losses for current flowing in the body diode can be calculated
as

Ppioss = VfID(avg) + rDIg(rms) (12)

where Vy is the diode forward voltage, rp is the equivalent
series resistance of the diode and Ip is the current through

VOLUME 12, 2024
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(a) Finite element model of pad
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FIGURE 8. The finite element simulation model and the flux density
distribution in the ferrite.

the diode. Similarly, the losses when current is only going
through the channel of the MOSFET can be calculated as,

Pchjoss = rdSIc%s(rms) (13)

where rgs is the on-state resistance of the MOSFET and I is
the current in the channel.

‘When using synchronous rectification, the current will split
between the diode and the channel of the MOSFET. Assum-
ing a sinusoidal secondary side current, i = igs + ip, and that
the voltage is the same over the channel and the diode,

Vds = ids?ds = iprp + Vy = vp (14)

the expression for Ip(avg), Ip(rms) and Igsems) becomes

2«/5 Ihrgs — V,
e =52 (T) 09
Irgs — 'V,
oy = == (16)
s
Ihrgs — 'V,
Ids(rms) = rdgTer (17)
s

B. INFLUENCE OF THE LOAD ANGLE OF DAB ON ZVS

ZVS in the general sense refers to the addition of an LC reso-
nant circuit outside a switch such that when the LC resonant
voltage crosses zero, the switch is turned on to achieve ZVS.
The basic principle of ZVS for a MOSFET is to use the energy
stored in the inductance at the output of the switch to drain
the charge on the parallel capacitor of the switch before the
switch is turned on so that the voltage across the switch is
zero or slightly negative (with an antiparallel diode on).

VOLUME 12, 2024

For bridge circuits (half-bridges, full bridges, and
three-phase bridges), the conditions of ZVS are described as
follows: 1. The dead time of the bridge arm is long enough
to discharge the capacitor by the inductance of the output
terminal; 2. The equivalent load of the bridge arm is inductive
(or the current phase lags behind the voltage). The first
condition falls under the problem of driving category, which
is not covered in this article. The second condition means
that the voltage zero crossing point should be earlier than the
current zero crossing point, so that the current can discharge
the parallel capacitor of the switch before the switch is
turned on.

The three-phase bridge switches can be regarded as three
independent half-bridge switches because the commutation
process of a switch is only related to the current and voltage
of its phase. It should be noted that the phase voltage should
be used, which has a 30° difference with the line voltage.

In general, inverters of IPT systems often realize soft
switching through the slightly inductive impedance of the
resonant circuit, but the inductive impedance of the resonant
circuit should not be too large, so the range of control (such as
phase shift angles or duty cycles) that satisfies the soft switch
will be small. For example, when the phase shift angle is
decreased to reduce the system power in an H bridge system,
it is easy to exceed the range of soft switching.

The control of the load angle can avoid this, so that any
phase shift angle or duty cycle can achieve soft switching.

Fig. 9 shows the phase voltages and line currents of both
the primary side and secondary side of an IPT system. In the
system, the duty of each side and the load angle between both
sides can be controlled.

In Fig. 9, ;€ [—180°, 180°] is the load angle, which is the
phase angle between the primary and secondary AC voltage
fundamental components. When it is positive, the primary
side is the transmitting side, and when it is negative, the
primary side is the receiving side. Here we only discuss
positive range.

Primary

‘ : ‘ —W1
ANGN
P \/ 1 \// I_
Secondary %

—_—V2
¢d2 . -2

770

FIGURE 9. Phase voltage and line current of the primary side (top) and
secondary side (bottom) in a three-phase DAB, with angle definitions
marked (one of three phases is shown).

w4q1€ [0, 360°] is the expression of the duty cycle in the
angle of the primary side, which is determined by the turn-on
duty cycle of the upper leg. When ¢41= 180°, the conduction
time of the upper and lower legs in a cycle each occupies half.
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wa2€ [0,360°] is the expression of the duty cycle in the
angle of the secondary side.

01 [—180°, 180°] is the lag angle from the current to the
voltage of the primary side. When the primary side is the
transmitting side, 61€ [—90°, 90°]. Otherwise, the primary
side should be the receiving side.

0re [—180°, 180°] is the lag angle from the current to the
voltage of the secondary side.

From the analysis in section II-B, to achieve ZVS, a zero
crossing of the current from negative to positive should occur
when the voltage is positive; a zero crossing of the current
from positive to negative should occur when the voltage is
negative. Combined with Fig. 9, the condition for realizing
ZVS of the upper leg can be expressed by the inequality

1 L
dvi — 500 < ¢ —90° <y + 50ai (= 1.2 (18)

where @y; and @j; are the phases of the voltages and the
currents, respectively. The angle difference between them is

o1 —Pvi=06;,(i=1,2). (19)

Similarly, for the lower leg, the condition is expressed as

1 1 :
ovi + > i < ¢ +90° < ¢y; + 360° — > $div i=12).
(20)

Equations (18) and (19) can be simplified to

1 1
90° — ~@gi < 6; <90° + gy
;2 2, Li=1,2) 1)
5%di — 90° < 6; <270° — > i

When the primary side is used as a transmitter and the
secondary side is used as a receiver, (20) can be solved to
obtain

180° — 20, < <26 180°
[ 1 < @q1 <201 + 22)

26, — 180° < @2 < 540° — 26,.

It can be seen from (2) that the phase difference between
the current on one side and the fundamental voltage on the
opposite side «g is always equal to 90°, which means

01+ ¢ = ao
0 — @1 =g (23)
o = 90°.

By combining (22) and (23), we get

[ 29 < @q1 < 360° —2¢; (24)

201 < a2 <360° —2¢;

as the ZVS operating range of the system, which has solutions
only if

@ <90°. (25)
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IIl. CONTROL METHOD AND ZVS REGION

A. LOAD ANGLE CONTROL

The load angle control controls the power flow by changing
the phase-angle of the secondary voltage with respect to the
primary side. For a voltage source load with primary and
secondary side voltages v; and v, respectively, the input
impedance, zi,, for a tuned series-series compensated system
can be expressed as

rry + w*M?
rvy — joMvy

~ om0/ (000 — g1) (26)
[v2]

Zin = V]

The approximation in (26) is valid if rjr; < oM.

In a similar way the impedance seen from the output can
be expressed as

Zout ~ wM%z (90° — ¢21) @7)

The absolute value of the impedance is constant with
respect to ¢ i.e. the amplitude of the currents will be constant.
One way to control the system is to choose ¢ such that the
active power is maximized, i.e. z € R, which is satisfied if
is 90 degrees. This will minimize the conduction losses but
can cause excessive switching losses since some inductance
is necessary to achieve zero-voltage switching.

Based on the analysis in the previous section, a simulation
made with load angle control is carried out using PLECS and
SIMULINK. The simulation results of output power, ohmic
losses (i.e., conduction losses of switches and losses in coils
and capacitors) and switching losses are shown in Fig. 10.

8

—s—Pout Ohmic Loss —+—SW Loss

Power (kW)
5 8 8 8 38 3

8
© B N W & U1 O N ©
Losses (kW)

o
=
®
3

(] 20 40 60 80 100 120 140 160
Load Angle (Deg)

FIGURE 10. Output power, switching losses and ohmic losses at different
load angles under load angle control in the simulation (L = 27xH).

It can be seen from the figure that the load angle can
significantly change the transmitted power of the system.
This is because the change in the load angle changes the angle
between the inverter voltage and current and then affects the
proportion of active power and reactive power when the total
power remains unchanged. When the load angle is 90°, the
reactive power is almost zero, and the transmitted power of
the system is at the maximum. When the load angle deviates
from the 90° point, the reactive power increases and the
transmitted power decreases. When the load angle deviates
too far, the losses of the system begin to increase significantly.

VOLUME 12, 2024
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Moreover, when the load angle is less than 90°, the loss of
the system is lower than the symmetry points greater than 90°
because the system is in the ZVS area. When the load angle
is greater than 90°, the loss of the system gradually increases
because the system is in the hard-switching area.

In particular, it should be noted that the load angle signifi-
cantly affects the switching losses but has no effect on the coil
losses, capacitor losses and conduction losses of switching
devices, which are summed up as ohmic losses in Fig. 10.
The reason why the ohmic losses are practically constant is
that the amplitude of the current flowing through the coils,
capacitors, and inverters does not change with the change in
the load angle.

When the load angle is more than 90°, the system works
in a hard switching area, and the switching loss increases
rapidly. When the load angle is less than 90°, the system is in
the ZVS range, but the switching loss still rises slightly. This
is because there is still turn-off loss, which is smaller than
the turn-on loss but still considerable when the load angle is
small.

The simulation results in ZVS and non-ZVS areas are given
in Fig. 11.

To evaluate the influence of the change in coil inductance
on the system, a series of simulations were carried out.
In the simulations, the coil self-inductance L was changed
while keeping the coupling coefficient k and resonant capac-
itance C unchanged. The results are shown in Fig. 12.

When the inductance changes, the curve of switching
losses is shifted because the resonant point changes. The
ohmic losses are also affected since the current through coils,
capacitors and switching devices is no longer constant.

It can be concluded that the load angle control should be
operated in ¢; < 90° to change the system power. In this way,
the system works in the ZVS area, and the efficiency is higher.

It should be noted that the load angle control in a
three-phase IPT system is different from that of a typical
three-phase DC-DC converter, because the coupling factor
in an IPT system is much smaller than that of a DC-DC
converter. This makes the phase difference between the pri-
mary and secondary currents in these two systems completely
different. In turn, the phase difference is a key element of the
load angle control. In addition, the IPT system is difficult to
calculate the instant value of the DAB current because the
current of DAB is affected by the filter due to the resonance
circuit.

B. ASYMIMETRICAL DUTY CYCLE CONTROL

Besides the load angle control, the inverter power control of a
single-phase IPT system usually uses phase shift control, i.e.,
changing the phases of the two bridge arms of the H-bridge to
control the equivalent voltage of the inverter output. However,
this control method is difficult to implement in a three-
phase inverter. Because the phase angle is generally fixed
at 120 degrees to ensure the three-phase balance. Therefore,
another control method of the three-phase DAB system,
i.e., asymmetric duty cycle control, is required in order to

VOLUME 12, 2024

Vab and la of primary side
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FIGURE 11. Simulation waveforms of the inverter output and MOSFET at
different load angles.

cooperate with the load angle control. This leads to a
difference in the control method between three-phase and
single-phase DAB systems.

In asymmetrical duty cycle control, the duty cycles of the
upper and lower switches are complementary, i.e., the sum of
the duty cycles in one bridge arm is 100%. The three-phase
bridge arms are shifted by 120° to each other. The diagram
of gate drivers is shown in Fig. 13, where S1 to S6 are the
driving signals of the switch device in Fig. 4.

1) ZVS RANGE OF ASYMMETRICAL DUTY CYCLE CONTROL
WITH PASSIVE SECONDARY SIDE
A simulation of asymmetrical control was carried out. The
simulation result is shown in Fig. 14. The losses of asymmet-
rical control in the low power range are lower than those of
symmetrical control. The less losses in asymmetrical control
are due to the lower current during switching, which makes
the switching losses less compared to symmetrical control.
For asymmetric control, as long as the duty cycle is not
50%, the conduction angle of the switch leg will be less
than 180°, which will cause the current of the same phase
to change sign earlier than the voltage, thereby losing the soft
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FIGURE 12. System performance that varies with load angle under
different coil inductances in simulation.
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FIGURE 13. Waveform of drivers and output of asymmetrical control.
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FIGURE 14. Output power and total losses of asymmetrical control in
simulation.

switching state. Therefore, under this control method with a
resistive load, the system only realizes soft switching when
the duty cycle is 50%, that is, the maximum output duty
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cycle. To achieve soft switching with a smaller duty cycle,
the system should be operating with a higher frequency or
more inductive load.

2) ASYMMETRICAL CONTROL COMBINED WITH LOAD
ANGLE CONTROL

To make the IPT system achieve ZVS in the full power
range, the load angle control is combined with duty cycle
control. It is important to note that this control is different
from both the control of the IPT system with a single-phase
DAB structure and the control of the DC-DC converter with
a three-phase DAB structure.

Since there are three degrees of freedom, i.e., the load angle
and the duty cycle of the primary and secondary sides, there
are various ways of such hybrid control. The way chosen in
this paper is to keep the duty cycle of the secondary side
constant and maximum, and change the load angle and the
duty cycle of the primary side. There are two major reasons
for the choice: First, the control is simple and only the primary
side needs to be controlled. Second, the rectifier conduction
angle is always the maximum and the system is able to
transmit more power. Fig. 15 shows the phase voltages and
line currents of the primary side and secondary side of an IPT
system with this kind of hybrid control.

Primary
\V\Z\/V —)
L D,
4
Secondary
-/\ /\ D2 /\\‘/_ :22
|l N2

FIGURE 15. Phase voltage and line current in the three-phase IPT system
with asymmetrical control combined with load angle control (one of three
phases).

To study the characteristics of this control method, a com-
bination of duty cycle and load angle control was carried
out in simulations. The simulation uses the system structure
shown in Fig. 4 and the system parameters shown in Table 3.
The ZVS region of the system obtained from the simulation
is shown in Fig. 16. Maps of the output power, efficiency and
losses with different duty cycles and load angles are shown in
Fig. 17, Fig. 18 and Fig. 19. The output power is symmetric

TABLE 3. Parameters of the constructed system.

Parameter Value
DC-link voltage 400 V
Output power 60 kW
Coil inductance 27.0 uH
Mutual inductance 9.18uH
Capacitance 500 nF
Coil resistance (ac) 14 mQ
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FIGURE 16. Simulation results of the ZVS region of the system under
hybrid control.
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FIGURE 17. Simulated output power with 400 V DC link voltage with
combined load angle and asymmetrical duty cycle control. Labels are
in kw.

Load angle [deg ]
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50
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FIGURE 18. Simulated efficiency with 400 V DC link voltage with
combined load angle and asymmetrical duty cycle control. Labels are
in %.

with respect to both the duty cycle and load angle. The
high-efficiency region shifts to the lower load angle range due
to the inductive input impedance at the operating frequency
(fo = 75 kHz). When the load angle is below 90°, the losses
are smaller than when the load angle is above 90° due to lower
switching losses.

Due to the complexity of the IPT resonant system, the
analytical expression for the ZVS region of the system is not
obtained at present, but this does not prevent the feasibility of
this hybrid control method.

Although no analytical expression is given for the ZVS
region of the system, it is feasible to keep the system
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Load angle [deg ]
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FIGURE 19. Simulated total losses with 400 V DC link voltage with
combined load angle and asymmetrical duty cycle control. Labels are
in kw.

operating in the ZVS region by control. The implementation
is similar to that of synchronous rectification. In the most sim-
plified way, the primary and secondary switching frequencies
are set to be the same and the secondary duty cycle is constant
at 50%. The primary side only needs to detect the line current
cross-zero point of a phase and obtain its current direction
at each moment. Then on the basis of duty cycle control,
by adjusting the phase angle between the PWM signal and
the line current, so that the upper bridge arm turns on when
the line current is negative, and the lower bridge arm turns on
when the line current is positive. That is, the ZVS of the half
bridge of this phase can be guaranteed.

C. THREE-PHASE PHASE-SHIFT REGULATION

When the three-phase loads are unevenly distributed, the
currents between phases will be unequal. This leads to
unbalanced flow of currents in the system, which can cause
equipment overload or overheating. The total power loss
in the system will increase, resulting in energy waste and
decreased efficiency. To address this issue, phase-shifting
control can be implemented to mitigate the imbalance.

In phase-shift control the duty cycle is d = 50% for all
switches. The voltage is instead controlled by phase-shifting
the phases. From Fourier analysis the voltage amplitude can
be described by

Do) = 2 Y3 % (28)
T on 2

where n is the harmonic order, V. is the dc-link voltage and
« is the phase-shift. From (28), the maximum voltage ampli-
tude is Vmax = 4V4c/m when a = 180°. Phase-shift is often
used for controlling power flow in single phase systems but
can also be utilized in multi-phase systems.

In a system with m phases the phase-shift should be

Qsym = 2m/m for symmetric voltages. If o # agym the
voltages will be unbalanced. This can be used to balance the
phase-currents if the load is unbalanced.

In this study, phase-shift of the line-voltages are varied
according to Fig. 21 and the corresponding amplitudes of the
line-voltages are shown in Fig 22. For the case in Fig. 21-d,
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FIGURE 22. Line-voltage amplitudes when phase-shifting /AB and /BC.

all the line-voltages are zero and therefore no current will
flow in this state.

IV. EXPERIMENTAL VERIFICATION

To verify the correctness of the abovementioned theory and
simulations, an experimental setup was constructed. The
topology of the experimental setup is shown in Fig. 23.
To reduce the requirement for DC power supply and limit the
dissipated energy, a back-to-back arrangement is used. With
this arrangement, only the losses of the system need to be
provided from the power supply.

FIGURE 23. Structure of the three-phase IPT system with a DAB.
A common DC bus is used to ease the experiments.
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A. EXPERIMENTAL SETUP

The three-phase system consists of two three-phase inverters
with three Cree-produced 1200 V, 450 A SiC-MOSFET mod-
ules (CAB450M12XM3) on both sides. A photo of the setup
is shown in Fig. 24, and the electric and parameter values are
presented in Table 3.

b) Three-pase col

upling coils

a) Inverters of both sides

FIGURE 24. The experimental setup.

B. LOAD ANGLE CONTROL

An illustration of the load angle change is shown in Fig. 25.
In the top plot, the load angle is 80°, and the zero crossing
of the current is just later than the voltage. The voltage wave-
form has no oscillations, which means that the system is in the
ZVS state. When the load angle increases to 90°, as shown
in the bottom plot in Fig. 25, the zero-crossing point of the
current occurs before the voltage is switched. This gives rise
to oscillations in the voltage waveform, which means that the
system is in the hard-switching state. This experiment verifies
that the load angle control can change the angle between the
current and voltage of either side, which affects the ZVS state
of the system.

S 500 500 <
o —Vab k=
g 0 — &0 2
ol a
L 500t 500 O
0 5 10 15 20 25 30 35
S 500 - 500
o —Vab S
g0 i '&0 2
S 500t 2 500 3
0 5 10 15 20 25 30 35
Time [ps]

FIGURE 25. Voltage and current waveforms with 80° (upper) and 90°
(lower) load angles. At 80°, the system is in the ZVS area, and at 90°, the
system is in the non-ZVS area.

In Fig. 26, the turn-on and turn-off are shown with and
without ZVS. When the load angle is less than 90°, switching
occurs with lower switching losses. When the load angle
increases, the MOSFETS enter the non-ZVS state with higher
losses. By integrating the product of voltage and current
during the switching process, it can be concluded that the
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FIGURE 26. Measurements of the switching process with ZVS at smaller
load angles (a) and without ZVS at larger load angles (b).

switching energy in Fig. 26-a (the ZVS mode) is about 0.9 mJ,
while the switching energy in Fig. 26-b (the non-ZVS mode)
is about 2.0 mJ. The switching loss of the ZVS mode in
Fig. 26 is half of that of the non-ZVS mode.

An experimental verification of load angle control was
carried out. The measurement results are compared with the
simulation results (in which L = 31 pH) in Fig. 27.
The measurements and simulations are in good agreement.
The higher coil inductance is presumably due to the long
connection cables between coils and capacitors. When the

- ® -P_out_SIM —e—P_out_EXP - & —P_loss SIM —a—P_loss_EXP

O B N W e U N
Losses (kW)

=
@
o

0 20 40

60 80 100 120 140 160
Load Angle (Deg)

FIGURE 27. Output power and losses for load angle control in simulation
(dashed lines) and experiment (solid lines).
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load angle is less than 80°, the system operates in the ZVS
area, with a loss of no more than 1.6kW, while when the load
angle is greater than 90°, the system operates in the non-ZVS
area, with a loss of no less than 2.6kW and up to 6.7kW.

C. ASYMMETRICAL DUTY CONTROL
The measurement results of output power and losses for

asymmetrical control compared with simulations are shown
in Fig. 28.

70 4 r7
— ® —P_out_SIM —e—P_out_EXP P_loss_SIM ——P_loss_EXP

60 - r 6
=< 50 4 F5<
3 ]
= 40 - FaZ
S w
£ 30 38
3 S
a 20 4 F 2=

10 - F1

0 - -0

0 20 40 60 80 100

Duty (%)

FIGURE 28. Output power and losses for asymmetrical duty cycle control
in simulation (dashed lines) and experiment (solid lines).

In asymmetric control, the simulation and experimental
results are almost the same. At the 50% duty point, the loss
slightly decreases because the system is in the ZVS state at
only this point. In comparison to the load angle control, the
asymmetric duty cycle control has more losses in the range
of 20kW to 55kW due to operating in a non-ZVS condition.
However, when the power is less than 20kW, it will lose less
than the load angle control due to the low current stress at low
duty cycle, making the hard switching losses insignificant.

D. ASYMMETRICAL CONTROL COMBINED WITH LOAD
ANGLE CONTROL

Measurements of the output power, loss and efficiency are
shown in Fig. 29, Fig. 30 and Fig. 31, respectively. Comparing
with simulation results from Fig. 17, Fig. 18 and Fig. 19, itcan

180
160
140
— 120

100

Load angle [deg

0 10 20 30 40 50 60 70 80 90 100
Duty cycle [%]

FIGURE 29. Measurements of output power at 400 V DC link voltage with

combined load angle and asymmetrical duty cycle control. Labels are in
kW. The maximum power is 60 kW at 50% duty cycle and 90° load angle.
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FIGURE 30. Measurements of total losses at 400 V DC link voltage with
combined load angle and asymmetrical duty cycle control. Labels are
in W. The maximum losses is 6.5kW at 50% duty cycle and 180° load
angle, while the losses is 1.5kW at the same duty cycle but zero load
angle.
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FIGURE 31. Measurements of DC-DC efficiency at 400 V DC link voltage
with combined load angle and asymmetrical duty cycle control. Labels are
in %. The maximum efficiency can reach 97.5% at 50% duty cycle and 60°
load angle.

be concluded that the experimental and simulated maps are
similar, which verifies the simulation model.

The red dashed lines in Fig. 29, Fig. 30 and Fig. 31 repre-
sent the ZVS boundary of the system in the experiment, and
the area below the red line is the ZVS region. It can be seen
that compared to the simulation results, both the ZVS region
and the high efficiency region of the experimental results
are shifted to the lower load angle. The reason is that the
inductance of the coil becomes larger due to the presence of a
lengthy connection line, similar to that shown in Fig. 12 and
Fig. 27.

From the measurements, it can be found that neither load
angle control nor duty cycle control alone is the most efficient
choice. Power control along the ZVS boundary seems to
be a more efficient way of power regulation. Unfortunately,
the analytic expressions for the ZVS boundaries are not yet
available, which is one of the topics for future research for
the three-phase IPT system with a DAB.
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V. CONCLUSION

Three-phase IPT with high switching frequency is suitable for
high power EV charging. To reduce the losses of a three-phase
IPT system, the ZVS operation of a three-phase IPT system
with a DAB was studied.

A three-phase IPT system differs from a single-phase
IPT system because it cannot use phase-shift control, and it
also differs from a three-phase DCDC converter because the
loose coupling of the IPT system causes the phase relations
between voltages and currents to change.

Based on a three-phase IPT system with a DAB, the condi-
tions for realizing ZVS were discussed. The phase between
the AC voltage and current of the converter determines
whether it is in the ZVS or non-ZVS area. Experiments show
that the switching losses in the ZVS condition are half of
those in the non-ZVS condition when the system is operating
around full power. The ZVS operating ranges of the system
under load angle control and duty control were studied. With a
constant DC voltage, the duty control of a three-phase system
has a limited ZVS area which is obtained only at maximum
power, while by controlling the load angle to be less than 90°
the system can be kept within the ZVS area over whole power
range. On this basis, the losses of the system were compared
for different control methods. Load angle control can achieve
lower losses compared to duty cycle control when the sys-
tem is controlled at 30% to 100% full power. Asymmetrical
duty control can be improved by changing the load angle
between the primary and secondary sides. Finally, a three-
phase IPT setup rated at 60 kW with a DAB was used for
experimental verification. The performance of each control
method was measured for the complete operating range and
compared with theoretical and experimental analysis to verify
the correctness of the research.
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