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Featured Application: The proposed triple phase shift (TPS) dual active bridge (DAB) resonant
converter control scheme is suitable for high-efficiency electrical vehicle (EV) wireless charging
applications.

Abstract: This paper presents a new triple phase shift (TPS) closed-loop control scheme of a dual
active bridge (DAB) LCC resonant DC/DC converter to improve wireless charging power transfer
efficiency. The primary side inverter phase shift angle regulates the battery charging current/voltage.
The secondary side rectifier phase shift angle regulates the rectifier AC load resistance to match its
optimized setting. The inverter-to-rectifier phase shift angle is set to achieve unity power factor
operation of the DAB rectifier and inverter. The mathematical formulation of the TPS shift control is
given for each phase shift angle. The analytical calculation, circuit simulation, and experimental test
are carried out in a power scaled-down DAB LCC resonant wireless charging converter laboratory
hardware setup to validate the proposed TPS close-loop control scheme. The PLECS circuit simulation
shows that DAB LCC resonant SiC MOSFET operates at zero-voltage-switching (ZVS) with a unity
power factor in emulated constant current (CC) mode battery charging. In constant voltage (CV) mode
operation, one inverter/rectifier Leg does not operate at ZVS switching when Sic MOSFET is switched
on near zero current. The experimental results show that the efficiency is greatly improved for CV
mode charging with large DC load resistance connected if rectifier AC load resistance matching
control is enabled. The measured efficiency matches well with the analytical calculation. The
estimated efficiency improvement will be much more significant for EV applications in the kW power
range with greater winding loss. The challenges and possible solutions to implement TPS PWM
modulation in two separate inverter and rectifier control hardware are explained for future TPS
control algorithm development in practical wireless charging products.

Keywords: wireless charging; dual active bridge (DAB); DC/DC converter; LCC resonant circuit;
triple phase shift (TPS); constant current (CC) battery charging; constant voltage (CV) battery charging;
zero-phase-angle (ZPA); zero-voltage switching (ZVS); and unity power factor operation

1. Introduction

Wireless power transfer has gained popularity over the years as this technology can
charge electric vehicles (EVs) without requiring a power cable and a plug-in connector.
In recent years, inductive power transfer by a DC/DC resonant converter has become
an effective wireless charging method [1]. For EV wireless charging applications, the
considerable variation of wireless transformer parameters exists practically due to the
significant magnetic coupling factor change caused by air-gap distance variation, the
misalignment between the transmitter and the receiver pads, and the receiver coil parameter
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vehicle-to-vehicle variation. For the basic series-series (S-S), series-parallel (S-P), parallel-
series (P-S), and parallel-parallel (P-P) resonant circuit topologies, the resonant frequency is
sensitive to the magnetic coupling factor variation and the receiver coil parameter variation.
The high-order LCC resonant circuit is a more appealing topology for its robustness to the
resonant circuit parameter variation and battery operation condition variation [2–4].

The resonant frequency selection is an important design decision for a wireless charg-
ing system. High resonant frequency improves the magnetic coupling and reduces the
size of the wireless charging transformer. Therefore, increased resonant frequency reduces
winding loss, core loss, and shield loss. The cost for high frequency is increased power
device switching loss [5]. SiC MOSFET in the market’s 600 V~1700 V voltage range opens
the opportunity to implement high resonant frequency for EV wireless charging systems.
Compared to SI MOSFET devices, SIC MOSFET has the advantage of much smaller and
thermal-stable On-resistance Rds, which leads to low conduction loss. The intrinsic fast
diode in SIC MOSFET has a much lower reverse recovery charge (Qrr) (low switching-off
loss). SIC MOSFET is an ideal choice for wireless charging DC/DC resonant converter,
which runs at hard-switching control with acceptable power device loss in low current at
CV battery charging mode [5]. The switching loss of Sic MOSFET is estimated to reduce
to around 50% with ZVS switching. The ZVS switching can be realized by introducing a
phase shift between inverter/rectifier AC voltage and current so that the turn-off current
at MOSFET switching ON transition is large enough to discharge the MOSFETs junction
capacitors within dead time [6,7].

For a conventional unidirectional wireless charging system, the battery current or voltage
feedback control is implemented in the transmitter side high-frequency DC/AC inverter, and
the receiver side AC/DC converter is an uncontrolled diode rectifier bridge. The loss distribu-
tion of a unidirectional 8 kW wireless charging MOSFET DC/DC LCC resonant converter
is estimated as 52.3% from transmitter and receiver coils, 16.7% from LCC compensation
network, 11.9% from power MOSFETs, 16.8% from rectifier diodes, and 2.2% from output
filter [2]. Similar power loss distributions are reported in [8] in CC mode charging operation.
For wireless charging systems, the loosely coupled transmitter and receiver coils dissipate
most of the power loss because of a relatively larger resonant current [2,8].

In LCC resonant compensation parameter design calculation, inverter AC circuit zero-
phase-angle (ZPA) constraint is imposed to minimize reactive power flow into AC resonant
circuit and maximize LCC resonant circuit efficiency [2,9–11] The resonant compensation
circuit design with inverter ZPA operation constraint is critical for achieving high-efficiency
operation of the wireless charger at CC charging mode with low battery equivalent resis-
tance. However, resonate circuit efficiency significantly degrades in CV charging mode
operation when battery equivalent load resistance is significantly increased [12–14].

Intensive research efforts are published to minimize the efficiency degradation caused
by battery equivalent resistance variation in CV battery charging mode. This research effort
can be generally classified as load impedance estimation and load impedance matching con-
trol, which requires modifying the rectifier side circuit and implementing dual side control
of the DC/DC resonant converter. A simple solution is to add a post-regulation DC/DC
converter after the diode rectifier to regulate the effective load impedance of the resonant cir-
cuit when the battery charging condition is changed. In [14], dynamic maximum-efficiency
tracking control is proposed for S-S resonant converter wireless charging system by adding
a pre-regulation DC/DC converter before the inverter on the transmitter side and a post-
regulation DC/DC converter after the diode rectifier on the receiver side. On top of battery
voltage/current/power regulation in inverter control, the duty cycles for pre-regulation
DC/DC converter and post-regulation DC/DC converter are adjusted based on “perturb &
observer” methods to minimize the measured efficiency. In [15], a post-regulation buck-
boost converter is added after the diode rectifier bridge for the LCC resonant converter
wireless charging system. The diode rectifier output DC load resistance is regulated around
a reference load resistance value by duty cycle control of the buck-boost converter to im-
prove efficiency in CV charging mode operation. The CC/CV/power regulation is realized
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in inverter control using model-based power/current calculation from the estimated in-
verter AC load resistance. In [16], a pre-regulation buck converter is added before the
inverter. A semi-active rectifier replaces the diode bridge. The battery charging current is
controlled by rectifier side phase shift PWM modulation with voltage pulse synchronized
with measured receiver coil current. The inverter phase shift angle is kept at maximum
value. The buck-boost duty cycle is adjusted to optimize the system efficiency based on
the “perturb & observer” method. The drawback of this extra pre/post-DC/DC converter
solution is that the efficiency improvement is compromised by the power loss generated by
the additional power circuit. The wireless charging system also becomes more bulky, costly,
and less reliable.

Recently, intensive research interests are raised in using DAB resonant converter
control to improve the efficiency of the wireless charging system by simply replacing
the diode bridge with an active rectifier bridge [7,17]. The advantage of DAB resonant
converter topology is that it does not increase power device component count and opens the
possibility to use low loss Sic MOSFET devices. For the DAB DC/DC resonant converter, it
is crucial to ensure that both the inverter and rectifier work in ZPA conditions to minimize
the reactive power input and output to the resonant circuit. The resonant compensation
circuit design based on inverter ZPA constraint was originally developed for unidirectional
DC/DC resonant with the diode rectifier. The underline assumption for unity power factor
operation of the inverter is that the resonant circuit output has a purely resistive load.
However, DAB resonant converter control can operate the active rectifier bridge in either
a capacitive or inductive power factor by advancing or delaying the rectifier AC voltage
relative to the current. It is essential that DAB DC/DC resonant converter control takes
care of pure resistance AC load assumption and ensures that the DAB rectifier bridge
operates at unity power factor for the DAB inverter bridge operating at ZPA condition.
This restriction on DAB resonant converter control freedom has yet to be explained and
discussed in publications.

In [7], the method to implement triple phase shift (TPS) control of the DAB LCC
resonant converter wireless charging circuit is reported. The input/output current/voltage
waveform relationship is utilized to derive the inverter phase shift angle βp and rectifier
phase shift angle βs according to the load power demand. The inverter-to-rectifier phase
shift angle is set to δ = 90◦ + ∆δwith ∆δ calculated analytically from the discharging current
of the power electronic switch, the resonant circuit parameters, and the input/output DC
voltage to maximize the ZVS operation range of the inverter and rectifier bridges. The
robustness performance of this TPS control method is questionable because it is challenging
to obtain accurate circuit parameters for the inverter and rectifier phase shift angle online
calculation in a practical wireless charging system.

In [17], a phase-lock-loop (PLL) based double phase shift control scheme is proposed
for a DAB S-S resonant converter wireless charging system. The inverter phase shift
angle controls battery charging voltage/current. The rectifier phase shift angle controls the
effective AC load resistance of the resonant circuit. A PLL algorithm was proposed to adjust
the rectifier voltage window based on the zero-crossing detection of the receiver winding
current to achieve closer to zero reactive power operation of the rectifier AC circuit. The PLL
timing synchronization control algorithm implicitly adjusts the inverter-to-rectifier phase
shift angle. The inverter ZPA can be realized with rectifier-side PLL timing synchronization
control. It is hard to understand rectifier-side PLL auto-tuning results concerning inverter
AC voltage and current because the inverter-to-rectifier phase shift angle for this DAB S-S
resonant converter needs to be analyzed and evaluated. An explanation needs to be given
about how the PLL algorithm starts to work in DC/DC converter power-on the startup
process when there is current in the resonant circuit.

This paper presents a detailed TPS closed-loop control implementation method on
DC/DC LCC resonant converter for the wireless charging system. The battery charging
current/voltage feedback control generates the inverter phase shift angle. The rectifier
phase shift angle is generated by LCC resonant circuit AC load resistance feedback control
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to improve the efficiency performance in CV charging operation. The theoretical DAB
inverter-to-rectifier phase shift angle, which satisfies the LCC resonant compensation circuit
ZPA design constraint for unity power factor operation of the inverter, is derived from
the equivalent LCC resonant circuit model. The inverter-to-rectifier phase shift angle
is set to δ = 90◦ for unity power factor operation of the DAB inverter and rectifier. The
possible methods for TPS control implementation in decoupled inverter and rectifier control
hardware are explained for future engineering development in wireless charging products.
The simulation and measurement study results are discussed in the conclusion section.

2. DAB DC/DC Resonant Converter TPS Close Loop Control Scheme
2.1. DAB DC/DC Resonant Converter TPS PWM Modulation

DAB DC/DC resonant converter has a symmetrical circuit structure. It is suitable for
the bi-directional operation of a wireless charging system at a single resonant frequency
with high-power density and high efficiency.

Figure 1 shows the wireless charging DAB LCC resonant DC/DC converter circuit
with transmitter side H-bridge DC/AC inverter and receiver side H-bridge AC/DC active
rectifier. The function description of the symbols denoted in Figure 1 is given in Table 1. In
this paper, Rac_out is the study focus for rectifier side control and is denoted as “Rac”.

Figure 1. Wireless charging DAB LCC Resonant DC/DC resonant converter.

Table 1. DAB LCC resonant converter circuit notation definition.

Symbol Function Description

C1p and C1s
LCC primary and secondary side series compensation
capacitances

C2p and C2s
LCC primary and secondary side parallel compensation
capacitances

L1p and L1s LCC primary and secondary side compensation inductance

Vdc_inv = Vdc inverter DC input voltage

Idc_inv inverter DC input current

Vdc_rec = Vo rectifier DC output voltage

Idc_rec = Io rectifier DC output current

Rdc rectifier DC output side equivalent battery DC resistance

Rac = Rac_out
rectifier AC side equivalent resistance
= LCC resonant circuit load resistance

Rac_in = Rac_inv
Inverter AC side equivalent resistance
= Inverter AC load resistance

Figure 2 illustrates the triangle PWM carrier signals, the PWM gating signals of the
top switches of the inverter and rectifier Legs, and the resulting AC voltage waveforms of



Appl. Sci. 2022, 12, 11871 5 of 33

the inverter and rectifier for DAB TPS PWM modulation. The same color is used for signal
notation and the signal itself.

Figure 2. Inverter and rectifier AC voltage pulse generation from DAB TPS PWM modulation.

The PWM carrier signals generate the PWM gating signals. The gating signal for the
bottom switch has the opposite polarity as the top switch of the same Leg. A turn-on delay
is applied for all gating signals to generate a dead time to prevent short-through fault of the
inverter and rectifier Leg. The inverter and rectifier AC voltage waveforms are generated
by the inverter and rectifier PWM gating signals.

Table 2 listed out phase shift angles with their PWM carrier signal sources and the
results shown in inverter/rectifier AC voltage waveforms. The phase shift time between
two Legs is defined as the period between positive zero-crossings of the PWM carrier
signals for the two Legs. The phase shift time is converted to phase shift angle in degree,
with the ratio of one PWM cycle 360◦.

Table 2. DAB Phase Shift Angle Generation and Results.

Phase shift angle
(degree) Symbol

Generation:
Phase shift angle generated
by the positive zero-crossing
time (angle) difference of
PWM carrier signals

Results:
phase shift angle shown in
DAB AC voltage
waveforms

Inverter “βp (deg)” between inverter “Leg 1” and
inverter “Leg 2”

pulse-width of inverter AC
voltage

Rectifier “βs (deg)” between rectifier “Leg 1” and
rectifier “Leg 2”

Pulse-width of rectifier AC
voltage

Inverter-to-
rectifier “δ (deg)” between inverter “Leg 1” and

rectifier “Leg 1”

phase difference between
inverter and rectifier AC
voltages

The magnitude of the inverter/rectifier AC voltage pulse is the same as its correspond-
ing DC voltage. The polarity of phase shift angle δ determines the power flow direction of
the bidirectional DAB converter. For DAB LCC resonant converter, the optimized inverter-
to-rectifier phase shift angle δ = 90◦ with inverter AC voltage leads the rectifier AC voltage
to achieve unity power factor operation of the DAB converter for battery charging. The
detailed derivation process will be given in Section 2.2.2.
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In the real-time control algorithm implementation, the values of phase shift angle βp,
βs, and δ are normalized over 3600 (one PWM switching period) as βp = βp (deg)/360,
βs = βs (deg)/360, and δ = δ (deg)/360.

2.2. Mathematical Formulation of DAB TPS Control Method
2.2.1. Charging Power Regulation with Inverter Phase Shift Control

Using Fourier series expansion of the inverter AC pulsing voltage as explained in [18–20],
the inverter steady state AC RMS voltage fundamental frequency component can be expressed
as (1) as a function of the inverter phase shift angle βp and DC voltage. When phase shift
angle βp = 0.5 (βp (deg) = 180◦), the inverter voltage waveform becomes a square waveform
with maximum inverter AC RMS voltage, as shown in (2).

vac_inv =
2
√

2
π

sin(πβp) ∗Vdc_inv (1)

vac_inv (βp = 0.5) =
2
√

2
π

Vdc_inv (2)

The fundamental resonant frequency component of inverter and rectifier AC RMS
voltage and AC RMS current can be decomposed into real and imaginary components in
the phasor diagram. With power loss from switching devices ignored, the inverter’s DC
power equals its AC power.

The averaged DC input power can be expressed as a product of the inverter’s AC RMS
voltage, AC RMS current, and the inverter power factor, as shown in (3), where (ϕ(PF)inv)
is the power factor angle of the inverter AC output.

Idc_inv ∗Vdc_inv = vac_inv ∗ Iac_inv ∗ cos(ϕ(PF)inv) (3)

Substituting (1) into (3), the averaged inverter DC input current can be calculated
from (4). If the resonant compensation circuit is designed to operate the inverter at ZPA
condition with ϕ(PF)inv = 0, the relationship of the inverter averaged DC input current
and its AC output current is simplified as (5).

Idc_inv =
2
√

2
π

sin
(

πβp

)
∗ Iac_inv ∗ cos(ϕ(PF)inv) (4)

Idc_inv =
2
√

2
π

sin
(

πβp

)
∗ Iac_inv (5)

Equation (1) means that inverter output voltage can be regulated through inverter
phase shift angle for a given fixed inverter DC input voltage. The inverter AC current
reflects the battery charging current, the rectifier operation condition, and the resonant
circuit operation condition.

Equations (4) and (5) show that DAB input DC current or power is decided by the
inverter AC current loading and inverter shift angle. Equations (4) and (5) establish the
foundation for battery charging power regulation in constant current (CC) mode or constant
voltage (CV) mode using inverter phase shift control.

2.2.2. Resonant Circuit Load Resistance Regulation with Rectifier Phase Shift Control

Using Fourier series expansion on rectifier AC pulsing voltage generated by phase
shift PWM modulation, the relationship of rectifier DC voltage and AC RMS voltage can be
derived as (6). Applying rectifier input AC and output DC power are balanced with power
device loss ignored, the rectifier AC input RMS current and averaged output DC current is
derived as (7), where ϕ(PF)rec is rectifier AC input power factor angle.

vac_rec =
2
√

2
π

sin(πβs) ∗Vdc_rec (6)
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Idc_rec =
2
√

2
π

sin(πβs) ∗ Iac_rec ∗ cos(ϕ(PF)rec) (7)

If the rectifier PWM gating signals are disabled, the body diodes of the rectifier H-
bridge devices will work as a diode rectifier. In this case, βs = 0.5 (βs (deg) = 180◦). The
relationship of DC vs. AC RMS voltage/current of the diode bridge rectifier is further
simplified as shown in (8) and (9).

vac_rec =
2
√

2
π
∗Vdc_rec (8)

Idc_rec =
2
√

2
π
∗ Iac_rec (9)

For DAB resonant converter with rectifier phase shift control, the AC load resistance
of the resonant circuit is the rectifier AC resistance (Rac), which can be derived as (10) from
(6) and (7).

Rac =
vacrec

Iacrec

=
2
√

2
π sin(πβs) ∗ vacrec

Idcrec(
2
√

2
π sin(πβs) ∗ cos(ϕ(PF)rec)

) =
8

π2 (sin(πβs))
2 cos(ϕ(PF)rec)

Vdc_rec

Iac_rec
(10)

For rectifier unity power factor operation, the relationship of rectifier AC and DC
equivalent resistance is further simplified as (11), where Rdc = Vdc_rec/Idc_rec is the equiva-
lent battery resistance.

Rac =
8

π2 (sin(πβs))
2 Vdc_rec

Iac_rec
=

8
π2 (sin(πβs))

2Rdc (11)

Figure 3 illustrates significant equivalent battery load resistance variation in a typical
CC-CV mode battery charging operation. The battery CC or CV charging mode is decided
by the battery state of charge (SOC) and the battery voltage level. When the battery voltage
is much smaller than its nominal value, and the battery SOC is low, the maximum charging
current is applied for CC mode charging. When the battery voltage is approaching its
nominal value, and the battery SOC is approaching 100%, the charging current is greatly
reduced, and the battery works in CV mode charging.

Figure 3. Battery equivalent resistance variation in CC-CV charging operation.

The load resistance of the DAB resonant converter is the equivalent battery resistance
which varies significantly from CC to CV mode charging operation. For DAB resonant
converter, according to Equation (11), it is possible to modify the AC load resistance of the
resonant circuit by regulating the rectifier phase shift angle βs to improve power efficiency
in battery CV mode charging operation.
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2.2.3. Inverter-to-Rectifier Phase Shift Angle Setting for Unity Power Factor Operation
of DAB LCC Resonant Converter

In TPS PWM modulation signal waveform shown in Figure 2, the inverter-to-rectifier
phase shift angle δ is defined as the phase angle difference between inverter voltage and
rectifier voltage as expressed in (12).

δ = phase
(

Vac_inv
Vac_rec

)
(12)

The inverter-to-rectifier phase shift angle δ setting for unity power operation of DAB
LCC resonant converter bridges can be derived from the equivalent LCC resonant circuit
model with inverter ZPA constraint for compensation circuit design applied.

Figure 4 shows the equivalent LCC AC resonant circuit connected to the wireless
charging transformer. The parameters for Lm, Lrp, Lrs, R1, and R2 are mutual inductance,
primary winding leakage inductance, secondary winding leakage inductance, primary
winding resistance, and secondary winding resistance. Zac is the resonant circuit load
impedance generated by rectifier control. Zac_in is the inverter AC load impedance.

Figure 4. Equivalent LCC AC resonant circuit with detailed wireless charging transformer parameters.

In the LCC resonant circuit design, the assumption is made that unity power factor
operation can be achieved in rectifier control. The rectifier voltage and current are in phase
with Zac = Rac. The LCC resonant circuit parameters are designed to meet the resonant
requirement (13) and (14) and inverter ZPA operation constraints (15) and (16) as explained
in [2,9]. The LCC resonant circuit compensation design ensures that with the unity power
factor operation of the rectifier, the LCC resonant circuit compensation parameters are
designed to achieve inverter ZPA operation with Zac_in = Rac_in.

ωswL1p −
1

ωswC2p
= 0 (13)

ωswL1s −
1

ωswC2s
= 0 (14)

ωsw(Lm + Lrs)−
1

ωswC1s
− 1

ωswC2s
= 0 (15)

ωsw(Lm + Lrp)−
1

ωswC1p
− 1

ωswC2p
= 0 (16)

Assuming the wireless charging transformer parameters for the transmitter and re-
ceiver coils are identical (Lrp = Lrs = Lr, R1 = R2 = R). The LCC resonant compensation circuit
is symmetrical with L1p = L1s = L1, C1p = C1s = C1, and C2p = C2s = C2. The impedances of
LCC AC resonant circuit components can be expressed as (17) to (22).

Zm = jωswLm (17)

Zr = jωswLrp = jωswLrs = jωswLr (18)
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ZL1 = ZL1p = ZL1s = jωswL1p = jωswL1s = jωswL1 (19)

Zc2 = Zc2p = Zc2s =
1

jωswC2p
=

1
jωswC2s

=
1

jωswC2
(20)

Zc1 = Zc1p = Zc1s =
1

jωswC1p
=

1
jωswC1s

=,
1

jωswC1
(21)

Z1 = Z1p = Z1s = Zr + Zc1 + R (22)

The frequency constraint (13) and (14) is re-written as (23) in component impedances.
The inverter ZPA constraint (15) and (16) is re-written as (24) in component impedances.

ZL1 + Zc2 = 0 (23)

Zm + Zr + Zc1 + Zc2 = 0 (24)

Utilizing KVL and KCL rule, with constraints (23) and (24) applied, the AC currents
and AC voltages of the LCC resonant circuit branches are derived as a function of rectifier
AC voltage Vac_rec as shown from (25) to (34).

Vc2s =

(
ZL1

Zac
+ 1
)
∗Vac_rec (25)

Ic2s =
1

Zc2
Vc2s =

1
Zc2

(
ZL1

Zac
+ 1
)
∗Vac_rec (26)

IRX = Ic2s +
Vacrec

Zac

=
(

1
Zc2

(
ZL1
Zac

+ 1
)
+ 1

Zac

)
∗Vacrec

=
(

1
Zc2

+ 1
Zac

(
ZL1+Zc2

Zc2

))
∗Vacrec =

1
Zc2
∗Vac_rec Apply : ZL1 + Zc2 = 0

(27)

Vm = IRX ∗ Z1 + Vc2s =

(
Z1

Zc2
+

ZL1

Zac
+ 1
)
∗Vacrec =

(
Z1 + Zc2

Zc2
+

ZL1

Zac

)
∗Vac_rec (28)

Im =
Vm

Zm
=

1
Zm

(
Z1 + Zc2

Zc2
+

ZL1

Zac

)
Vac_rec (29)

ITX = IRX + Im =
(

1
Zc2

+ 1
Zm

(
Z1+Zc2

Zc2
+ ZL1

Zac

))
Vac_rev

=
(

1
Zc2

(
Zm + Z1 + Zc2

Zm

)
+ ZL1

ZmZac

)
Vac_rev

=
(

1
Zc2

(
Zm + Zr + Zc1 + R1+Zc2

Zm

)
+ ZL1

ZmZac

)
Vac_rev Apply : Z1 = Zr + Zc1 + R1

=
(

R1
Zc2Zm

+ ZL1
ZmZac

)
Vac_rev Apply : Zm + Zr + Zc1 + Zc2 = 0

(30)

Vc2p = ITX ∗ Z1 + Vm =
(

Z1

(
R1

Zc2Zm
+ ZL1

ZmZac

)
+ Z1+Zc2

Zc2
+ ZL1

Zac

)
Vac_rev

=
(

Z1R1 + ZmZ1 + ZmZc2
Zc2Zm

+
(

Z1 + Zm
Zm

)
ZL1
Zac

)
Vac_rev

(31)

Ic2p =
Vc2p

Zc2
=

(
Z1R1 + ZmZ1 + ZmZc2

(Zc2)
2Zm

+

(
Z1 + Zm

Zc2Zm

)
ZL1

Zac

)
Vac_rev (32)
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Iacinv = ITX + Ic2p

=

(
R1

Zc2Zm
+ ZL1

ZmZac
+ Z1R1 + ZmZ1 + ZmZc2

(Zc2)
2Zm

+
(

Z1+Zm
Zc2Zm

)
ZL1
Zac

)
Vac_rv

=

(
(R1 + Zm)(Zc2 + Z1)

(Zc2)
2Zm

+
(

Zc2 + Zr + Zc1 + R2 + Zm
Zc2Zm

)
ZL1
Zac

)
Vacrev Apply : Z1 = Zr + Zc1 + R1

=

(
(R1 + Zm)(Zc2 + Z1)

(Zc2)
2Zm

+
(

R2
Zc2Zm

)
ZL1
Zac

)
Vac_rev Apply : Zm + Zr + Zc1 + Zc2 = 0

(33)

Vac_inv = Iac_inv ∗ ZL1 + Vc2p

=

(
ZL1(R1 + Zm)(Zc2 + Z1)

(Zc2)
2Zm

+
(

R2
Zc2Zm

)
(ZL1)

2

Zac
+ Z1R1 + ZmZ1 + ZmZc2

Zc2Zm
+
(

Z1 + Zm
Zm

)
ZL1
Zac

)
Vac_rec

=

(
ZL1(R1 + Zm)(Zc2 + Z1) + Zc2(Z1R1 + ZmZ1 + ZmZc2)

(Zc2)
2Zm

+
(

R2 ∗ ZL1+Zc2(Z1 + Zm)
Zc2

)
ZL1

ZmZac

)
Vac_rec

=

(
ZL1(R1 + Zm)(Zc2 + Z1) + Zc2Z1R1 + Zc2Zm(Z1 + Zc2)

(Zc2)
2Zm

+
(

R2 ∗ ZL1 + Zc2Z1 + Zc2Zm
Zc2

)
ZL1

ZmZac

)
Vac_rec

=

(
(ZL1R1 + Zm(ZL1 + Zc2))(Z1 + Zc2) + Zc2Z1R1

(Zc2)
2Zm

+
(

R2 ∗ ZL1 + Zc2(R1 − Zc2)
Zc2

)
ZL1

ZmZac

)
Vac_rec

=

(
ZL1R1Z1 + ZL1R1Zc2 + Zc2Z1R1

(Zc2)
2Zm

− Zc2ZL1
ZmZac

)
Vac_rec Apply :


ZL1 + Zc2 = 0

Zm + Zr + Zc1 + Zc2 = 0
R1 = R2

=
(

ZL1R1
Zc2Zm

− Zc2ZL1
ZmZac

)
Vac_rec Apply : ZL1 + Zc2 = 0)

=
(

R1
Zc2
− Zc2

Zac

)
ZL1
Zm

Vac_rec

=
(

R1 ∗ Zac − (Zc2)
2
)

ZL1
ZmZc2Zac

Vac_rec

(34)

Under the condition that the rectifier operates at unity power factor with Zac = Rac,
the inverter-to-rectifier phase angle δ is derived as (35).

δ = phase
(

Vac_inv
Vac_rec

)
= phase

((
R1 ∗ Zac − (Zc2)

2
)

ZL1
ZacZmZc2

)
= phase

((
R1 ∗ Rac −

(
1

jωswC2p

)2
)

jωsw L1p ∗ jωswC2p
jωsw LmRac

)
= phase

((
R1 ∗ Rac +

(
1

ωswC2p

)2
)

jωsw L1p ∗ C2p
LmRac

)
= 90◦

(35)

Equation (35) proves that the rectifier voltage phase should lag the inverter voltage
phase by 90◦ for DAB LCC resonant converter to operate at unity power factor.

DAB resonant circuit topology affects the inverter-to-rectifier phase shift angle δ setting
for inverter and rectifier unity power factor operation. For other DAB circuit topologies, the
inverter-to-rectifier phase shift angle for unity power factor operation needs to be derived
from the equivalent resonant circuit model.

2.2.4. DAB LCC Resonant Converter Rectifier AC Voltage Phase Measurement
from Receiver Coil Current

For LCC resonant converter, the receiver coil voltage and current are sinusoidal signals
at resonant frequency, and the phase relationship between transformer winding voltage
and current can be utilized to measure the phase rectifier AC voltage at resonant frequency.
The resonant frequency component of rectifier AC voltage can be derived as (36) utilizing
resonant condition (14), which means that the phase of rectifier AC voltage lags the receiver
coil current by 90◦.

Vac_rec =
1

jωswC2s
(IRX − Iac_rec)− jωswL1s ∗ Iac_rec =

1
jωswC2s

IRX (36)
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2.3. DAB TPS Close Loop Control Scheme for Unity Power Factor Operation of Inverter
and Rectifier at Optimized Resonant Circuit AC Load Resistance

Figure 5 shows the proposed TPS control scheme to achieve unity power factor opera-
tion of the DAB converter at optimized resonant circuit AC load resistance in the wireless
charging system. The battery charging voltage/current feedback control is implemented to
control the inverter phase shift angle βp. The resonant circuit AC load resistance Rac feed-
back control is applied to regulate the rectifier phase shift angle βs. The inverter-to-rectifier
phase shift angle δ is set to 90◦ for unity power factor operation of the DAB inverter and
rectifier bridges.

Figure 5. DAB resonant DC/DC converter TPS control scheme.

The inverter phase shift angle βp changes the inverter AC output voltage pulse-width
and the input AC voltage of the resonant circuit so that the power from the inverter to
the rectifier can be regulated. In CC mode control, the battery current feedback is applied
to regulate the power from the inverter to the rectifier. In CV mode control, the battery
voltage feedback is applied to regulate the power flow from the inverter to the rectifier.

For the inverter phase shift control, in CC mode battery charging operation, the
DC/DC converter DC output current is regulated around the charging current reference
by the proportional and integral (PI) control. The feedback current is the battery charging
current measured after the load side filter capacitor. In CV mode charging, the DC/DC
inverter output voltage is regulated around the target voltage. The feedback voltage is
measured as the battery DC voltage.

The rectifier phase shift control regulates the resonant circuit AC load resistance Rac
to match its optimized value. In the control algorithm implementation, the Rac feedback
signal is calculated as a function of the rectifier phase shift angle βs and DC load resistance
using (11), assuming the rectifier runs at unity power factor. The DC load resistance signal
is estimated from the ratio of battery voltage over battery charging current. When the
charging current is approaching zero, Rac feedback control is disabled because DC load
resistance (Rdc) estimation is inaccurate. In this condition, the rectifier phase shift angle is
set to its maximum value at βs = 0.5 and βs (deg) = 180. The change rate of the rectifier
phase shift is limited to smooth out the dynamic transition caused by the phase shift
command sudden change.

The proposed DAB resonant DC/DC converter TPS close loop control scheme can be
implemented for all DAB resonant circuit topologies. However, the optimized AC load
resistance value and the optimized inverter-to-rectifier phase shift angle setting to achieve
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unity power factor operation are to be decided by both the resonant circuit topology and
the resonant circuit parameter.

2.4. DAB LCC Resonant Converter TPS Control Performance Design Analhysis

Table 3 shows the wireless charging transformer configuration and parameters. The
transformer turns ratio is 1:1. The transmitter and receiver coil parameters are identical.
Table 4 shows the design requirement specification. The nominal AC load is calculated
from the nominal DC load resistance for the diode rectifier operation. Table 5 shows the
LCC circuit parameters from the design calculation using the method given in [12].

Table 3. Transmitter (Tx) and receiver (Rx) parameters.

Symbol Parameter Value

L1 = L2 Self-inductance of Tx coil and Rx coil 180 µH

Lm Mutual inductance between of Tx coil and Rx coil 41.925 µH

Lrp = Lrs
The leakage inductance of Tx coil and Rx coil
Lrp = L1 − Lm; Lrs = L2 − Lm

138.075 µH

k Coupling factor 0.221

R1 = R2 Resistance of Tx coil and Rx coil 0.5 Ω

d Airgap between Tx and Rx 15 cm

Table 4. Design requirement for LCC resonant converter.

Symbol Parameter Value

Vdc DC input voltage 30 V

Vo DC output voltage 24~48 V

Po Maximum DC output power 50 W

fsw Resonant frequency 30 kHz

Rdc (norm) Nominal DC load resistance 47 Ω

Rac (norm) Nominal AC load resistance
Rac (norm) = 8

π2 Rdc(norm)
38 Ω

Table 5. LCC resonant compensation network parameters.

Symbol Parameter Value

L1p = L1s Compensation inductance 68.65 µH

C1p = C1s Series compensation capacitance 248 nF

C2p = C2s Parallel compensation capacitance 410 nF

The LCC resonant circuit design analysis assumes that the rectifier is operating at
βs(deg) = 180◦ with unity AC power factor with battery equivalent resistance change. The
method presented in [12] is applied for the LCC resonant circuit performance calculation. The
switching loss and conduction loss of power electronic switches are ignored in the calculation.

Figure 6 shows the frequency sensitivity analysis of DC transconductance gain for
the DAB DC/DC converter vs. the power factor angle of the DAB inverter bridge. The
transconductance gain is defined as the ratio of the DC/DC converter DC output current
vs. DC input voltage. It decides the DAB converter DC current output capability in CC
mode charging. The benefit of the fixed AC load resistance from rectifier phase shift control
is that DC/DC converter DC current output capability will not be affected by the mutual
coupling factor variation in CC mode charging operation.
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Figure 6. DC transconductance gain and inverter power factor angle with respect to DAB switching
frequency change.

Figure 7 shows the frequency sensitivity analysis of DC voltage gain for the DAB
DC/DC converter vs. the inverter power factor angle. The voltage gain is defined as the
ratio of the DC output voltage vs. DC input voltage, and it decides the DC/DC converter
DC voltage output capability. The DC voltage gain variation is significant due to the AC
load resistance change and relatively minor due to the mutual inductance change. The
benefit of the fixed AC load resistance from rectifier phase shift control is that the DC voltage
gain variation will be significantly reduced in battery CV mode charging application.

Figure 7. DC voltage gain vs. inverter power factor angle with respect to DAB switching frequency
change.

Figure 8 shows DC input/output voltage/current calculated at different inverter
phase shift angle βp (deg) settings vs. AC load resistance change. This result shows that
DC output voltage and current magnitude at the same AC load resistance value change
significantly with inverter phase shift angle βp (deg). The inverter phase shift angle can be
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applied to regulate the charging voltage and current in CC or CV mode charging operation.
If the AC load resistance can be fixed to Rac (norm) = 38 Ω using rectifier phase shift βs
regulation, the maximum output voltage and maximum input and output currents are
limited to smaller value ranges.

Figure 8. DC input/output voltages/currents vs. AC load resistance change.

Figure 9 shows DC input and DC output power and power transfer efficiency calcu-
lated at different βp (deg) under AC load resistance change conditions. This result shows
that DC input and output power change with inverter phase shift angle βp (deg). However,
the efficiency does not change with the inverter phase shift angle βp (deg). If Rac = 38 Ω
can be achieved with rectifier phase shift control, the maximum input and output power
are limited to a smaller value range. Theoretically, the power efficiency can be kept above
86% for all battery operation conditions when the power switching device loss is ignored.

Figure 9. DC input/output power and efficiency vs. AC load resistance change.

2.5. DAB LCC Resonant Converter TPS Control Implementation in PLECS RT Box

The working principle of the phase shift PWM modulator has been explained in the
previous section in the contents related to Figure 2.

Figure 10 shows the FPGA-based triple phase shift PWM modulator connection and
configuration for PLECS RT box implementation. The PLECS RT BOX library PWM
modulator with variable modulation index inputs, variable frequency ratio input, and
variable phase shift angle inputs are used to implement this triple phase shift PWM
modulation. The frequency ratio is set to “1” to operate the inverter and rectifier at a single
resonant frequency. The symmetrical triangle PWM carrier signals in the range of [−1 1]
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are configured for the PWM modulator. The modulation index signals for all inverter and
rectifier legs are set to zero to generate 50% duty cycle gating signals. The phase shift value
settings for all inverter and rectifier Legs are all referenced to the phase of the PWM carrier
signal of the inverter Leg 1. The phase shift of the PWM carrier signal between inverter Leg
1 and Leg 2 is Beta_p (βp). The phase shift of PWM carrier signals between rectifier Leg
1 and Leg 2 is Beta_s (βs). Rectifier Leg 1 and Leg 2 PWM carrier signal phase will shift
together of delta (δ) phase angle relative to the inverter Leg 1.

Figure 10. PLECS-RT BOX phase shift PWM modulator signal connection and configuration.

Figure 11 shows inverter phase shift angle βp generation in the PLECS RT box for
experimental test purposes. In the wireless charging system’s regular operation, auto-
matic CCCV mode switching is selected to decide CC and CV mode based on comparing
the measured battery voltage with the CV mode threshold and hysteresis threshold as
given in (37).{

i f Vo(k) < Vo_min CC_CV_AUTO = 0 Beta_p = Beta_p(CC)
i f Vo (k) > Vo_min + ∆Vo_min CC_CV_AUTO = 1 Beta_p = Beta_p(CV)

(37)

Figure 11. Inverter phase shift angle βp generation in PLECS RT Box for experimental testing purpose.

Manual CC and CV mode switching can also be configured to individually test out the
dynamic performance of the CC/CV mode controller. A configuration switch is added to
enable/disable the CC/CV feedback control to test DAB converter performance for inverter
phase shift angle open loop control.

Figure 12 shows the rectifier phase shift angle βs generation in the PLECS RT Box real-
time control for experimental test purposes. The DAB DC output voltage Vo (Vdc_rec) and
current Io (Idc_rec) are measured from current/voltage sensors. The sensor measurement
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signals are sampled to the PLECS RT box through its high-speed individual 10 bits +/−10 V
ADC convention. Before starting of TPS control, the current and voltage sensor signals are
calibrated with sensor scaling and sensor offset applied. The voltage sensor ADC sampling
result is calibrated for the voltage sensor scaling and offset using differential voltage probe
measurement. The current sensor ADC sampling result is calibrated for the current sensor
scaling and offsets using the current probe measurement.

Figure 12. Rectifier phase shift angle βs generation in PLECS RT Box for experimental testing purpose.

In real-time control at “k” sample, the DC output charging current sensor signal in
the unit of “A” at “k” sample is obtained as “Io_raw (k)”; the DC output battery charging
voltage sensor signal in the unit of “V” is obtained as “Vo (k). A low limit saturation
function is applied on the battery current measurement to avoid divided-by-zero error, as
shown in (38). The estimated Rdc signal is constructed using (39)

IO(k) = min(Io_raw(k), 1e− 6) (38)

Rdc(k) =
Vo(k)
IO(k)

(39)

The rectifier AC resistance signal “Rac” (LCC AC load resistance) is calculated using
(40), which is a digital implementation of Equation (11). In Equation (40), βs (k − 1) is
the rectifier phase shift angle of the previous sample generated by the “Rac” proportional-
integral (PI) feedback controller.

Rac(k) =
8

π2 (sin(πβs(k− 1)))2Rdc(k) (40)

The configuration switches are added to enable/disable the “Rac” feedback control
to test DAB performance in open loop control manually βs setting condition. In wire-
less charging regular operation, Rac feedback control is automatically enabled/disabled
depending on the battery current hysteresis threshold settings as given in (41).{

i f Io(k) < Io_min Disable_Rac = 0, βs_re f (k) = 0.5
i f Io (k) > Io_min + ∆Io_min Enable_Rac = 1, βsre f

(k) = βs(PI_out, k) (41)

The rate limiting for rectifier phase shift angle is applied to smooth out the DAB
converter dynamic transition caused by sudden phase shift angle change as given in (42).



Appl. Sci. 2022, 12, 11871 17 of 33


i fβsre f

( k)− βs( k− 1) > ∆βs(nax), then βs( k) = βs( k− 1) + ∆βs(nax)
i fβsre f

( k)− βs( k− 1) < −∆βs(nax), thenβs( k) = βs( k− 1)− ∆βs(nax)
i f − ∆βs(nax) < βsre f

( k)− βs( k− 1) < ∆βs(nax), thenβs( k) = βs_re f ( k)
(42)

2.6. DAB LCC Resonant Converter Open Loop TPS Control Simulation Analysis
2.6.1. DAB LCC Resonant Converter TPS Control with Active Rectifier Control to Achieve
Diode Bridge Rectify Performance

Figure 13 shows the PLECS circuit simulation results comparison TPS phase shift
PWM modulation with βs (deg) = 180◦ vs. diode rectifier operation.

Figure 13. Inverter/rectifier and transformer voltage and current waveforms with TPS open loop
control settings to match diode bridge rectifier performance.

The above simulation results are obtained in DAB open loop TPS control with manual
βp, βs, and δ settings when both invert side CC/CV feedback control and rectifier side
Rac feedback control are disabled. The inverter-to-rectifier phase shift angle δ settings are
manually adjusted for DAB open loop TPS control to match the performance of the diode
bridge rectifier operation for the given βp settings.

The simulation results show that the diode bridge rectifier’s performance is much
closer to the active rectifier with βs (deg) = 180◦ and a smaller δ (deg) angle setting. Based
on the above simulation results, it is possible to estimate the initial inverter-to-rectifier
phase shift angle δ (deg) from AC signal measurement in the diode bridge operation at
the power-up stage. Therefore, it is possible to start the rectifier phase shift modulation
smoothly from TPS control to achieve diode bridge performance when TPS control is to be
implemented in separate control hardware installed in the EV car on the receiver side.



Appl. Sci. 2022, 12, 11871 18 of 33

2.6.2. DAB LCC Resonant Converter TPS Control for Unity Power Factor Operation

Figure 14 shows the PLECS circuit simulation results of inverter/rectifier voltage/current
and the receiver winding voltage/current waveforms obtained from TPS open loop control
for the same inverter/rectifier phase shift angle βp and βs settings but different inverter-to-
rectifier phase shift angle δ settings.

Figure 14. Inverter/rectifier AC voltage/current and receiver winding voltage/current waveforms
for same βp and βs and different δ settings.

These simulation results show that the inverter-to-rectifier phase shift angle δ has a
negligible effect on the rectifier AC current waveform. However, it changes the inverter
and rectifier power factor angle significantly. The inverter and rectifier operate at unity
power factor when the inverter-to-rectifier phase shift angle is around δ = 90◦.

In TPS close loop control, the inverter-to-rectifier phase shift angle δ should be auto-
matically adjusted to minimize inverter and rectifier reactive power flow to/from LCC
resonant circuit.

2.6.3. DAB LCC Resonant Converter TPS PWM Modulation ZVS Switching Performance

In the power switch ZVS performance study, the circuit simulation needs to be con-
ducted using the circuit parameters and settings of the experimental setup. TPS PWM
modulation ZVS switching performance is evaluated in PLECS circuit simulation for SiC
MOSFET C3M0120090D with on-resistance Rds = 120 mΩ, output capacitance 40 pF, and
SiC MOSFET body-diode forward voltage 4.8 V.

In this study, the DAB DC output resistor is replaced with a DC voltage source from
20 V to 30 V to simulate the battery in different charging conditions. DAB DC input voltage
is set to 30 V. The DC output voltage current feedback control is applied to regulate the
inverter phase shift angle βp. Rectifier side Rac = 38 Ω feedback control is applied to
regulate the rectifier phase shift angle βs. The inverter-to-rectifier phase shift angle is
manually set closer to δ = 90◦. The PWM gating signal dead time is set to 200 ns.

Figure 15 shows the simulation results when DC output voltage Vo = 20 V and DC
output current Io = 0.4 A with δ = 90◦. This simulation emulates the condition when
Rdc = 50 Ω when the battery is working at the changing CC mode. The simulation results
show that inverter/rectifier Leg 1 and Leg 2 are all working at ZVS switching. ZVS soft-
switching is achieved when Sic MOSFET is switched on with the freewheeling current flows
through its body-diode. In this operation condition, adding an extra inverter-to-rectifier
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phase with δ = 90 + ∆δ (∆δ > 0) only causes extra reactive power to flow to/from the AC
resonant circuit and reduces the power efficiency.

Figure 15. Inverter/rectifier voltage/current, MOSFET gating signals, diode currents PLECS circuit
simulation results for Vo = 20 V, Io = 0.4 A (Rdc = 50 Ω, emulate CC mode) with βp (deg) = 82.3◦,
βs (deg) = 151, δ (deg) = 90◦.

Figure 16 shows the simulation results when DC output voltage Vo = 30 V and DC
output current Io = 0.1 A with δ = 90◦. This simulation case emulates Rdc = 300 Ω CV mode
changing. The simulation results show that inverter Leg 2 and rectifier Leg 1 and Leg 2
work in ZVS switching. Inverter Leg 1 does not work in ZVS switching.

Figure 16. Inverter/rectifier voltage/current, MOSFET gating signals, diode currents PLECS circuit
simulation results for Vo = 30 V, Io = 0.1 A (Rdc = 300 Ω, emulate CV mode) with βp (deg) = 48.3◦,
βs (deg) = 46.2◦, δ (deg) = 90◦.

Figure 17 shows the simulation results when DC output voltage Vo=30 V and DC
output current Io = 0.1 A with δ = 120◦. This simulation emulates Rdc = 300 Ω CV mode
battery charging. The simulation results show that after setting δ = 90 + ∆δwith ∆δ = 30◦
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inverter Leg 2 and rectifier Leg 1 and Leg 2 are working in ZVS switching. Inverter Leg 2 is
marginally working in ZVS switching.

Figure 17. Inverter/rectifier voltage/current, MOSFET gating signals, diode currents PLECS circuit
simulation results for Vo = 30 V, Io = 0.1 A (Rdc = 300 Ω, emulate CV mode) with βp (deg) = 47.065◦,
βs (deg) = 46.47◦, δ (deg) = 110◦.

For the proposed TPS closed-loop control, the simulation study shows that when the
inverter-to-rectifier phase shift angle is set to δ = 90◦, both inverter and rectifier work at
ZVS soft-switching mode with unity power factor in CC mode charging. However, in
CV mode charging, the inverter-to-rectifier phase shift angle δ needs to increase to meet
the ZVS condition. The cost paid is that the inverter and rectifier will deviate from ZPA
operation with extra reactive power to/from the resonant circuit, which may increase the
loss of the LCC resonant circuit. Further experimental measurement evaluation is required
in the practical wireless charging system to decide whether increasing the phase shift delay
δ setting is justifiable.

3. DAB LCC Resonant Converter TPS Control Validation
3.1. Experimental Hardware Setups

Figure 18 shows the experimental setup of the DAB LCC resonant converter TPS
wireless charging control system. The hardware setup consists of a wireless charging
transformer, DAB DC/DC converter built with 900 V, 23 A silicon carbide (SiC) MOSFET
C3M0120090D inverter and rectifier bridges, a 1000 µF capacitor on the DC source side, a
2200 µF capacitor on DC load side. A variable resistance load connected to the rectifier DC
output emulates the battery charging condition.

DAB LCC resonant converter operates at 30 kHz resonant frequency. SiC MOSFET
C3M0120090D has on-resistance Rds = 120 mΩ, source-to-drain capacitance 40 pF, and SiC
MOSFET body-diode forward voltage 4.8 V, body-diode reverse recovery charge Qrr = 115
nF, and body-diode reverse recover time 24 ns.

The LCC resonant compensation circuit consists of high-frequency ferrite core induc-
tors and 630 V polypropylene high-frequency high voltage film capacitors. The current and
voltage sensor circuit is built with a LEM LA 55-P current transducer and a LEM LV 25-P
voltage transducer. PLECS RT box is used as a real-time controller for fast prototyping and
experimental validation of the proposed TPS control scheme.
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Figure 18. Experimental setup for DAB LCC resonant converter TPS control system.

In the experiment test, the input DC power supply voltage is set to 30 V. The inverter-
to-rectifier phase shift angle is set to δ (deg) = 90◦ and rectifier phase shift βs is regulated to
meet Rac = 38 Ω in normal TPS close loop operation. When rectifier Rac feedback close loop
control is disabled, the rectifier maximum phase shift angle βs = 0.5 (βs (deg) = 180◦) is
applied. The measurement results are also obtained for different inverter-to-rectifier phase
shift angle δ settings to validate the conclusion obtained from the TPS open loop control
circuit simulation.

3.2. CC Mode and CV Mode Battery Charging Profile Feedback Control Performance

Figure 19 shows the measurement results for step response of DC output current/voltage
for CC/CV mode current/voltage feedback close loop control, respectively, with Rdc = 54 Ω
connected. These results validate that the proposed TPS close loop control is stable in the
dynamic transition process for CC and CV mode current/voltage feedback control.

Figure 19. DC voltage/current step response in CC/CV mode control with Rdc = 54 Ω.
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3.3. LCC Resonant Circuit AC Voltage and Current Validation in DAB Steady State Operation

Figures 20 and 21 show the inverter/rectifier AC voltage/current waveforms experi-
mental results vs. simulation results in the steady-state operation of the DAB LCC resonant
converter. TPS close loop control is regulated at Vo = 10 V and Rac = 38 Ω with Rdc = 56 Ω
and Rdc = 200 Ω connected.

Figure 20. Inverter/rectifier AC voltage and current waveforms at Vo = 10 V, Rac = 38 Ω with
Rdc = 56 Ω connected.

Figure 21. Inverter/rectifier AC voltage and current waveforms at Vo = 10 V, Rac = 38 Ω with
Rdc = 200 Ω connected.

Table 6 compares the measured vs. simulated inverter/rectifier AC voltage and current
RMS values for test cases shown in Figures 20 and 21. The RMS values of measurement
results match closely with the simulation results for both Rdc = 56 Ω and Rdc = 200 Ω
conditions. The phase shift angle βp and βs are greatly reduced for Rdc = 200 Ω, and as a
result, the inverter and rectifier AC voltage and current are also reduced for Rdc = 200 Ω.

Figure 22 shows another test result for experimental results for inverter/rectifier AC
voltage/current waveforms vs. simulation results in the steady-state operation. TPS close
loop control is regulated at Vo = 30 V and Rac = 38 Ω with Rdc = 56 Ω connected.

Table 7 compares the measured vs. simulated inverter/rectifier AC voltage and current
RMS values for test cases shown in Figures 20 and 22. The RMS values of measurement
results match closely with the simulation results for both Vo = 10 Ω and Vo = 30V conditions.
The phase shift angle βp is greatly increased for Vo = 30 Ω. The rectifier phase shift angle
βs is slightly changed for the same Rdc = 56 Ω connected.
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Table 6. DAB Inverter/rectifier voltage/current for Rdc =56 Ω vs. Rdc = 200 Ω.

Test Cases
Vo = 10 V, Rac = 38 Ω

Rdc = 56 Ω Rdc = 200 Ω

Inverter/Rectifier
AC Voltage and

Current
Experiment Simulation Experiment Simulation

Inverter RMS
voltage (V) 15.40 14.77 8.62 8.89

Inverter RMS
current (A) 0.549 0.610 0.283 0.254

Rectifier RMS
voltage (V) 10.19 8.27 6.54 5.66

Rectifier RMS
current (A) 0.507 0.522 0.184 0.217

Figure 22. Inverter/rectifier AC voltage and current waveforms at Vo = 30 V, Rac = 38 Ω with
Rdc = 56 Ω connected.

Table 7. DAB inverter/rectifier voltage/current for Vo = 10 V vs. Vo = 30 V.

Test Cases
Rac = 38 Ω, Rdc = 56 Ω

Vo = 10 V Vo = 30 V

Input/Output
AC Signals Experiment Simulation Experiment Simulation

Inverter RMS voltage (V) 15.40 14.77 21.14 23.91

Inverter RMS current (A) 0.549 0.610 1.31 1.32

Rectifier RMS voltage (V) 10.19 8.27 27.61 27

Rectifier RMS current (A) 0.507 0.522 0.822 1.19

3.4. Experimental Results with/without Rectifier AC Load Resistance Feedback Control

Figure 23 shows the experimental results of transmitter coil voltage (Vpri) and current
(Ipr), and receiver coil voltage (Vsec) and current (Isec) for CV mode control at Vo = 10 V with
Rdc = 150 Ω connected when rectifier Rac = 38 Ω feedback control is disabled vs. enabled.
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Figure 23. Transmitter/receiver current/voltage for Vo = 10 V with Rdc = 150 Ω connected when
rectifier Rac = 38 Ω feedback control is disabled vs. enabled.

Figure 24 shows the experimental results of transmitter coil voltage (Vpri) and current
(Ipri) and receiver coil voltage (Vsec) and current (Isec) for CV mode control at Vo = 40 V with
Rdc = 150 Ω connected when the rectifier Rac = 38 Ω feedback control is disabled vs. enabled

Figure 24. Transmitter/receiver coil current/voltage at Vo = 40 V with Rdc = 150 Ω connected when
rectifier Rac = 38 Ω feedback control is disabled vs. enabled.
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Table 8 shows the measured transmitter/receiver winding voltage and current RMS
values for Rdc = 150 Ω when Rac = 38 Ω feedback control of rectifier phase shift angle is
disabled vs. enabled. The DAB converter operates at Vo = 10 V, 20 V, 30 V, 40 V. These results
show that when Rac = 38 Ω feedback control is enabled, the transmitter and receiver current
are greatly reduced. Therefore, the transformer winding loss is also significantly reduced.

Table 8. Transmitter/receiver RMS voltage/current with Rdc = 150 Ω connected.

Vo
(V)

Disabled Rac = 38 Ω Feedback Control
βs (deg) = 180◦

Enabled Rac = 38 Ω

Feedback Control

V_Pri (V) I_Pri (A) V_Sec (V) I_Sec (A) V_Pri (V) I_Pri (A) V_Sec (V) I_Sec (A)

10 17.23 0.654 20.34 0.713 9.18 0.299 14.79 0.437

20 22.08 0.911 42.75 1.414 18.05 0.552 28.29 0.839

30 26.21 1.113 64.3 2.07 28.4 0.818 42.15 1.22

40 32.31 1.342 87.53 2.762 38.3 1.092 56.78 1.617

Figure 25 shows the power efficiency measurement results with Rac = 38 Ω feedback
control enabled (solid line) vs. with Rac control disabled (βs = 0.5 and βs (deg) = 180◦, dashed
line) when different values of Rdc are connected. The measurement is conducted at different
DC output voltage (Vo) levels till PI control output is saturated at a maximum phase shift
angle of βp (deg) = 180◦. The measurement results are plotted as output power vs. power
transfer efficiency measured as the ratio of DC output power vs. DC input power.

Figure 25. Power efficiency measurement with/without Rac feedback control.

The measurement data shows that when Rac = 38 Ω control is enabled, power efficiency is
greatly improved when a larger Rdc is connected, especially in lower output power operation
conditions of DAB. The power efficiency for Rdc = 250 Ω in [1 W, 5 W] output power range
is improved from [30%, 40%] to [60%, 75%]. The efficiency variation range is reduced from
[30%, 80%] for Rac control disabled to [60%, 80%] with Rac = 38 Ω control enabled.

The maximum power efficiency from measurement data around 80% is slightly lower
than 86% shown in Figure 9b obtained from analytical calculation. The reason is that the SiC
MOSFET switching loss and conduction loss of the DAB converter have not been included
in the analytical calculation.



Appl. Sci. 2022, 12, 11871 26 of 33

3.5. Performance Evaluation for Inverter-to-Rectiiver Phase Shift Angle δ Setting Change

In the below experimental test, TPS close loop control performance is measured for
different phase shift angle δ (deg) settings to evaluate its effect on power efficiency. This
test aims to validate that the DAB should work at δ (deg) = 90◦ to achieve unity power
factor operation and maximum efficiency, as what is proved mathematically in analytical
derivation and is validated in PLECS circuit simulation.

Figure 26 shows the measurement data for input DC power vs. phase shift angle δ (deg)
change. The DAB converter operates at input DC voltage Vdc = 30 V and output DC voltage
Vo = 10 V, 20 V, 30 V, 40 V with different DC load resistor Rdc connected. For the same Rdc and
Vo, DC output power is the same; increasing input power means reduced power efficiency.

Figure 26. Input power vs. inverter-to-rectifier phase shift angle δ (deg) when DAB converter
operating at Vdc = 30 V and Vo = 10 V, 20 V, 30 V. 40 V with different Rdc connected.

The measurement data show that the input power increases when δ (deg) > 90◦ for
Vo = 10 V and Vo = 20 V for all Rdc values. Therefore, the efficiency will be reduced for a
larger phase shift angle δ setting. At higher power levels for Vo = 30 V and Vo = 40 V, the
input power is not sensitive to δ (deg) setting change in the range of 80◦ < δ (deg) < 100◦.
However, inverter voltage feedback control could saturate at βp = 0.5 and βp (deg) = 180◦

when δ (deg) > 100◦ and δ (deg) < 80◦.
Based on the above analysis, δ (deg) = 90◦ is the preferred setting for DAB LCC

resonant converter to operate reliability and achieve high efficiency. This conclusion tallies
with the conclusion drawn from TPS open loop control simulation results for unity power
factor operation of the DAB converter with δ (deg) = 90◦.

4. Challenges and Possible Methods to Implement TPS Control in Decoupled
Transmitter and Receiver Control Hardware

For the control scheme presented in the previous content, the TPS modulator is
implemented in one PLECS RT box control hardware. Therefore, all three phase shift angles
can be synchronously controlled by shifting the positive zero-crossing timing instants of
the triangle PWM carrier signals of the inverter Legs and the rectifier Legs in the same
PWM modulator hardware implemented in the high-timing resolution FPGA.
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4.1. Inverter and Rectifier Phase Shift PWM Modulator Implemented in Two Separate
Control Hardware

Figure 27 illustrates the inverter phase shift PWM modulators and rectifier phase shift
PWM modulation signal connections when the inverter and rectifier phase shift control
is to be implemented in two separate control hardware. The initial unknown random
inverter-to-rectifier phase shift angle δ_init (random) in the rectifier PWM modulator is
generated because of the phase timing difference of inverter Leg 1 and rectifier Leg 1 PWM
carrier signals, which cannot be controlled. The inverter-rectifier phase shift angle δ is a
control variable which can be adjusted using a self-tuning algorithm for TPS control. The
inverter-to-rectifier phase shift angle δ is applied to remove the effect of unknown δ_init
and to achieve the desired smooth power-on startup transition performance and unity
power factor operation of the DAB converter in regular battery wireless charging operation.

Figure 27. TPS phase shift PWM modulator signal connections when TPS control in separate inverter
and rectifier control hardware.

4.2. DAB Converter TPS Control Smooth Poweron Startup Transition with Inverter-to-Rectifier
Phase Shift Angle Auto-Adjustment Scheme

Figure 28 shows the function block diagram for the inverter-to-rectifier phase shift
angle δ(deg) auto-adjustment scheme to be implemented in the same high-timing resolution
rectifier FPGA of the PWM modulator with two power-on DAB converter startup transition
stages added.

Figure 28. Function block diagram for DAB smooth startup transition from stage (1) to stage (2) and
to the final TPS stage.

The transition stage (1) is to smoothly enable the rectifier phase shift PWM modulator
in the DAB converter diode operation condition. The DAB converter power on startup



Appl. Sci. 2022, 12, 11871 28 of 33

process starts at diode rectifier operation with rectifier side PWM gating signals disabled.
The inverter phase shift control is enabled for CC mode operation with a very small
charging current to establish the rectifier side AC voltages for diode bridge operation. The
rectifier phase shift angle is fixed to βs = 180◦. The rectifier PWM carrier signal timing is
auto-adjusted to match the diode rectifier timing with the inverter-to-rectifier phase shift
angle change. Therefore, the rectifier phase shift control is enabled smoothly from diode
bridge operation. Once the rectifier phase shift PWM modulator is enabled, the startup
process transfers to the transition stage (2).

The transition stage (2) is to achieve inverter and rectifier unity power factor operation
with phase shift angle δ (deg) auto-adjustment. A smaller rectifier phase shift angle is
applied in an open loop condition in this stage. The inverter phase shift control operates
at the same condition as the transition stage (1). The inverter-to-rectifier phase shift angle
is auto-adjusted to minimize the measured rectifier power factor angle to achieve unity
power factor operation. Once the DAB converter runs in unity power factor operation,
the start-up transition stage (2) is completed, and TSP control is transferred to the regular
power transfer operation stage.

4.3. Power on Transition Stage (1)—Smoothly Enable Rectifier Phase Shift Control in Diode Bridge
Operation Condition

In the power-on transition stage (1), the rectifier phase shift PWM modulator runs
internally when its output gating signals are disabled. The rectifier PWM sync signal is
constructed internally in the rectifier PWM modulator FPGA by subtracting the gating
signal g_T7 from g_T5. The rectifier phase shift PWM modulator starts with βs (deg) = 180◦.
The positive zero crossing timing difference of the PWM sync signal and diode rectifier AC
voltage is used to auto-adjust δ (deg) setting until ∆δ below its maximum threshold.

Figure 29 shows the operation condition when the positive zero-crossing of the rectifier
PWM sync signal aligns with the diode rectifier voltage signal after successful phase shift
angle δ(deg) auto-adjustment. In this condition, the rectifier phase shift PWM modulator
gating signal output to the bridge power electronic switching devices is enabled. The DAB
rectifier bridge phase shift PWM modulation performs similarly to the diode rectifier with
smooth power on transition.

Figure 29. DAB smooth startup transition stage (1): phase shift angle δ (deg) auto-adjustment for
rectifier PWM modulator smoothly enabled in diode rectifier operation condition.
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4.4. Power on Transition Stage (2)—Inverter-to-Rectifier Phase Shift Angle Auto-Adjustment
for DAB Unity Power Factor Operation in Rectifier Phase Shift Open Loop Control

In the power-on transition stage (2), inverter control is the same as in stage (1). The
rectifier shift angle βs (deg) is smoothly reduced through the rate change limiting block
to a smaller value setting (for example, βs = 40◦) to improve the power factor angle auto-
adjustment sensitivity. The rectifier AC power factor angle ϕrec(PF) is measured. The
rectifier AC power factor angle is used to adjust δ (deg) to minimize the rectifier AC power
factor angle to achieve unity power factor operation of DAB bridges.

Figure 30 shows the block diagram for the rectifier AC power factor angle measure-
ment from phase difference detection of receiver coil AC current and rectifier AC current.

Figure 30. Rectifier AC power factor angle measurement.

The relationship of the fundamental frequency component of rectifier AC voltage
and receiver coil current derived in (36) is rewritten as (43), which means that rectifier
AC voltage lags the receiver coil current by 90◦. Utilizing (43), the peak instant of the
fundamental frequency component of rectifier AC voltage can be detected by the negative
zero crossing instant of the harmonic-free receiver coil current.

IRX = jωswC2pVout_ac (43)

The high order harmonics of rectifier AC current should be removed by bandpass filter
centered at resonant frequency before its peak timing instant detection. The peak instant of
the filtered rectifier current can be captured as the phase instant of the rectifier AC current.

The AC power factor angle of the rectifier is calculated from the measured timing
error as shown in (44), where “fsw” is the DAB converter resonant and switching fre-
quency. The low pass filtered power factor angle is used for phase shift angle δ auto-tuning
adjustment purposes.

ϕ(PF)rec = 2π ∗ fsw ∗ ∆trec (44)

Figure 31 illustrates the simulation results of inverter/rectifier AC voltage/current and
receiver coil current for different inverter-to-rectifier phase shift angle δ (deg) settings to
achieve unity power factor operation. The unity power operation is achieved when the
rectifier current peak time instant aligns with the negative zero crossing of the receiver
coil current.

4.5. DAB TPS Close Loop Control Stage with Inverter-to-Rectifier Phase Shift Angle
Auto-adjustment for DAB Unity Power Factor Operation with Rectifier Feedback Control Enabled

In the power-on transition stage (2), when the rectifier power factor angle is below
the threshold setting, the startup process is transferred from stage (2) to the normal TPS
closed-loop control stage. In the final TPS control stage, Rac feedback control regulation
of βs angle is enabled. The inverter-to-rectifier phase shift angle δ (deg) auto-adjustment
for unity power factor operation of DAB continues to run to eliminate the accumulated
phase timing draft in either the inverter PWM carrier signal or rectifier PWM carrier signal.
The inverter battery voltage and current control are changed to the automatic CCCV mode
setting based on battery voltage measurement and SOC status estimation.
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Figure 31. DAB smooth startup transition stage (2): rectifier δ (deg) auto-adjustment to achieve unity
power factor control of rectifier DAB bridge.

5. Conclusions and Discussions

This paper proposes TPS closed-loop control method to realize the unity power factor
operation of wireless charging DAB LCC resonant converter at optimized resonant circuit
AC load resistance. The efficacy improvement for the proposed TPS control comes mainly
from unity power factor operation of the DAB inverter and rectifier. ZVS in CC mode
operation helps to improve the efficiency as well. The Rac feedback control improves the
efficiency in CV mode charging operation only. One inverter/rectifier Leg may lose ZVS
switching in CV mode charging control, which may lower the efficiency at CV mode than
CC mode charging.

The analytical calculation of the LCC resonant converter performance using its res-
onant equivalent circuit model shows that the converter output DC voltage/current and
input/output power changes with inverter phase shift angle for the same resonant circuit
AC load resistance level. The mathematical analysis provides the theoretical foundation to
implement the battery charging current and voltage feedback control with inverter phase
shift regulation. The analytical calculation result shows that the AC load resistance of the
LCC resonant circuit is another crucial factor which significantly affects the voltage, current,
power, and power efficiency of the resonant converter. There is an optimized AC load resis-
tance value for maximum efficiency operation. For a unidirectional LCC resonant circuit
with a diode rectifier, the significant variation of equivalent battery load resistance maps
into the considerable variation of AC load resistance with a gain factor of 8/π2. The power
efficiency will be degraded when the equivalent battery resistance is significantly increased
in CV mode charging. The variation of AC load resistance also causes considerable DC
voltage gain variation and inverter load impedance frequency curve shape changes. In
DAB TPS control, the low-efficiency issue in CV mode charging can be resolved with AC
load resistance feedback control around at optimal target by regulating the rectifier phase
shift angle. The ratio of rectifier AC resistance and equivalent battery DC resistance is
derived as a non-linear function for rectifier phase shift angle. The AC load resistance is
estimated from measured DC load resistance and rectifier phase shift angle to construct the
feedback control signal. Lastly, the inverter-to-rectifier phase shift angle for unity power
factor operation of the DAB LCC resonant converter is mathematically proven to be δ = 90◦.
This setting ensures minimizing the reactive power flow in LCC resonant circuit. Therefore,
it maximizes the LCC resonant circuit efficiency.
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The simulation analysis and experimental test are conducted to validate the perfor-
mance of the proposed DAB resonant converter high-efficiency control solution. The
simulation and experimental results verified that the proposed DAB control system works
as designed. DC output voltage and current can be regulated stably around its reference
value in either current or voltage feedback control conditions with inverter phase shift
control. The unity power factor operation is achieved when the inverter-to-rectifier phase
shift angle is δ = 90◦. The DAB converter efficiency is significantly improved when rectifier
side Rac feedback control is regulated around its smaller normal value when a larger DC
load resistance is connected in the test. The transformer winding current magnitude is
greatly reduced when Rac feedback control is enabled when larger DC load resistance is
connected to DC/DC converter output. The simulation and measurement results for TPS
control matches well.

The ZVS performance of TPS control is conducted in the circuit simulation in the
simulated CC mode control and CV mode control of battery charging condition by replacing
the load resistor with a DC voltage supply to emulate the battery. The simulation results
show that Sic MOSFET switches of the inverter and rectifier work at ZVS soft-switching
conditions in the emulated CC mode charging with a low battery equivalent load resistance.
However, in the CV mode charging with large battery equivalent load resistance, one of
the inverter/rectifier Legs may lose ZVS soft switching. This explains why the measured
efficiency is still around 20% lower at a smaller power condition with larger DC load
resistance connected, even if the Rac control is enabled. From the circuit simulation results,
a slight adjustment of inverter-to-rectifier angle may not improve the ZVS switching in CV
mode operation.

The proposed TPS control is validated in a small power laboratory experimental setup.
The achievable efficiency is from 60% to 80% for the output power range from 1 W to
35 W. The efficiency improvement with Rac feedback control enabled is around 30% at
power level from 1 W to 5 W. The total efficiency measurement from this small power
wireless charging DAB LCC resonant converter experimental setup is lower than the
published efficiency from a large power wireless charging setup. This is because, at a
low power level of around 30 W, the small SIC MOSFET switching and conduction loss
contribute to a significant percentage of power efficiency reduction. Efficiency improvement
from 30% to 60% at 1 W to 5 W power level with Rac feedback control enabled indicates that
winding loss is a significant contribution for the wireless charging system even at a very
low power level. For kW range, high power EV charging application, the efficiency of the
proposed TSP control scheme will be much better than the DAB control solutions published
as a result of optimized Rac feedback control and the unity power factor operation of DAB
converter bridges resulting from a significant reduction in winding loss in the wireless
charging system.

There are some engineering challenges to implementing the proposed TPS closed-loop
control scheme in the wireless charging system with separate transmitter and receiver
control hardware. The paper provides some basic ideas on how to implement the inverter
and rectifier PWM modulation separately. The power-on startup transition stages are
required to be added smoothly to enable rectifier side phase shift PWM modulation in
diode rectifier operation conditions. The inverter-to-rectifier phase shift angle is to be
automatically adjusted to minimize the power factor angle to achieve the unity power
factor operation. The feasibility study is done with circuit simulation. However, it requires
considerate engineering effort to make the idea work in a suitable wireless charging product.
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Abbreviations
The following abbreviations are used in this manuscript:
DC Direct current
AC Alternate current
CC Constant current
CV Constant voltage
EV Electric vehicle
LLC Inductor-inductor-capacitor
LCC Inductor-capacitor-capacitor
DAB Dual active bridge
Rx Receiver
Tx Transmitter
WPT Wireless power transfer
PLL Phase lock loop
ZPA Zero phase angle
ZVS Zero voltage switching
DPS Double phase shift
TPS Triple phase shift
EMI Electromagnetic interference
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