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Overall Loss Compensation and Optimization
Control in Single-Stage Inductive Power Transfer

Converter Delivering Constant Power
Fei Xu , Student Member, IEEE, Siu-Chung Wong , Senior Member, IEEE, and Chi K. Tse , Fellow, IEEE

Abstract—A typical battery charging process consists of a
constant-current (CC) charging phase which is followed and com-
pleted by a constant-voltage charging phase. Moreover, replacing
the CC charging by constant-power (CP) charging can eliminate
thermal problems and enhance the cycle life of the battery. This
work aims to maximize the system efficiency of a single-stage
inductive power transfer (IPT) charger by minimizing the overall
losses using a CP charging scheme. The single-stage CP IPT charger
employs series-series compensation and adopts an active rectifier
on the secondary side. Based on a time-domain model, the con-
ditions of zero voltage switching (ZVS) and minimum circulating
reactive power are derived. Then, the power losses in the magnetic
coupler, inverter and active rectifier are analyzed and optimized
under CP output condition. Combining the conditions of ZVS, min-
imum circulating reactive power, and minimum overall losses, we
propose a novel optimal control strategy to maintain CP output and
maximum efficiency throughout the charging process. In addition,
the proportional integral controller is not needed. Finally, a 120-W
experimental prototype is built to verify the performance of the
proposed control strategy. Experimental results demonstrate high
precision CP output and an efficiency of around 87.5% for the
proposed single-stage inductive power transfer battery charger.

Index Terms—Battery charging, conduction losses, constant
power (CP), inductive power transfer (IPT), maximum efficiency,
zero voltage soft switching.

I. INTRODUCTION

INDUCTIVE power transfer (IPT) is a near field wireless
power transmission technology, transferring power in a short

distance by inductive coupling via magnetic fields. IPT has
been widely applied for wireless battery charging with power
rating ranging from several watts to hundreds of kilowatts. It
has been found applications in portable electric devices [1]–[3],
biomedical implants [4], [5], metro rail transit [6], [7], and
electric vehicles (EV) [8]–[10].

Manuscript received February 23, 2021; revised May 24, 2021; accepted July
15, 2021. Date of publication July 26, 2021; date of current version September
16, 2021. This work was supported by in part by Hong Kong GRF under Grant
152096/17E and in part by RGC Theme-based Research Scheme under Grant
T23-701-20-R. Recommended for publication by Associate Editor T. Mishima.
(Corresponding author: Fei Xu.)

Fei Xu and Siu-Chung Wong are with the Department of Electronic and
Information Engineering, The Hong Kong Polytechnic University, Kowloon,
Hong Kong (e-mail: feifly.xu@connect.polyu.hk; enscwong@polyu.edu.hk).

Chi K. Tse is with the Electrical Engineering, City University of Hong Kong,
Kowloon, Hong Kong (e-mail: cktse@ieee.org).

Color versions of one or more figures in this article are available at https:
//doi.org/10.1109/TPEL.2021.3098914.

Digital Object Identifier 10.1109/TPEL.2021.3098914

Fig. 1. Comparison of battery charging profiles. (a) CP–CV charging.
(b) CC–CV charging.

IPT wireless chargers have been optimized for system effi-
ciency and control with minimal wireless feedback signal be-
tween the secondary and the primary circuits. Typical charging
modes including constant current (CC) and constant voltage
(CV) outputs have been designed for efficient battery charging
satisfying the typical CC–CV charging profile with minimal
wireless feedback data bandwidth [11], [12]. However, such
standard design is not efficiency-optimized when the battery
as a load deviates from the optimal load resistance of the IPT
converter during the charging process. Efficiency optimization
may be achieved by using a multistage design with extra front-
side and load-side converters for maintaining the necessary
impedance matching that keeps the IPT converter at optimal
efficiency [13]–[15].

The multistage IPT charger requires additional converters,
which would incur extra losses in the IPT system. We can
eliminate the front-side and load-side converters by an H-bridge
inverter and an active rectifier which achieve the necessary input
power control and output regulation. In such a design, the H-
bridge inverter and the active rectifier must permit soft switching
to enhance efficiency. Some previous works have performed
impedance matching without considering switching losses from
the H-bridge inverter and the active rectifier [16]–[19]. More-
over, when soft switching and frequency modulation are used to
achieve maximum efficiency tracking [20], the resulting reactive
circulating power becomes large and the VA ratings are high.

Constant-power (CP) mode charging has been found to benefit
from better cycle life of the battery due to the inherent reduction
in the charging current by the end of this charging phase [21] and
being free from thermal problems [22], which is an alternative
of CC mode charging. A comparison of CP–CV and CC–CV
charging profiles is shown in Fig. 1. The charging process begins
with CP or CC mode charging until the threshold voltage is
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TABLE I
DESIRABLE CHARACTERISTICS OF AN IPT BATTERY CHARGER

Fig. 2. Single-stage series-series compensated IPT battery charger.

reached. The charging process continues with the CV mode to
top up the state of charge (SOC) until the charging current falls
to a predetermined cutoff value. It can be observed that during
CP mode charging, the charging current decreases automatically
as the battery voltage increases. However, during CC mode
charging, the charging power starts at its minimum, increases
proportionally to the battery voltage, and ends at its maximum.
Obviously, compared with CC–CV charging profile, the CP–CV
charging profile is suitable for designing faster IPT chargers.
The optimization of an IPT charger with CP output can be im-
plemented with an adaptive secondary-side series compensation
by using an active variable capacitor [22]. However, the active
capacitor being a switching mode converter increases the overall
losses of the IPT system and operating the active capacitor to
achieve load matching would increase the control complexity.

Moreover, most efficiency optimization models [12]–[20] are
based on a linear equivalent model of the magnetic coupler of
the IPT converter, ignoring the losses due to nonlinearity of the
converter’s operation including conduction loss in switches and
diodes, hard switching loss of switches, and reverse recovery loss
of diodes. The discrepancy between conventional loss models
and experimental measurement has been well recognized [22]. A
summary of merits of an IPT battery charger adopting an active
rectifier developed is presented in Table I. It will be desirable to
develop an IPT battery charger that has all the merits of no extra
dc–dc converter, soft switching of the inverter and active rectifier
circuits, no frequency modulation, small circulating reactive
power, fast charging speed, and overall loss optimization. This
article attempts to design a wireless fast battery charger adopting
the CP–CV charging profile with all the desirable features shown
in Table I, and using a single-stage series-series compensated
IPT converter as shown in Fig. 2. In addition, compared with
the CP IPT chargers in [22], our proposed optimized efficiency
strategy can eliminate the proportional-integral (PI) controller

Fig. 3. Control signals and operating waveforms.

using power perturbation and observation (P&O) strategy. The
resulting design saves cost and alleviates stability problems.

The rest of this article is organized as follows. In Section II,
a conventional equivalent model of the magnetic coupler of the
IPT charger is briefly reviewed. In Section III, the conditions of
zero voltage switching (ZVS) and minimum circulating reactive
power are analyzed. In Section IV, the overall losses in the IPT
system is analyzed and the condition of minimum overall losses
is found. In Section V, an optimal control strategy for achiev-
ing ZVS, minimum circulating reactive power and minimum
overall losses is derived. The control strategy is implemented
and verified by an experiment prototype, which is presented in
Section VI. Finally, Section VII concludes this article.

II. TIME-DOMAIN MODEL

A. System Structure and Control Angles

Fig. 2 shows a typical single-stage IPT charger. For ease of
reference, subscripts p and s denote parameters in the primary
and secondary sides, respectively. The magnetic coupler has self-
inductances Lp with resistance Rp and Ls with resistance Rs,
and mutual inductance M . The coupling coefficient is given by
k = M√

LpLs

. The series-series compensation capacitors Cp and

Cs are driven by an inverter with a primary voltage vp and an
active rectifier with a secondary voltage vs.

The inverter is fed by a dc voltage Vin and contains an
H-bridge circuit with power devices Q1 to Q4, generating a
high-frequency voltage vp. The active rectifier generates output
dc voltage Vo and the H-bridge with power devices Q5 to Q8

generates a high-frequency voltage vs. Here, Q1 to Q8 are
MOSFETs and D1 to D8 are the respective body diodes.

All power devices, Q1 to Q8, are driven by control signals G1

to G8. Fig. 3 shows the steady-state operating waveforms vp, vs,
ip, and is, with power switches achieving ZVS for the desired
power flow as a battery charger. Control signals G1 and G2
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Fig. 4. Equivalent circuit of the magnetic coupler of Fig. 2.

are complementary square waveforms with a duty cycle slightly
less than 50 percent to ensure the presence of a dead time that
prevents simultaneous turn-ON of Q1 and Q2. This arrangement
also applies to other transistor pairs (Q3, Q4), (Q5, Q6), and
(Q7, Q8). The relative phase shift of transistor pairs (Q1, Q2)
and (Q3, Q4) gives conduction angle α ∈ [0, π] which defines
the duration of positive and negative voltages of vp within one
period. Similarly, the conduction angle β ∈ [0, π] defines the
duration of positive and negative voltages of vs within one
period. The relative phase angle θ ∈ [0, π/2] of vp and vs can
be controlled by the relative phase of transistor pairs (Q1, Q2)
and (Q5, Q6). The time sequence {t0, . . . , t7} is the turn-ON

times of one of the eight power switches within a switching
period that will be used together with the current waveforms
ip and is for ensuring ZVS of all transistors. Also, t0 = 0 is
set as time reference point of the system time-domain model;
and t′2 and t′6 are the instants corresponding to ip = 0 in rise and
decline trends, respectively. The switching frequency is designed
as usual at

ω =
1√
LpCp

=
1√
LsCs

. (1)

B. Output Power and Control Angles

An equivalent circuit of the magnetic coupler is shown in
Fig. 4 [23]–[26]. The voltage waveforms of vp and vs are three-
level square waves. Setting t0 = 0 as the reference time point,
the time-domain expressions of vp and vs can be approximated
as the fundamental sinusoidal component for this high Q-circuit,
i.e.,

vp(t) =
4

π
Vin cos

(
ωt+

α

2
− π

)
sin
(α
2

)
(2)

vs(t) =
4

π
Vo cos

(
ωt+

α

2
− π + θ

)
sin

(
β

2

)
. (3)

Applying Kirchhoff‘s Voltage Law (KVL) gives

ip(t)Rp + Lp
dip(t)

dt
+ vCp

(t) +M
dis(t)

dt
= vp(t) (4)

is(t)Rs + Ls
dis(t)

dt
+ vCs

(t)−M
dip(t)

dt
= −vs(t). (5)

At resonance, the sum of the voltages across Cp and Lp is
zero, and likewise for Cs and Ls. Thus, (4) and (5) can be
approximated as

ip(t) =
vp(t)−M dis(t)

dt

Rp
(6)

Fig. 5. ZVS technique for Q3 and Q4. (a) Operating waveforms for soft
switching operation of Q4 at t2 and Q3 at t6. (b) Equivalent circuit just after
Q3 being turned OFF at t2. Transistor Q4 will be turned ON after the dead time
tde, i.e., at t2 + tde and before ip changes polarity. Dead time tde should be
designed to guarantee capacitorCoss3 being fully charged, capacitorCoss4 being
fully discharged and the body diode of Q4 being turned ON.

is(t) =
M

dip(t)
dt − vs(t)

Rs
. (7)

Substituting vp(t) in (2) and vs(t) in (3) into (6) and (7), and
using ωM � Rs and ω2 M2 � RpRs for this high-Q circuit,
we obtain

ip(ϑ) =
4Vo

π

sin(β2 ) sin(ϑ+ α
2 − π + θ)

ωM
(8)

is(ϑ) =
4Vin

π

sin(α2 ) sin(ϑ+ α
2 − π)

ωM
(9)

where ϑ = ωt. During the battery charging process, we need to
maintain CP output. The transmission power for this approxi-
mated lossless system can be expressed as

P =
1

2π

∫ 2π

0

vp(ϑ)ip(ϑ)dϑ. (10)

Substituting ip(ϑ) and vp(ϑ) into the above equation, we obtain

P = PM sin
(α
2

)
sin

(
β

2

)
sin(θ) (11)

where PM = 8VinVo

π2ωM is the maximum power output. The output
power can be controlled monotonically by the control angles
α ∈ [0, π], β ∈ [0, π], and θ ∈ [0, π/2].

III. CONDITIONS FOR ZVS AND MINIMUM CIRCULATING

REACTIVE POWER

To reduce the losses from the inverter and active rectifier, the
conditions for ZVS should be maintained. Before a MOSFET turn-
ing ON, a minimum current Imin is needed to charge/discharge
of the parasitic output capacitance Coss of MOSFETs during dead
time tde as shown in Fig. 5(a), where the integral of ip during
tde is denoted as QZVS. The ZVS of Q4 can be achieved when
QZVS is sufficient to charge Coss3 from 0 V to Vin and discharge
Coss4 from Vin to 0 V, i.e.,

QZVS =

∫ tde

0

ip(t)dt ≥
∫ Vin

0

(Coss3 + Coss4)dv. (12)

To determine Imin and the minimum dead time tde−min required
by the ZVS, the waveform of ip during the dead time is expressed
as a piece-wise sine wave. Therefore, according to (12) and the
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equivalent circuit shown in Fig. 5(b), Imin and tde−min can be
calculated from [27], i.e.,

Imin =
4Vo sin

β
2

πωM
sin (arccos(1−X/2))

≈ 4Vo sin
β
2

πωM
sin(π

√
X) (13)

tde−min =
Ts

2

√
X (14)

where X =
Vin(Coss1+Coss2)ωM sin β

2

VoTs
and Ts = 2π/ω is the

switching period of the primary inverter and secondary active
rectifier. The same condition applies to all other transistors.
However, as transistors Q1 and Q2 switch at a much higher
current level, the condition is automatically satisfied. Then, the
conditions of ZVS in primary side are⎧⎪⎪⎨

⎪⎪⎩
ip(t0) < −Imin

ip(t2) < −Imin

ip(t4) > Imin

ip(t6) > Imin.

(15)

Here t0, t2, t4, and t6 are turn-ON times of Q1, Q4, Q2, and
Q3, respectively. Using odd symmetries of ip(t0) = −ip(t4) and
ip(t2) = −ip(t6), as shown in Fig. 3, the ZVS conditions of the
primary side can be simplified to{

ip(t0) < −Imin

ip(t2) < −Imin.
(16)

According to the current waveforms shown in Fig. 3, ip(t0) <
ip(t2) is satisfied automatically. Thus, the above inequality is
simply

ip(t2) < −Imin. (17)

Similarly, ZVS of secondary switches requires is(t3) > Imin.
Hence, from (17), the conditions of ZVS in both sides are{

ip(t2) < −Imin

is(t3) > Imin.
(18)

However, if ip(t2) is far from −Imin, the long duration of vp
and ip being in opposite polarity would create excessive circu-
lating reactive power in the system, denoted as Pcr. The reactive
power will lead to more hard turn-OFF loss in the MOSFETs as
well as reverse recovery loss in body diodes. This increases the
VA rating of the supply source. As a result, the stress on power
devices will increase and the system efficiency will decrease.
In one period, there are two stages, namely, (t2 − t′2) and
(t6 − t′6), where reactive power circulates, as shown in Fig. 3.
The equivalent circuits of current flow path are shown in Fig. 6.
Generally, this reactive power loss can be mitigated by designing
α, β, and θ to control ip(t2) = −Imin, such that |Pcr| is just
sufficient to discharge all parasitic capacitances of the power
switches. According to the specification of the IPT charger and
the value of Coss of MOSFETs provided by the manufacturer’s
datasheet, the calculated Imin and tde−min are 0.4205A and
171.9 ns, respectively. Accounting for the loss in the calculation,
design margins of Imin = 1A and tde−min = 200 ns are adopted
here.

Fig. 6. Two periods of circulating power. (a) t2 − t′2. (b) t6 − t′6.

Fig. 7. Simulated waveforms. (a) (α, β, θ) = (0.78π, 0.90π, 0.17π). (b) (α,
β, θ) = (0.49π, 0.90π, 0.24π). PN = 120 W. Time base is 10 μs/div.

TABLE II
SIMULATION PARAMETERS

Fig. 7 shows the simulation results for two different com-
binations of α, β, and θ, with PN = 120W and Imin = 1A.
Fig. 7(a) shows ZVS at point a (i.e., ip(t2) < −1A) with a
large circulating reactive power Pcr, and Fig. 7(b) shows an
optimized result of ZVS at point a (i.e., Imin = −1A) with small
circulating reactive power Pcr. The simulation parameters given
in Table II will be used for the rest of this article, unless specified
otherwise.

By controlling α, β, and θ to achieve ip(t2) = −Imin, both
ZVS and a small Pcr can be achieved. In addition, for the
secondary side, ip(t3) > Imin should be satisfied in order to
ensure ZVS. From Fig. 3, we can get ϑ2 = ωt2 = π − α and
ϑ3 = ωt3 = π − α

2 − θ + β
2 . Substitutingϑ2 andϑ3 into (8) and

(9), respectively, the conditions for achieving ZVS and minimum
circulating power are

ip(t2) =
4Vo

π

sin(β2 ) sin(−α
2 + θ)

ωM
= −Imin, and (19)
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Fig. 8. Simulation of ip(t2) versus α and θ. (a) 3D plot with Vo = 78 V.
(b) Contour of ip(t2) with Vo = 78 V.

is(t3) =
4Vin

π

sin(α2 ) sin(
β
2 − θ)

ωM
≥ Imin. (20)

Normally, Vin is constant, and we can adjust this value
to suit the application. The battery voltage, Vo, would in-
crease during CP charging until the predetermined threshold
voltage Vmax is attained, as shown in Fig. 1. Here, since
(Vo sin

β
2 )/(Vin sin

α
2 ) = 1 (as shown in Section IV-C), and

Vin ≥ Vmax, we have β ≥ α, and thus, (19) implies (20). There-
fore, we only need to focus on (19).

According to (19), we can plot ip(t2) versusα and θ, as shown
in Fig. 8. For a certain value of Imin, say 1 A, possible solutions
ofα and θ are linearly related. By modulatingα and θ to maintain
ip(t2) = −Imin, we can achieve ZVS and minimum circulating
reactive power. If ip(t2) > −Imin, ZVS cannot be ensured, and
if ip(t2) < −Imin, the circulating large reactive power becomes
significant.

IV. LOSS ANALYSIS AND OPTIMIZATION

Once ZVS and minimum circulating reactive power have
been achieved, the overall efficiency of the IPT system can be
maximized by minimizing the power losses in the inverter, the
magnetic coupler, and the active rectifier. Impedance matching
for achieving maximum efficiency can be implemented by using
the equivalent magnetic coupler shown in Fig. 4 [13]–[15], [17].
However, the losses in the inverter and the active rectifier include
hard turn-OFF loss of MOSFETs, conduction loss of MOSFETs and
reverse recovery loss of diodes, which are not optimized. In this

section, we try to control rms current values of the primary and
secondary sides to optimize the overall losses by modulating α,
β, and θ.

A. Impedance Matching of the Magnetic Coupler

Referring to the equivalent circuit shown in Fig. 4, the resistive
power loss in the magnetic coupler can be expressed as

Pcoil-loss = I2pRp + I2sRs (21)

where Ip and Is are rms values of ip and is, respectively. Using
(8) and (9), we have

Ip =

√
1

π

∫ π

0

ip(t)2 d(ωt) =
2
√
2Vo

πωM
sin

β

2
, and (22)

Is =

√
1

π

∫ π

0

is(t)2 d(ωt) =
2
√
2Vin

πωM
sin

α

2
. (23)

The efficiency of this magnetic coupler can be expressed as

ηcoil =
P

P + Pcoil-loss
. (24)

Substituting (11), (21), (22), and (23) into (24), we obtain

ηcoil =
ωM sin θ

ωM sin θ +KRp +
1
KRs

(25)

where

K =
Vo sin

β
2

Vin sin
α
2

=
Ip
Is

. (26)

The efficiency is maximized at θ = π/2. For the other two
control parameters, the maximum efficiency can be calculated
by solving

∂ηcoil

∂K
= 0 (27)

which gives

K =
Ip
Is

=

√
Rs

Rp
. (28)

This implies that I2pRp = I2sRs for an even distribution of losses
in the primary and secondary sides.

Using parameters shown in Table I as an illustration, Fig. 9
shows the power loss Pcoil-loss of the equivalent circuit shown in
Fig. 4 versus the current ratio Ip/Is. This verifies that Pcoil-loss

is minimized when Ip/Is =
√

0.254/0.21 = 1.1. However,
ZVS cannot be achieved by impedance matching control with
θ = 0.5π. Power devices Q4 and Q5 cannot achieve ZVS, be-

cause ip(t2) =
4Vo

π

sin( β
2 ) sin(−α

2 +θ)

ωM > 0 with θ = 0.5π. Thus,
for the proposed IPT system, the minimum magnetic coupler
loss cannot be achieved if ZVS is to be maintained for the power
devices.

B. Losses in Inverter and Active Rectifier

As shown earlier in Fig. 3, the current freewheeling paths are
(D1,Q3) in interval t0 − t2 and (D2,Q4) in interval t4 − t6 [17].
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Fig. 9. Magnetic coupler circuit simulation of power loss Pcoil-loss versus

current ratio Ip/Is with
√

Rs/Rp ≈ 1.1. (a) Ip/Is ranges from 0.5 to 2.5.
(b) Enlarged view.

Fig. 10. (a) Equivalent model of a conducting MOSFET. (b) Two situations of
current flow.

TABLE III
OPTIMAL SOLUTIONS FOR DIFFERENT VALUES OF K WITH Vo = 78 V

Moreover, during intervals t0 − t2 and t4 − t6, the freewheeling
paths could also be (Q1,Q3) and (Q2,Q4), which are determined
by the current values. When a MOSFET turns ON, it is equivalent
to a constant ON-state resistance Ron and the body diode is
equivalent to a forward voltage source VF connected in series
with a small resistance Rd, as shown in Fig. 10(a). From the
equivalent circuit, we clearly see that when the valueRoni > VF ,
current will flow in both MOSFET and diode, whereas when
Roni < VF , current will only flow through the MOSFET, as shown
in Fig. 10(b).

According to (8) and (9), the maximum value of ip and is
are 4Vmax/(πωM) and 4Vin/(πωM), respectively. Using the
experimental parameters listed in Table IV, the peak values
of iP and is are 8.75 and 8.97 A, respectively. The type of
MOSFETs used is IPP65R045. Looking up the data sheet, we
know the body diode forward voltage VSD is about 0.9 V and
the MOSFET’s ON-resistance is 45 mΩ. The peak values of Ronip
and Ronis are both less than VSD. Therefore, during t0 − t2 and
t4 − t6, the current freewheeling paths are (Q1, Q3) and (Q2,

TABLE IV
PARAMETERS OF EXPERIMENTAL PROTOTYPE

Q4), respectively. The different kinds of losses in the inverter
and the active rectifier are calculated as follows.

1) Conduction Loss of MOSFETs: When a MOSFET is turned
ON, it is a constant on-resistance, and the loss can be calculated
by

Pon,p = I2p × 2Ron (29)

Pon,s = I2s × 2Ron. (30)

Here, Ron is the equivalent on-resistance of the MOSFET, Pon,p

andPon,s are the conduction losses of the MOSFET in the primary
and secondary sides, respectively.

2) Hard Turn-OFF Loss of MOSFETs: Since ZVS is guaran-
teed, the hard switching loss is the turn-OFF loss in MOSFETs. By
symmetry, Q1 and Q2 are turned OFF with current ip(t0), while
Q4 and Q3 are turned OFF with current Imin. Similarly, on the
secondary side, Q7 and Q8 are turned OFF with current is(t1),
and Q5 and Q6 are turned OFF with current is(t3). The overall
turn-OFF loss can be calculated by

Psw,p =
1

T
Vin|Imin|toff +

1

T
Vin|ip(t0)|toff (31)

Psw,s =
1

T
Vo|is(t1)|toff +

1

T
Vo|is(t3)|toff (32)

where toff is the turn-OFF time of the MOSFET, which is approx-
imately equal to the dead time tde. In addition, we can see if
we control Imin at turn-ON time of the MOSFET, as analyzed in
Section III, the turn-OFF loss of MOSFETs can be minimized.

3) Diode Loss: As the conducting paths do not flow through
the diodes during intervals t0 − t2 and t4 − t6, the conducting
loss of diodes can be overlooked compared with the large reverse
recovery loss. Fig. 11(a) shows the reverse recovery process of
the body diode for MOSFET IPP65R045, and Fig. 11(b) shows the
measured profile using a double pulse test with 5 A. The body
diode has a long reverse recovery time trr, peak current IRRM,
and voltage VRRM. The hatched area in Fig. 11(a) indicates the
reverse recovery loss, which can be calculated as

Pre = PtS + PtF =
VF

T

∫ tS

0

iRdt+
1

T

∫ tF

0

iRVRdt

= VF IRRM
tS
2T

+ VRRMIRRM
tF
4T

. (33)



1152 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 1, JANUARY 2022

Fig. 11. (a) Reverse recovery process of body diode of MOSFET IPP65R045.
(b) measured reverse recovery profile.

where tS and tF are duration of different stages of the reverse
recovery time. The reverse recovery process occurs at each
switching time when the current commutes from the body diode
to the MOSFET. Using a double pulse test, the peak current
and voltage can be measured with different values of switching
current, as shown in Fig. 11(b), and the reverse recovery losses
Pre,p and Pre,s can be evaluated.

The reverse recovery losses are Pre,p = 2.60 W and Pre,s =
2.80 W under Vo = 55V, Imin = −1A and K = 1. The body
diode does not work adequately as a freewheel diode for the IPT
system because of the longer reverse recovery time and large
peak current and voltage. Here, we parallel a Schottky barrier
diode (SBD) to eliminate the reverse recovery loss to improve
the system efficiency. The losses of the primary inverter and sec-
ondary active rectifier is the sum of all power consumed by MOS-
FETs and diodes,Pconverter-loss = Pon,p + Psw,p + Pon,s + Psw,s.

C. Optimal RMS Current Ratio for ZVS and Minimum
Overall Loss

As discussed in Section IV-A, the magnetic coupler loss
Pcoil-loss is minimized when Ip/Is =

√
Rs/Rp sincePconverter-loss

is also related to the rms currents of Ip and Is. With the aim
of minimizing the overall loss Ploss, under a set of constraints
including the rated transmission power PN , the minimum cur-
rent Imin for ZVS, minimum circulating power, and the ratio
of Ip/Is, the optimal solution of Ip/Is can be obtained by
minimizing Ploss, i.e.,

min (Ploss (α, β, θ))

s.t.

⎧⎪⎪⎨
⎪⎪⎩

PN = 8VnVo

π2ωM sin α
2 sin β

2 sin θ

ip(t2) =
4Vo

π

sin( β
2 ) sin(−α

2 +θ)

ωM = Imin

Ip
Is

=
Vo sin β

2

Vin sin α
2
= K

(34)

where Ploss = Pcoil-loss + Pconverter-loss, which is the sum of equa-
tions (21), (29), (30), (31), and (32). Ip and Is are given in (22)
and (23). The current points ip(t0), ip(t1), and is(t3) inside (31)
and (32) are given by⎧⎪⎪⎨

⎪⎪⎩
ip(t0) =

4Vo

π

sin( β
2 ) sin(α

2 −π+θ)

ωM

is(t1) =
4Vin

π

sin(α
2 ) sin(− β

2 +θ)

ωM

is(t3) =
4Vin

π

sin(α
2 ) sin(− 3β

2 +θ)

ωM .

(35)

Fig. 12. Overall system losses Ploss versus Ip/Is.

In this way, Ploss can be expressed as a function of α, β,
and θ. Equation (34) can be solved numerically. The procedure
is as follows. Given a value of K, a numerical solution (αK ,
βK , θK) for the value of Ploss in (34) is obtained. Using the
parameters given in Table IV, some numerical solutions under
different values ofK withVo = 78V are listed in Table III. More
solutions can also be found. Based on these numerical solutions,
the optimal K corresponding to a minimum Ploss can be picked
to control the IPT converter. As an intuitive illustration, we plot
Ploss versus Ip/Is, as shown in Fig. 12, for an optimal rms current
ratio which achieves ZVS and minimum overall losses, i.e.,

Koptimal =
Ip
Is

= 1. (36)

V. DESIGN CONSIDERATIONS

During the CP charging process, the battery voltage Vo would
increase until the predetermined threshold voltage is reached. In
order to keep the output power at the rated level PN , we need to
adjust α, β, or θ adaptively according to Vo. At the same time,
the conditions for ZVS, minimum circulating reactive power,
and minimum overall losses, given earlier in Section IV, should
be achieved by controlling α, β, and θ.

A. Optimal Control Strategy

By setting K = 1 obtained in (36), the optimal solution of
(α, β, θ) in (34) can be obtained. An approximate method can
be adopted by the following three steps. Normally, Imin < −1A.
Thus, |θ − α

2 | ≈ 0. The first step is to let θ = α/2 and substitute
it into (34), i.e.,

α′ = 2arcsin

(
3

√
PNπ2ωM

8V 2
in

)
(37)

θ′ = arcsin

(
3

√
PNπ2ωM

8V 2
in

)
. (38)
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Fig. 13. α, β, and θ versus with battery voltage Vo.

Suppose σ = |θ − α/2| is the difference between θ and α/2 to
make Imin = −1A. Then, θ is given by

θ = θ′ − σ. (39)

Finally, to find α and β that satisfy the rated power PN , we put
(39) into (34) again, giving

α = 2arcsin

(√
PNπ2ωM

8V 2
in sin θ

)
(40)

β = 2arcsin

(√
PNπ2ωM

8V 2
o sin θ

)
. (41)

SincePN increases monotonically withα, β, and θ, this solution
method can guarantee σ ≈ |θ − α

2 |, while maintaining Ip/Is =
1 and constant PN simultaneously.

B. Compensated Overall Losses

Traditional CP charging requires sampling the output cur-
rent and voltage in order to obtain the output power. Then, a
proportional-integral (PI) controller is used to regulate the output
power constant [19]. The PI controller is used to compensate
the system loss. In this article, as the system loss Ploss has
been found accurately, the rated power PN can be compensated
with P ′

N = PN + Ploss and we use P ′
N to get the solutions for

(α, β, θ). The variations of α, β, and θ with Vo are shown in
Fig. 13. Here, σ = 0.12 rad, which can be adjusted adaptively
according to system parameters. We see that β decreases as Vo

increases, while α and θ are kept constant throughout the CP
charging process. Due to the fixed α in the primary inverter
and the fixed phase shift angle θ between the two sides, a
synchronization signal is needed. Thus, we can simply store
α and θ in microcontrollers on the primary and second sides,
respectively.

The overall control diagram is shown in Fig. 14. The battery
voltage Vo is sampled and sent to the secondary microcontroller.
Meanwhile, based on Vo, the control signal of β can be calcu-
lated according to (41). During the CP charging process, we
only need to adjust β to maintain constant output under any

Fig. 14. Overall optimal control for maximum efficiency and CP charging.

Fig. 15. Photograph of the experimental prototype.

variation of load resistance. The PI controller can be eliminated.
Furthermore, the proposed control is free from any possible shift
in optimal solution as the PI controller is no longer needed to
adjust α, β, or θ continuously.

From Fig. 12, we see that Ploss varies very slightly from
16.7 to 17.2 W. Therefore, we may assume power loss being
constant, e.g., 17 W, to compensate for the rated power. The
rated power PN = 120W is adjusted to P ′

N = 137W in the
design. Moreover, as the system loss has a relationship with
Vo, we can adaptively set the compensated values for all other
parameters according to Vo. Finally, considering the effect of
temperature variation, we may include a thermal factor to further
compensate for the change in the parameters for achieving
optimized efficiency.

VI. EXPERIMENTAL VERIFICATION

An experimental prototype has been built, as shown in
Fig. 15, to verify the analysis and efficiency performance in the
charging process. Both primary and secondary sides use DSP
TMS320F28335 as the microcontrollers. The wireless commu-
nication is linked by RF modules (nRF24L01). An electronic
load (PRODIGIT3302) is used to emulate the battery. Based on
the battery charging specifications, the range of output voltage
Vo is 55–78 V in the CP charging process with the output
power rated at 120 W, as given in Table II. The equivalent load
resistance RL can be calculated by RL = V 2

o /Po and the range
is from 25.2 to 50.7 Ω. All voltages and currents are recorded
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Fig. 16. (a), (c), and (e) show experimental steady-state operating waveforms
of vp, ip, vs, and is at start (RL = 25.2Ω), middle (RL = 37.4Ω), and end
(RL = 50.7Ω) of CP charging process. (b), (d), and (f) show ZVS validation.

by a Tektronix DPO 4104 Oscilloscope. Powers and efficiency
values were measured by a precision power scope YOKOGAWA
PX8000. The other main parameters of the prototype are listed
in Table IV.

A. Steady-State Waveforms

Fig. 16 shows the steady-state experimental waveforms at the
start, middle, and end of the CP charging process. Comparing
Fig. 16(a) with Fig. 16(c) and (e), we can see that the primary
inverter’s conduction angle α and phase shift angle θ are kept
constant at 0.48π and 0.206π, and the conduction angle β in
the secondary active rectifier decreases from 0.94π to 0.49π
as the resistances increase. The rms current ratio remains un-
changed with Ip/Is ≈ 1, which agrees with the analysis given
in Section IV. In addition, as shown in Fig. 16(b), (d), and (f),
when the drive signals VGS turn ON Q4 and Q8, the drain source
voltage VDS is zero, validating the ZVS operation.

The primary current at turn-ON time of Q4 is kept almost
unchanged with ip(t2) ≈ −1 A, corresponding to a very small
circulating reactive power Pcr. In order to examine Pcr, we
log the experimental data shown in Fig. 16(a) and (e) with
MATLAB and replot them in Fig. 17. We verify the circulating
reactive power Pcr being all very small, indicating that the
system has achieved ZVS and minimum circulating reactive
power simultaneously.

Fig. 17. Experimental waveforms of circulating reactive power at (a) start and
(b) end of the CP charging process.

Fig. 18. Comparison of measured output voltage versus load resistance.

Fig. 19. Screen capture of power analyzer at (a) start and (b) end of the charging
process.

B. Efficiencies and Losses

We took seven operating points along the CP charging process
and compared the compensated and uncompensated system
overall losses. The measured results of output voltage Vo and
output power Po are plotted in Fig. 18. We observe that the
compensated system gives an output voltage close to the ideal
rated value, whereas the uncompensated system gives a lower
output voltage.

We used a precision power scope to measure the input power,
output power, and efficiency of the system, and the results taken
at the start and end of the CP charging are shown in Fig. 19.
The overall system loss is 16.94 W at the start and 17.24 W
at the end of the CP charging, which are consistent with the
minimum system overall losses calculated in Section IV and
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Fig. 20. Power loss distribution of the proposed IPT charger at (a) start of
charging process with Ploss = 16.94W and (b) end of charging process with
Ploss = 17.24W.

Fig. 21. Experimental steady-state waveforms of vp, ip, vs, and is under
impedance matching condition of K = 1.1 and θ = 0.5π at (a) the start (RL =
25.2Ω) and (b) the end (RL = 50.7Ω) of CP mode charging.

shown in Fig. 12. The distribution of the different kinds of losses
is shown in Fig. 20. The loss in the coupled coils accounts for
48.74% of the total loss in the start and 48.19% in the end
of the CP charging. The conduction and turn-OFF losses have
accounted for 19.35% and 29.71% of the overall losses with
little variation throughout the CP charging process. The extra
loss corresponds to diode conduction loss and the loss caused
by harmonic components, which have been mostly ignored in
previous studies. As we have discussed in Section IV-A, the
impedance matching condition with K =

√
Ip/Is = 1.1 and

θ = 0.5π can achieve a global minimum conduction loss in
the magnetic coupler. However, ZVS cannot be achieved. A
comparison of our proposed optimal CP control strategy and
the impedance matching should be considered. Fig. 21 shows
the steady-state waveforms of impedance matching at the start
and end of the CP charging. It can be observed that ZVS cannot
be achieved, and the high voltage spikes and oscillations would
incur a large switching loss. The measured system efficiencies
are 80.6% and 80.3% at the start and end of the CP charging
process, which are both lower than the 87.5% efficiency of our
proposed optimal CP control.

C. Misalignment

Coil misalignment may occur due to the position variation of
the primary and secondary coils. Stable output power and high
efficiency should also be guaranteed under misaligned condi-
tions. According to (39), (40), and (41), the optimal solution
depends on the mutual inductanceM . Thus, we need to estimate
the mutual inductance in order to determine the optimal solution.

Fig. 22. Peak current detection method of the receiving coil.

Fig. 23. High-frequency pulse current sensor of TAK12-02 (a) Wiring
schematic diagram. (b) Photograph of the pulse current sensor.

From (9), the mutual inductance can simply be expressed as

M =
4Vin sin

α
2

πωis_peak
(42)

where is_peak is the peak of is. For Vin = 78V, the control angle
α can be fixed at 0.48π, as shown in Fig. 13, leavingM inversely
proportional to is_peak. The process of peak current detection is
shown in Fig. 22 for the estimation of M . First, a signal copy
of the secondary current is is sampled by a current sensor, with
high-frequency components being filtered out by a band-pass
filter. The phase is also corrected. Next, the zero-crossing time
point of the signal is detected by an ultrafast amplifier. Finally,
the zero-crossing time point is taken as a flag signal for a
microcontroller, which after a time delay of one quarter (1/4)
period, triggers an analog-to-digital module to digitize the peak
current of is for the control of the converter.

A high frequency pulse current sensor shown in Fig. 23 is
used to sample the secondary current is. The actual is and the
measured vsensor follow vsensor =

isR
N . In order to observe the

estimation results directly, the estimated value of M inside DSP
is converted to an analog signal by a digital-to-analog (DA)
module. In this article, we adopt DAC8501E as the DA module
to convert the estimated value into an analog signal vDA.

Fig. 24(b) shows the transient experimental waveforms with
the coupling coefficient changing from k = 0.243 to k = 0.271.
Fig. 24(a) and (c) are corresponding steady-state waveforms
under k = 0.271 and k = 0.243, respectively. It is clear that
vsensor can well track the secondary current is both in transient
and steady state. The output of DA module, vDA, can well track
the peak envelope of vsensor, which shows that our designed
control strategy can well estimate the mutual inductance.

The proposed control strategy is validated under the aligned
condition (k = 0.252) and two points of misaligned conditions
(k = 0.243, k = 0.271). The efficiency is maintained at around
87.5% under all conditions, while the output power is kept at
120 W, as shown in Fig. 25. Therefore, the proposed optimal
control strategy can still be readily implemented under a mis-
aligned condition.
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Fig. 24. Experimental waveforms of measured misalignment. (a) Transient
waveforms of k changing from k = 0.243 to k = 0.271. (b) Steady-state
waveforms at k = 0.271. (c) Steady-state waveforms at k = 0.243.

Fig. 25. Comparisons of measured charging powers and efficiencies when
misalignment occurs.

D. Comparison of CP and CC Modes of Charging

The CP mode charging is proposed in this article as an alter-
native to the CC mode charging. The next phase CV charging
is the same for the two charging profiles. A comparison of
our proposed optimal CP mode charging and some reported
efficiency optimization using the CC mode charging [19], [20]
with the same topology will be given in this subsection. Here,
in order to compare the charging power and charging time,
two assumptions are made: (a) the battery voltage increases
linearly during the CC mode charging, and (b) it takes 1 h
to charge the battery from the cutoff voltage Vmin = 55 V to
the predetermined voltage Vmax = 78 V using the CP mode
charging. Therefore, with the rate power of PN = 120W, the
battery capacity is Q = 0.12 kW·h. The charging current IC
under the CC mode charging should satisfy

IC =
Q∫ 1h

0 (55 + 23t)dt
(43)

Fig. 26. Experimental steady-state operating waveforms of vp, ip, vo, io, and
Po at (a) the start (RL = 25.2Ω) and (b) the end (RL = 50.7Ω) of the CC
mode charging previously studied in [19].

Fig. 27. Experimental steady-state operating waveforms of vp, ip, vo, io, and
Po at (a) the start (RL = 25.2Ω) and (b) the end (RL = 50.7Ω) of CC mode
charging previously studied in [20].

Fig. 28. Comparisons of experimental charging power and efficiency of the
proposed CP mode of charging and the two implementations of optimal CC
mode of charging [19], [20].

giving IC = 1.805A. Figs. 26 and 27 show the steady-state
waveforms of IC = 1.805 A with optimal CC charging strate-
gies from start to end of the CC mode charging [19], [20]. The
implementation shown in [19] cannot achieve ZVS as evidenced
from the large voltage spikes during switching times. Moreover,
the implementation given in [20] has large reactive circulating
power as shown in the large negative current during switching
times. Fig. 28 gives a comparison of measured charging powers
and efficiencies, which show that the efficiency of our proposed
CP mode charging is higher than that of the optimal CC mode
of charging in [19] and [20].

Moreover, the maximum charging power of CC mode of
charging is Pmax = IC ∗ Vmax = 147 W, which is larger than
the rated power (120 W) of our CP mode of charging. Therefore,
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Fig. 29. Dynamic waveforms of the IPT system using the proposed control
strategy. (a) RL steps from 50.7 to 25.2 Ω. (b) RL steps from 25.2 to 50.7 Ω.

the CC mode of charging has a higher demand for the rating of
heat sink. Alternatively, if the maximum charging power of CC
mode is kept at 120 W, then, the charging current reduces to
1.538A. According to (43), the charging time becomes 1.18 h,
which is longer than 1 h. Therefore, CP mode of charging is
more advantageous than the CC mode of charging.

E. Controller Speed in Response to Load Change

Step changes in the load are applied to examine the response of
the controller. The waveforms of Io, Vo and power Po = Vo ∗ Io
under step changes of battery resistance RL from 50.7 to 25.2 Ω
and from 25.2 to 50.7 Ω are shown in Fig. 29. The response time
tr are 100 and 130 ms, respectively. It can be observed that Po

is kept constant at 120 W after duration tr. These waveforms
confirm that the system is stable.

F. Parameters Settings and Efficiency Performance

It should be noted that the parameters settings in this article
are not designed for a certain target application. This article
presents a general method of designing a fast and optimal
CP charger for inductive power transfer. In practice, the input
voltage, output voltage, and power rating of IPT chargers depend
on the application scenarios. For example, the charging power
and voltage range of the battery are determined for a certain type
of EVs.

Moreover, under different input/output voltage or power set-
tings, using the method provided in our article, an optimal
strategy can be applied to different applications for achieving
optimal efficiency. For example, for this specific prototype,
keeping the charging power PN = 120 W unchanged, if we set
Vin = 50V and Vo = 50V, according to the solution steps of the
optimal solution provided in this article, the optimal solutions are
α = 0.74π,β = 0.74π, and θ = 0.33π and the measured system
efficiency is 90.2%. The efficiency performance can be improved
further by using better components, such as the magnetic coupler
with small resistances and MOSFETs with small ON-resistances.

VII. CONCLUSION

An optimal control strategy of a single-stage IPT battery
charger has been proposed to achieve maximum efficiency for
CP+ output. By controlling the conduction angles in the primary

inverter, secondary active rectifier, and phase shift angle between
the two sides properly, the system can achieve ZVS, minimum
circulating power, and minimum overall losses simultaneously
throughout the charging process. Compared with previously
proposed constant-power chargers, PI controllers can be elimi-
nated by virtue of the compensated overall losses model, saving
cost and reducing design complexity. The proposed control
strategy has been validated experimentally under misalignment
conditions and load transients.
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