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Abstract—In inductive power transfer systems, impedance
matching is critical in obtaining high efficiency. However, since
the load impedance is subject to variations in most applications,
especially wireless charging, maintaining impedance matching is
a challenge. One valid solution is to maintain the equivalent load
impedance at the optimal value against load variations by control-
ling a load-side power converter. Nonetheless, the system overall
cost, size, and complexity can be increased. In this article, based
on a proper selection between full-bridge and half-bridge modes
of the inverter and rectifier, an operation mode selection method
is proposed that can achieve semi-impedance-matching with large
load variations. In general, with the proposed method, high overall
efficiency can be obtained while neither additional power convert-
ers nor complicated control is required. A 1-kW prototype has been
developed and the experimental results have verified the proposed
method.

Index Terms—Bridge converter, efficiency optimization,
inductive power transfer, wireless power transfer.

I. INTRODUCTION

NDUCTIVE power transfer (IPT) allows wireless power
I transfer between source and load, and has superior perfor-
mance over traditional wired systems, such as safety and conve-
nience, especially in charging applications [1]-[5]. Researchers
have pointed out that, for a given pair of IPT coils, there exists
an optimal loading impedance that maximize the IPT system
efficiency [6]-[8]. Hence, impedance matching is a crucial factor
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in developing a high-efficiency IPT system. Through a proper
design of the IPT system parameters, impedance matching can
be achieved at one operating point. Nonetheless, in practical
applications, especially device charging, both coupling and load-
ing conditions can vary, which inevitably diverges the system
from the impedance matching status and leads to lower system
efficiency. To overcome the issue, a power converter can be
applied to adaptively change the equivalent load impedance to
achieve impedance matching, which is also known as maximum
efficiency point tracking (MEPT) [7]. In general, through the
cooperation of a transmitter-side and a receiver-side power con-
verter, output power regulation and efficiency optimization can
be achieved simultaneously in MEPT methods. For example,
in [9]-[11], the MEPT control significantly improves the IPT
system efficiency with a desired output within a large load range.
An ON-OFF keying modulation scheme is also proposed in [12]
that only uses one power converter to achieve MEPT and output
regulation. As most MEPT methods tend to have a relatively
slow response, a novel MEPT method is later developed in
[13] that achieves a fast response. Nonetheless, despite the
obvious advantages, MEPT methods have several drawbacks.
For instance, the use of multiple controllable power converters,
real-time communication, and cooperative control can increase
system cost, size, and complexity. Moreover, although MEPT
can optimize the IPT efficiency, the system overall efficiency
is not necessarily improved due to the additional loss on the
power converters. Therefore, it may not always be cost effective
to implement MEPT.

In this letter, an operation mode selection (OMS) method is
proposed that can maintain high efficiency against load varia-
tions. Compared to conventional MEPT [7], [10] methods, the
most appealing advantage of OMS is that there are no additional
power converters or complicated control, as the principle of
OMS is to properly select the inverter/rectifier from full-bridge
(FB) mode and half-bridge (HB) mode for semi-impedance-
matching (semi-IM). The term “semi” indicates that OMS only
closely matches the equivalent impedance to the optimal value,
which is, although not as accurate as in MEPT, enough to
provide a satisfying efficiency enhancement. Compared to [14]
which used rectifier mode control [15] for efficiency improve-
ment, one main difference is that the system output basically
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Fig. 1. System diagram of LCC-S IPT in (a) FB mode and (b) HB mode.

remains unchanged in OMS. Generally, OMS and most existing
efficiency-improving methods offer different advantages, and
the most suitable method is to be selected based on design
requirements and preferences.

In principle, OMS is applicable to IPT systems with dual-side
active full-bridge converters. Meanwhile, OMS is most suitable
for constant-voltage (CV)-type compensation topologies but
is less suitable for constant-current (CC) and other types of
compensation topologies. The main advantage of OMS is the
efficiency improvement, especially for the light-load conditions,
with low hardware and software requirements. In this letter,
the OMS method is presented by using an inductor—capacitor—
capacitor-series (LCC-S) compensated IPT system as an ex-
ample. The experimental results with a 1-kW prototype have
verified that the proposed method can significantly enhance
system efficiency with almost no additional cost.

II. PRINCIPLE OF THE PROPOSED METHOD

Fig. 1(a) presents a typical FB LCC-S IPT system, where the
dc source block and the FB inverter form an equivalent IPT input
Uiy, while the load Ry, block and the FB rectifier form an equiva-
lent IPT load Req. Q1-Q4/Q05-Qg are the switching devices of the
FB inverter/rectifier, respectively. In Fig. 1(b), by always keep-
ing Q2/Q¢ OFF and Q4/Qs ON, the original FB inverter/rectifier
behaves as an HB inverter/rectifier and the IPT system is changed
into HB mode. Therefore, it is possible to change the bridge
converters between FB mode and HB mode without additional
devices. Apparently, there are two direct consequences of the
mode change (MC): 1) U;, is changed by inverter FB/HB modes,
and 2) R is changed by rectifier FB/HB modes.

Ashasbeen proven [6]-[8], the IPT efficiency is maximized in
impedance matching condition, i.e., Rcq equals an optimal value
Req-opt- Therefore, the main principle of OMS is to properly
change the rectifier FB/HB mode to make R.q closer to Req-opt
which leads to higher IPT efficiency. Meanwhile, OMS selects
an appropriate inverter FB/HB mode to change Uj,,, which helps
to maintain the system output. The following section shows
the detailed analysis in LCC-S IPT about how semi-IM can
be achieved through OMS and the corresponding impact to the
system output and efficiency.
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Fig. 2.

Simplified LCC-S IPT system.

III. THEORETICAL ANALYSIS

By applying fundamental harmonic approximation (FHA),
the LCC-S IPT in Fig. 1 can be simplified, as in Fig. 2, where Uj,,
and U, are, respectively, the rms values of equivalent sinusoidal
input and output voltages at the fundamental frequency f;. The
loading R, represents the equivalent impedance of the load-side
power converters and the system loading Ry. Ly, L, and L
correspondingly represent the inductances of the filter inductor,
primary-side coil, and the secondary-side coil. Similarly, C'y,
Cp, and C symbolize the compensation capacitors while R,
R, and R, stand for the equivalent series resistances (ESRs) of
each inductor (the device turn-ON resistance and capacitor ESR
can be included as well), respectively. Besides, M), is the coil
mutual inductance. The resonator parameters satisfy

1 1 1
VLiCy L, —L;)C, VL,

where wy is the system angular switching frequency. With (1),
according to [16] and assuming lossless, there are

2nfs = ws = (D

~ _Uin
ILp ~ wSLf

Uy ~ Usn 2 )

ILs ~ ImM

where I, Irp, and I, are the rms values of i;,, ir,, and
115, respectively. In general, (2) provides a good approximation
while greatly simplifying the system analysis.

A. Load Voltage Expression

From (2) and Fig. 1, assuming that the inverter and rectifier
electrical gains are, respectively, Giny = Uin/Vi, and Grec =
V,/U,, there is

M,
b2 Grec- (3)

Vo = VvinGinv -
Ly

Clearly, (3) indicates that the load voltage is independent of
the system load R as both Gj,, and G, are not related to
Rp. Thus, LCC-S IPT has a CV output [4], [16]. For charging
applications, a battery management converter can be connected
between the CV output and the batteries [17], which will not be
discussed in this article.

B. IPT Efficiency Expression

The IPT efficiency 7 can be written as

I%/sReq
I1211Rf + I%p(RP) + I%S(REQ + RS) '

n= “)
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TABLE I
SYSTEM CHARACTERISTICS UNDER OMS

Mode Giny Giree Req Ve
M
FB _2’\/5 T 8Rf Ve =
M
HB V2 z —2RzL Vo =+
4 2 “ L

Knowing that I, and I, hold the relationship

IprsMps = ILs(Rs + Req) (5)
by combining (2) and (5), (4) can be derived as
1
n= 5 5 .
R.R, R, R.2R, , M2,
1+ 235508 + i Rea+ (Rut S+ 752 Ry ) Rle(qé)

Hence, there exists an optimal R.q, denoted as Req-opt, that
maximizes (6)

G
R, " L2 R, @

2
Req—opt — \/WEMESRS + R? + ngQ Mps &

Based on (6) and (7), Fig. 3 is drawn that describes the
relationship between 7 and RR.q. When R is greatly different
from Req—opt» €.8., oq = 10Req—opt, the IPT efficiency will
be much lower than the optimal value.

Therefore, to have high nominal efficiency, LCC-S IPT sys-
tems are usually designed to be impedance matching under the
nominal situation, i.e., nominal air gap and load. Nonetheless,
when the system operating point varies, especially when a large
load change occurs, which is common in charging applications,
the impedance matching status will be lost, and the system
efficiency will be thereby reduced. As discussed before, the
proposed OMS method can effectively solve the efficiency re-
duction issue for the light-load conditions.

C. Operation Mode Selection

For LCC-S, the OMS method requires both the inverter and
rectifier to change between FB mode and HB mode. The ideal
electrical gains of conventional inverter and rectifier Gj,, and
G.ec under both FB and HB modes have been well discussed in
[9] and [10], and are listed in Table I. Combined with (3), the
respective R.q and V,, under the two modes for LCC-S IPT are
also given in Table L.

From Table I, the LCC-S system in FB and HB modes have
the same output voltage but different R.q. Thus, when the IPT
system deviates from the optimal point due to load change, by
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Fig. 6. Flowchart of the OMS controller for LCC-S.

applying OMS, V,, is unchanged while R can be again adjusted
to be close t0 Req-opt, Which will improve the system efficiency.

Fig. 4 demonstrates one example of the following.

1) The FB and HB modes have different optimal R, thatlead
t0 Roq = Req—opt and the highest efficiency.

2) The efficiency of either FB or HB mode quickly drops
with a large load variation.

3) OMS helps to maintain semi-IM (Req = Req—opt), Which
combines the optimal section of the FB and HB efficiency
curves and achieves high overall efficiency.

4) The MC point Ry, (40 ) is the geometric mean of the
corresponding Ry, at the FB and HB optimal points (20
and 80 §2), which is discussed in the next section.

Hence, the proposed OMS method is capable of improving

system efficiency without affecting the system output or intro-
ducing additional hardware.

1V. IMPLEMENTATION

Fig. 5 provides one possible implementation of the proposed
OMS method, where the flowchart of the OMS controller is
described in Fig. 6. In principle, OMS requires the measurement
of V, and I, to evaluate the load R . By comparing the estimated
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Ry, with the MC point Rz, yic, the OMS controller determines
whether the inverter and rectifier should be in FB or HB mode.
Subsequently, the OMS signals are sent to the pulse width
modulation (PWM) generation of the inverter and rectifier to
realize MC.

A. MC Point Ry _ ¢

The ideal MC point Ry, yic is the load value for the system
efficiency under FB and HB modes to be identical, which can be
obtained from (6), (7), and Table I. As the corresponding R, for
optimal efficiency under FB and HB modes are R;,_opi—FB =
Req_optﬂ'2/8 and RL—opt—HB = Req—optﬂ'2/2’ Rr_wmc is the
central point (geometric mean) of R7_op¢- 7B and R7_ope-fB, i.€.,

2

™

Ri-mc = \/Ri—opt—FBRL—opt—HB = ZReq—om- (3

The experimental results provided in Section V have verified
(8). Meanwhile, if necessary, adding hysteresis to Rz _nc 1s
one effective way against potential instability, which is not
shown in Fig. 6.

B. Measurement

V, and I, are measured to estimate Ry,. Since OMS is mainly
for efficiency optimization, a fast response to load changes is
not critical, and hence, the bandwidths of measurement circuits
need not be high.

C. Communication

In Fig. 5, to acknowledge the inverter for MC, wireless com-
munication is used. Since OMS is only activated at the MC point,
frequent information exchanges between the primary and sec-
ondary sides are not required by OMS, which avoids constantly
occupying the communication link. Moreover, in the worst case
that the inverter did not apply MC due to unknown reasons while
the rectifier applied MC, the output voltage would vary, and the
rectifier should return to the original mode to restore the output.

D. Variations of M,

In real applications, M, is usually variable due to the coil
misalignment. From (7) and (8), since R _nc is related to
M, the real-time monitoring of M, is required to obtain
R _nc. However, to avoid adding the monitoring circuit, it
is also possible to use Rj_nc in the nominal M, for all
misaligned conditions, which is less optimal but still offers
satisfying performance. Relative experiments and explanations
could be found in Section V-C.

E. Mode Selection for Different Topologies

In the example LCC-S IPT system, OMS requires both the
inverter and rectifier to change from FB mode to HB mode.
However, this may not apply to other compensation topologies,
and the study in Section III should be repeated to determine the
optimal mode combination. The following facts generally hold.

1) Most CV topologies have a similar output expression to

(3). Hence, the design in Fig. 6 is suitable, i.e., both the
inverter and rectifier are to be changed from FB to HB
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Fig. 7. Photos of the prototype.

TABLE II
PARAMETERS OF THE PROTOTYPE

Symbol Description Value
L, primary-side coil inductance 148.2 uH
L secondary-side coil inductance 150.4uH
Ly filter inductor inductance 84 uH

M mutual inductance 28.4uH
C, primary-side compensation capacitance 46.7 nF
C; secondary-side compensation capacitance 23.0 nF
C; filter capacitance 40.9 nF
s switching frequency 85 kHz

modes (or reversely) in OMS to achieve semi-IM without
affecting the output.
For most CC topologies, to achieve semi-IM without
affecting the output, when the rectifier changes from FB
to HB, the inverter has to change from HB to FB and
vice-versa. This combination is less common, as most IPT
systems are designed to have both bridge converters under
the same mode. Additional regulating power converters
are to be considered [17].

Consequently, although OMS is theoretically applicable to
different topologies, OMS is most suitable for CV topologies
and is less suitable for CC and other topologies.

2

~

V. EXPERIMENTAL VERIFICATION
A. System Introduction

Following Fig. 1, a 1-kW LCC-S IPT prototype, as shown in
Fig. 7, is developed to verify the proposed method with most
parameters given in Table II. The system input voltage is 380 V
dc while the load voltage is around 130 V under the nominal air
gap of 150 mm. Similar to conventional designs, the IPT system
efficiency is optimized around full-load condition with the FB
inverter and rectifier.

B. Experimental Results and Comparison

Fig. 8(a) shows the efficiency curves under FB, HB, and
OMS against 2. For the conventional FB design, the system
efficiency gradually dropped from 94.5% to around 76.8% as
Ry, increased from 16 to 200 €2 (load power from around 1 kW
to 85 W), mainly due to the loss of impedance matching. The
highest efficiency 94.5% occurred at Ry, ~ 18 €. In contrast,
under HB mode, the system efficiency was found to be the
highest when Ry, ~ 75 (2, but the power dissipation was severe
under heavy-load conditions, e.g., the system loss at Ry =
20 Q is about 71.1 W (P, ~ 680 W, 1) =~ 89.5 %). With OMS,
the system efficiency was well maintained at a relatively high
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(a) efficiency, and (b) load voltage.
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Fig. 9. System steady-state waveforms around MC point: (a) FB mode, and
(b) HB mode.
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Fig. 10. Steady-state voltages of resonant capacitors around MC point:
(a) FB mode, and (b) HB mode.

level (91.8%-94.5%) within the whole load range, which clearly
proves the effectiveness of the proposed method. Compared to
the conventional dual-side FB design, the efficiency around the
full-load conditions was not improved, since the system loading
was already around the optimal point. However, OMS took effect
after the MC point, and especially, at the lightest load condition,
the system efficiency was improved from 76.8% to 91.8% by
OMS. In addition, Fig. 8(b) shows the load voltage curve, where
OMS caused a small voltage drop at the MC point, which is due
to component tolerance and parasitic.

Besides, the system steady-state waveforms under FB mode
and HB mode are given in Fig. 9 as well as the capacitor
voltages in Fig. 10, where dc biases can be observed under
the HB mode. As the resonant currents and voltages at the
MC point are lower than the ones at the full-load point, the
increased currents and voltages due to the MC can still be within
designed limits. The corresponding dynamic waveforms of OMS
are shown in Fig. 11, where load step changes were deliberately
applied (which were represented by the I, step changes in the
waveforms) to trigger OMS from FB mode to HB mode as well as

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 10, OCTOBER 2020
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various misalignments: (a) efficiency, and (b) load voltage.

from HB mode to FB mode, with R, _yic ~ 37 €). The observed
system transients during the mode transition were not severe, as
both the inverter and rectifier well performed the MC. Moreover,
for charging applications that changes the load power slowly,
OMS could be designed to be only triggered once at the MC
point for the whole charging process, which will further simplify
the measurement and control of OMS.

C. Misalignments

The effect of OMS under misaligned conditions has also been
examined. The main consequence of misalignment is the change
of M. Horizontal misalignments of 50 and 100 mm were
applied to the coils in Fig. 7, which decreases M, from around
28.4t026.9 and 22.5 p1H, respectively. The experiments in Fig. 8
were repeated with the two misalignments, and the results are
provided in Fig. 12.

In Fig. 12(a), with OMS, the system efficiency was obvi-
ously improved as compared to the conventional FB design.
In Fig. 12(b), with misalignments, the voltage changes caused
by OMS were also small. However, the nominal voltage values
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varied based on misalignments, which complied with (3) and
was a system characteristic of LCC-S compensation that was
not caused or deteriorated by OMS.

Moreover, according to Section IV, the MC points should be
different when M), is different. For instance, in Fig. 12(a), under
the 100-mm misalignment, activating OMS at the highlighted
point A could lead to higher efficiency than at the used MC point.
However, to monitor M,,,, additional measurement circuits or
estimation algorithms could be required. This experiment de-
liberately used the same R _nc calculated from the nominal
condition (no misalignment) for all situations, and the results
indicated that the efficiency-improving effect was still satisfying.
Thus, the real-time tracking of M), is beneficial to OMS, but is
not a must.

Therefore, for applications where misalignments exist, OMS
can be applied to improve system efficiency. However, the output
variation due to misalignments is not caused by and cannot
be solved by OMS. Typically, using a power converter for
output regulation [17] or adopting advance coil designs [18]
are possible approaches to maintain the output. However, such
a regulating power converter is not related to the core principle
of OMS and would not be discussed.

D. Discussion

In Fig. 8(a), with OMS, the system efficiency experiences
fluctuations, e.g., the MC point efficiency is lower than the
surrounding points. The reason is that OMS only achieves
semi-IM and cannot always maximize the IPT efficiency as
in typical MEPT methods [10], [11], [13]. Nonetheless, the
most outstanding advantage of OMS is the obvious efficiency
enhancement with low hardware and control requirements. In
general, MEPT and OMS have different benefits, and should be
selected based on practical application requirements.

VI. CONCLUSION

This letter introduces an efficiency-improving method for IPT
called OMS. In principle, OMS is based on impedance matching
and is implemented through properly selecting the operating
modes of the inverter and rectifier. Compared to conventional
impedance matching methods such as MEPT, the unique ad-
vantage of the proposed method is that basically no additional
hardware or complicated control algorithm is required. A 1-kW
LCC-SIPT prototype is used to evaluate the proposed method. In
the experiment, with OMS, the system efficiency was maintained
between 92%-95% from 85 W to 1 kW, while the system
efficiency would be 77%-95% it without OMS. Moreover, OMS
can also effectively improve system efficiency under misaligned
conditions, but advanced coil designs or additional circuits
are required to maintain system output against misalignments,
which is another topic that is unrelated to OMS.
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