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Abstract—Maintaining constant-current (CC) and constant-
voltage (CV) outputs for meeting the charging profile of lithium-ion
batteries while realizing zero-voltage-switching on the primary
bridge over wide ranges of load and coupling variations are rather
challenging due to the presence of leakage and magnetizing induc-
tances of a loosely coupled transformer. Although the challenges
can be greatly relaxed by properly designing a compensation net-
work with load-independent output characteristics, the desirable
characteristics rendered by fixed compensation networks will be
lost and cannot be fully restored by existing control methods
once the designed compensation is deviated from the nominal
coupling condition. In this article, a dynamic series/series—parallel
compensation network, which originally aims to deliver constant
output voltage only, is further investigated as a feasible topol-
ogy for CC-CV battery charger adaptive to different sizes of
air gap/misalignment of the coils. As benefited from the extra
controllability offered by the parallel compensation capacitance
as compared to the series/series compensation counterpart, this
article provides alternative design criterion for the effective parallel
compensation capacitance for designing and maintaining desirable
charging currents in the CC stage while maximizing the efficiency
in the CV stage under varying coupling condition. An experimental
prototype with the air gap ranging from 10 to 16 cm is built to verify
the idea.

Index Terms—Battery charger, dynamic series/series—parallel
(S/SP) compensation, inductive power transfer (IPT), switch-
controlled capacitor (SCC), varying coupling condition.
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I. INTRODUCTION

LECTRIC power transfer between various sources and

loads via sockets and cables is well existed since the
advent of electricity in the 19th century [1]. However, owing
to the advantages of wireless power transfer and the increasing
popularity of mobile electric loads in the recent years, power
transfer via magnetic link have been extensively investigated by
academia and increasingly employed in various daily battery-
charging applications from low to high power such as biomed-
ical implant, portable electronic devices, and electric vehicles
(EVs) [2]-[7]. Among various types of battery, lithium-ion (Li-
ion) batteries are considered as one of the suitable candidates for
the battery-powered applications due to their improved battery
life and higher energy density [8]. Even though the electrical
characteristics are varied from battery to battery, a standard
and widely adopted charging protocol for Li-ion batteries is
constant-current-constant-voltage (CC—CV) charging for which
the battery pack is initially charged by constant-current (CC) and
subsequently by constant-voltage (CV) as the terminal voltage
reaches the prescribed value [8]. The charging process is ended
when the charging current decays to the preset minimum. In
general, the rate of a charging process is governed by the
magnitude of the current in the CC stage [9]. In addition, variants
of CC-CV charging strategies are proposed, which split the
charging current into multiple stages to reduce the temperature
rise and extend the battery cycle life [8]. Therefore, it is ad-
vantageous if the charging current can be flexibly fixed by the
charger. Throughout the charging process, the battery equivalent
resistance Ry, can vary from several ohms to hundreds ohms.
Asaresult, itis challenging to maintain high efficiency and stable
output voltage/current over wide range of load in the respective
stage of a charging process.

Ininductive-power-transfer (IPT) systems, the transmitter and
receiver coils are separated by an air gap and can be placed
freely in the designated area, leading to imperfect magnetic
coupling, and hence, the leakage and magnetizing inductances
are nonnegligible. Moreover, the variation of the inductances due
to different sizes of air gap/misalignment can further deviate
the output from the nominal value and introduce significant
reactive power under different load resistances and coupling
conditions [10]. Even though constant output voltage and cur-
rent can be obtained by modulating the primary bridge voltage
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without front-end or downstream dc—dc converter, the condi-
tions for achieving zero-voltage-switching (ZVS) on the primary
bridge is difficult to be maintained over the entire range of load
due to the possible wide variation of duty cycle, resulting in
electromagnetic interference issues, additional switching losses,
and reliability problems [11]. Moreover, the associated reactive
power and the fluctuating input impedance angle due to the
presence of the inductances remain unsolved, which pose ad-
ditional challenges for achieving high-power transfer efficiency
and ZVS on the primary bridge under varying load and coupling
conditions. Therefore, the design of compensation networks has
become an important research topic in IPT systems for which the
effects of the inductances of the loosely coupled transformer are
suppressed by resonating the inductances with additional series
or parallel capacitors. By doing so, the reactive power drawn
by the primary bridge can be minimized by the resulting nearly
resistive input impedance for improving power transfer capabil-
ity. Meanwhile, a load-independent output voltage/current can
be designed such that desirable output can be regulated without
the need of large duty cycle variation, which greatly simplifies
the realization of ZVS on the primary bridge for wide range of
load variation [11].

In the past few years, a number of compensation networks
have been proposed in the literature for achieving the objectives
of load-independent outputs with resistive input impedance
simultaneously. The earlier proposed compensation networks
are based on two additional capacitors placed on both sides of
the transformer, which form four basic compensation networks,
namely series/series (S/S), series/parallel, parallel/series, and
parallel/parallel compensations [12]. Unfortunately, the basic
compensation networks can only achieve either CC or CV output
with unity power factor under the designed coupling condi-
tion [13]. In order to deliver both CC and CV outputs with unity
power factor for meeting the charging profile of battery, several
hybrid compensation networks were proposed, which basically
integrate two networks, which can individually give CC or CV
output, with additional relays or bidirectional switches into a
single IPT converter [13]-[16]. By switching between these two
networks, CC and CV outputs can be achieved with unity power
factor. However, this method requires high component count
and, hence, increased cost and lower power density. Apart from
the basic compensations with capacitors only, other higher order
compensation networks involving additional inductors, such as
LC/LC and LCC/LCC compensation networks were proposed for
EV charging applications [17]-[19]. For LC/LC compensation
network [17], only load-independent output current with unity
power factor can be achieved. Later, an LCC/LCC compensation
network with a new design approach was proposed, which
not only deliver load-independent output current but also load-
independent output voltage with unity power factor at two fre-
quencies [19]. Nevertheless, the number of passive components
used in higher order compensation networks is still comparable
with hybrid compensation networks [20], [21]. Furthermore and
most importantly, the designs of the compensation networks are
heavily dependent on the leakage and/or the mutual inductance
of the loosely coupled transformer. In other words, none of the
fixed compensation networks can maintain the same magnitude
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of output voltage/current and the input impedance angle over
wide range of coupling condition. Hence, the adverse effects
of the loosely coupled transformer will become notable again
under the displacement of the transmitter and receiver coils.

In order to regulate the output and retain the properties orig-
inally offered by the designed compensation network under the
variation of coupling, additional control mechanisms must be
implemented to deal with the resulting changes of transformer
parameters. However, the conventional control methods could
inadequately restore the nominal properties of the compensa-
tion network. Apart from the typical pulse-width-modulation
of the primary bridge, which is straightforward but difficult to
maintain ZVS operation for wide range of duty cycle variation,
frequency-modulation is also common for output regulation or
input impedance angle control of IPT systems [22]—[24]. In [23],
a self-oscillating control of S/S compensated IPT converter is
proposed, which can restore the property of load-independent
output voltage under varying coupling condition by changing
the operating frequency of the converter. However, the resulting
input impedance angle for obtaining load-independent output
voltage is inductive, which is irreducible and could cause exces-
sive conduction loss. To minimize the excessive reactive power
and ensure ZVS operation of the primary bridge, pulsewidth
modulation in conjunction with variable frequency control is
proposed for S/S compensation [25], [26]. Unfortunately, since
the operating point of the network is shifted away from the
load-independent output, the control loops need to keep track
closely with the necessary voltage and current information in
the transmitter- and receiver-ends and update the duty cycle
and the frequency of the primary bridge. The implementation is
computational-intensive and requires a reliable real-time wire-
less communication link.

As a derivative of the basic S/S compensation with only mod-
erate increase in passive component count, series/series-parallel
(S/SP) compensation is formed by adding an additional parallel
compensation capacitor such that load-independent output volt-
age can be achieved while the input impedance is resistive due to
the cancellation of the magnetizing inductance [27], [28]. How-
ever, similar to the other existing compensation networks, the
existing control methods can only partially restore the designed
characteristics of the network upon the change of coupling
condition. To this end, by adding one more degree of control
freedom other than duty cycle and switching frequency of the pri-
mary bridge, a dynamic S/SP compensation is recently proposed
in [29] for which the parallel compensation capacitance can be
adaptively varied under different coupling conditions by switch-
controlled capacitor (SCC). Even though the application of SCC
is drawing increasing attention in a few other compensation
networks to achieving either load-independent output voltage
or current in recent years [30]-[32], the capability to deliver
both CC and CV outputs under varying coupling condition is
yet to study in these networks.

In this article, the advantages and the characteristics of the
dynamic S/SP compensation network will be further studied
and fully exploited. Extending from the work in [29], which pri-
marily provides load-independent output voltage with resistive
input impedance by the network, this article further explores its
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Fig. 1. Circuit diagram of the dynamic S/SP compensated IPT converter.

potential to deliver load-independent output current simulta-
neously with the network such that an intact CC-CV battery
charger with ZVS capability tolerant of different coupling condi-
tions can be constructed. Also, given the extra controllability of
the parallel compensation capacitance in the dynamic S/SP com-
pensation as compared to the conventional S/S compensation
network, the magnitude of the load-independent output current
in the CC stage can be flexibly configured for meeting different
charging requirements. Despite the advantages offered by the
extra control degree of freedom with SCC, its impacts on the
power transfer efficiencies in both CC and CV stages deserve a
deeper investigation. Contrary to the general presumption of the
design of compensation networks, this article reveals that unity
power factor can only minimize the reactive current, and hence,
the conduction loss on the primary bridge but not necessarily
give rise to maximum end-to-end power transfer efficiency in
this network. This finding leads to another design criterion for the
compensation capacitance given that the properties of the load-
independent output voltage and current are able to be offered by
different values of the parallel compensation capacitance.

The rest of this article is organized as follows. In the light of the
similarities of the circuit structures and electrical characteristics,
Section II compares the characteristics of the conventional S/S
and the proposed dynamic S/SP compensation networks as a
CC-CV battery charger. In Section III, the theoretical efficien-
cies of the dynamic compensation in CC and CV modes are
analyzed. In Section IV, the effectiveness of the proposal will
be verified by experimental prototype. Finally, the conclusion
will be given in Section V.

II. COMPARISON OF S/S AND DYNAMIC S/SP COMPENSATION
NETWORKS UNDER DIFFERENT COUPLING CONDITIONS

Since the characteristics of the S/SP compensation network
possess some similarities with the typical S/S compensation
network, this section will compare their output voltage and
current characteristics and the input impedance angles under the
variation of coupling coefficient, hence, the advantages of the
dynamic S/SP compensation as a battery charger can be high-
lighted. Fig. 1 shows the schematic diagram of the IPT converter
with dynamic S/SP compensation network for which the series
capacitors C and C} are intentionally designed to resonate with
the leakage inductance L; and Lo while the parallel capacitor
Cs, which is electronically variable by SCC, is designed to
resonate with the magnetizing inductance L,,. In addition, the
S/SP compensation network is reduced to the conventional S/S
compensation network if the value of C5 tends to be zero. Fig. 2
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Fig.2.  Simplified circuit diagram of the dynamic S/SP compensation network
with all circuit elements reflected to the primary side.
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Fig. 3. Theoretical waveforms of the ZVS operation of the primary bridge.

shows the simplified circuit diagram of the proposed network
in a transformer T-model, where all the circuit elements are
reflected to the primary side for mathematical analysis. The
variables 7, Z5, and Z3 are introduced in Fig. 2 and expressed
in (1) to represent the lumped impedances of Cy and Ly, C5
and Lo, and C5 and Ry, respectively. The input impedance of
the network is given in (2). In a typical design of compensation
networks, the input impedance angle is often designed to be
slightly inductive rather than purely resistive to facilitate the
ZVS operation of the primary bridge without causing significant
conduction loss due to the excessive reactive power. Fig. 3
illustrates the theoretical operating waveforms on the primary
bridge in which the amplitude of the fundamental component
of the bridge voltage vj,, is modulated by the duty cycle D
and the bridge current 7;, lags the fundamental component of
the bridge voltage (i.e., vipy—1) by 6iy, which is inductive (i.e.,
fin, > 0) and the necessary condition for ZVS. Additionally,
in order to achieve ZVS operation in all switches, ¢ should
be always greater than zero. Thus, under these conditions, the
negative resonant tank current will force to fully discharge the
junction capacitance of the MOSFET within sufficient dead time
and subsequently flow into the antiparallel diode of the MOSFET,
which clamps the drain-to-source voltage of the MOSFET to
nearly zero [33]. However, the condition for positive ¢ could be
violated when D is varied and becomes smaller for a given value
of 6, for output voltage/current regulation, as shown in Fig. 3
and expressed mathematically in (3). Therefore, by exploiting
the load-independent output characteristics of a compensation
network, it can greatly ease the difficulty in rendering ZVS
operation of the primary bridge by maximizing D close to unity
and restricting its variation over the entire ranges of load and
coupling

1
= ——+jwli+ R, =7 |wly — — R
1 jwLs j 1
Jg= ——n—+ "2+ R == (wly — — Ry
2 jwn2Cy n? + n? Wi wCs *
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Gy L e _ 4
jwn2C3 n? 1+ jwRrCs
Zm = jwLy + Ry ()

Zin =21+ Zm (Za+ Z3)

Zm (ZQ + Z3) (2)

> 0. 3)

1I. A. Assumptions

The following assumptions are made in the analysis of this
section.

(1) The winding and core resistances (i.e., I?,, Rs, and Ry,,)

are neglected.

(2) The ON-resistances of MOSFETS are zero.

(3) The forward voltages of diodes are zero.

(4) The parasitic winding capacitances are neglected.

(5) Fundamental harmonic approximation (FHA) is used.

II. B. Load-Independent Output Voltage

The load-independent output voltage characteristic of S/S
and S/SP compensation networks can be readily appreciated by
inspecting Fig. 2. From Fig. 2, it can be seen that the output
voltage of the networks equal to vi,, when Z; and Z, are
nullified by C; and C5 at an identical angular frequency, which
is independent of the value of C's and expressed by wey in (4). In
other words, as compared to the S/S compensation, the presence
of Cj3 is redundant for obtaining load-independent output voltage
but providing additional flexibility for manipulating the input
impedance of the network for better power transfer efficiency
in CV stage while maintaining load-independent output current
in CC stage under varying coupling condition, which will be
discussed further in the following sections. The expression of
output-voltage-to-input-voltage gain of Fig. 2 is derived and
given in (5), where C'5 is zero for the case of S/S compensation

1 1
Wey = = @)
Y VIO, VI,
Ufo _ Z3 « Zm (Z2 + ZB) (5)
Viny Lo+ Zs  Zv+ (Zm (Za+ Z3))

When misalignment or air gap variation occurs, the leakage
and magnetizing inductances will change accordingly and can be
reflected by coupling coefficient k. As a result, the characteristic
of load-independent output voltage of both networks is lost. Even
though the input impedances of both networks are still inductive
(i.e., #i, > 0) when the coils are misaligned or the air gap is in-
creased, other control methods instead of pulsewidth modulation
for output voltage regulation are still highly desirable as the duty
cycle of the primary bridge voltage can be maximized for the
ease of the realization of ZVS on the primary bridge [29]. As
revealed in [29] and shown in (6), the ratio of the primary and
secondary leakage inductances is approximately constant and
related to the turns ratio only. Therefore, the method of switching
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frequency modulation works satisfactorily for output voltage
regulation by tracking the change of w,., and hence, the leakage
inductances can be well compensated in both S/S and S/SP
compensation networks under the variation of coupling [29].
Nevertheless, as benefited from the controllability of C's in the
dynamic S/SP compensation network, the input reactive power,
and hence, the power transfer efficiency of the dynamic S/SP
compensation network can always be adjusted in the CV stage
under different coupling conditions

L
n~y | —
Lp
nly,
k =
L ©)
Ly =1Ly + L,
Ls = L2 + n2Lm
Lo 9
— ~n. 7
I, =" (N

II. C. Load-Independent Output Current

The characteristic of load-independent output current in S/S
compensation is widely discussed while it is also explored
recently in a few literature in S/SP compensation [21], [34].
By transforming Fig. 2 into m-network, the equivalent represen-
tation of load-independent output current of the dynamic S/SP
compensation is graphically shown in Fig. 4 given that all the
parallel impedance branches are in resonance and effectively
open-circuit at certain frequency, where Z, Zp, and Z¢ are
expressed in (8). Intuitively, it is feasible to design the magnitude
of the load-independent output current by Zp via switching
frequency and matching the value of C'3 to the designed fre-
quency such that C's is resonating with Zg and Z¢ in Fig. 4.
Here, a general mathematical expression of output-current-to-
input-voltage gain for both networks is derived from (5) and
given in (9). By equating A in the denominator of (9) to zero,
the condition for achieving load-independent output current in
S/S and S/SP compensations can be found. Similar to the last
section, by substituting C's = 0 into A, the condition for S/S
compensation for achieving load-independent output current is
solved, which is given in (10)

I Zy+ Z (21 + Zo)

Z
A 7
Z1Zy + Z (Z1 + Z)

Zg =
ZHI

Ze = I1Zy + Zm (21 + Z) )
A

Z.O ijnl (9)

Ve Z173 + jwLy (Z1 + Z2) + AR

where A = jwlLy, + Z1 + jwn?C3Z1Zy — w2 Lyn?C3(Z; +
Z3).

However, as can be seen from (10) and (11), the frequency
and the magnitude of the load-independent output current of S/S
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compensation are automatically fixed with no design freedom
once the magnetizing inductance is determined by the coupling
condition and the values of C; and C5 are predetermined by
(4) for the set-point of load-independent output voltage under
the nominal coupling condition as explained in the last section.
As aresult, the operating frequency for load-independent output
current and the magnitude of the charging current is inflexible
to be designed for various rates of charging process. It should
be noted that the input impedance angle for S/S compensation
in load-independent output current mode is resistive due to the
cancellation of self-inductances by C; and C3 at we. (s /s), Which
is well explained in the literature. The unity power factor and the
modulation of primary bridge voltage for desirable magnitude
of output current make the realization of ZVS more challenging.

On the contrary, for the case of S/SP compensation, C5 is
a nonzero value. By further expanding the expression of A,
another equation is obtained, which can be used to solve for the
relationship between C'3 and the switching frequency for differ-
ent magnitudes of load-independent output current, as shown in
(12). Since (12) is a fourth-order equation, the solution of (12)
has four roots and only the positive real roots are considered
for a particular value of C's. Compared with S/S compensation,
it can be found that the switching frequency for achieving
load-independent output current in S/SP compensation is not
unique but can be determined in conjunction with the value of
Cs. Therefore, the magnitude and the operating frequency of the
load-independent output current could be designed in contrast
to the S/S compensation, which is desirable for the applications
requiring for various rates of charging without modulating the
primary bridge voltage

1 1
Wee = = (10)
5/ V(L1 + L) C /LG
3 1
- = (11)
Vinv W=Wee(s/S) wchm
aw* —bw? +c=0
—b£Vb? — 4ac
= Wee(s/sp) =\ ———— (12)

2a

where
L m L 2

Ly Ly
n? * n? )
11 L, L
b:nQCng<Cl+n2C2)+C3<Cj+C;>+Lm+L1

_ G 1
TGO

a = TL203 (Lle +

c

13)

Transformation of the dynamic S/SP compensation network into the equivalent circuit of load-independent current output.

Again, the effects of coupling variation to the characteristics
of load-independent output current and input impedance angle
are studied here. For S/S compensation, as mentioned earlier
and shown in (10), the switching frequency for load-independent
output current is only dependent on L, and C;. Nevertheless,
L, and Ly are relatively constant as the coupling coefficient is
changed. In other words, the operating frequency and the input
impedance angle of S/S compensation network are almost fixed
while the output current is sensitive to the coupling condition
and inversely proportional to the magnetizing inductance as
expressed in (11), which implies wide range of pulse-width
modulation of the primary bridge voltage for output current
regulation, possibly leading to the violation of ZVS condition.
On the other hand, for dynamic S/SP compensation, the extra
freedom offered by C's can be used to restore the characteristics
at the designed coupling condition by modulating the value of
C5 in conjunction with the switching frequency.

III. EFFICIENCY ANALYSIS AND CONTROL OF DYNAMIC S/SP
COMPENSATION NETWORK WITH SCC

As analyzed in the last section, the controllability of C'5 in
the dynamic S/SP compensation network can provide a better
performance in achieving and maintaining load-independent
outputs as compared with the conventional S/S compensation
under different coupling conditions. For the load-independent
output current in the CC stage, the magnitude of the charging
current can be flexibly fixed by modulating the value of C's and
switching frequency simultaneously. When the charging stage is
switched to the CV stage, the load-independent output voltage
can be maintained by switching frequency modulation while
the redundancy of C'3 can be used to optimize the input reactive
power for higher power transfer efficiency. Nevertheless, since
the addition of C'5 inevitably introduces extra conduction loss,
this section is of interest to analyze the design criterion for Cs
given that different values of Cs can give rise to the properties
of load-independent output voltage and current simultaneously.

1I1. A. Efficiency Analysis of Dynamic S/SP Compensation
Network in CV and CC Modes

Table I tabulates the transformer parameters used in the fol-
lowing sections, which is a typical circular pad with its physical
dimensions listed in [29]. The inductances of the loosely coupled
transformer are measured under different air gap and misalign-
ment conditions. The turns ratio of the transformer n is about
1.083. The values of Cy and (5 are determined based on the
nominal coupling condition (i.e., k1) at the specified switching
frequency (i.e., 85 kHz). Given that the measured value of R,
Rs, and R, are 0.487, 0.454, and 0.534 (2, respectively, the
theoretical efficiency of the network in the load-independent
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TABLE I
MEASURED PARAMETERS OF LOOSELY COUPLED TRANSFORMER
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Condition air gap (cm) misalignment (cm) k& Ly(uH)  Lo(pH) Ly(uH)  Lo/Ls
k1 (nominal) 10 0 0.4144 381.72 414.68  246.63 1.086
ko 10 16 0.2553 457.98 502.15 147.94 1.096
ks 16 0 0.2474 45457  503.58 141.74 1.107
ky 16 16 0.1617 498.06  546.92 91.62 1.098
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Fig.5. Theoretical efficiencies and the input phase angles of the dynamic S/SP ~ Fig. 6.  Theoretical efficiencies and the input phase angles of the dynamic S/SP

compensation network versus the value of C'3 in load-independent voltage mode
under k1 condition.

voltage mode can be calculated by substituting (2), (4), and
(5) into (14). Figs. 5 and 6 plot the theoretical efficiencies and
the input impedance angles of the dynamic S/SP compensation
network versus the value of C5 under the conditions of k; and
ks, respectively. From these figures, it can be seen that the
efficiency curves with different Ry, are parabolic and peak at the
same value of C'3 under the same coupling condition, where L,
is partially compensated. Moreover, the phenomenon becomes
more prominent under weak coupling condition (i.e., k3), as
shown in Fig. 6. In other words, the operating point of C'3 for
maximum efficiency is located between the cases of S/S and
fully compensated S/SP compensation networks. The physical
significance of the parabolic shape of the efficiency curves can
be explained by the power loss of the network, which neglects
the switching loss of the primary bridge and considers only
the conduction losses due to the presence of R, R, and R,,,
respectively, as expressed in (15). As shown by (15), the power
loss originated from 7, and R, monotonically decreases with
increasing C's, and vice versa for is and Rg. Therefore, the power

compensation network versus the value of C'3 in load-independent voltage mode
under k3 condition.

loss is initially dominated by i, when Cj is increased from zero
and gradually dominated by 45 as Cs is kept increasing until
which Ly, is fully compensated while 4, attains its minimum.
By differentiating (15) with respect to C3 and equating the
derivative to zero, the value of C's for maximum efficiency point
can be found as shown in (16), which is irrelevant to the load
resistance. Therefore, the efficiency of the network can always
be maximized in the CV stage of a charging process by adjusting
the effective value of C's by SCC

2

V: v
R = e [ | Sl o,
_ 2
v? Y . 14
o(rms) inv(rms) | viny (14)
P :R —=
L Ry
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Likewise, the efficiency analysis on load-independent current
mode of the dynamic S/SP compensation network can also be
made by sweeping the value of C'5 and the corresponding w.
using (12) and substituting them into (14). Fig. 7 plots the
combinations of C'3 and switching frequency for obtaining load-
independent output current in S/SP compensation using (12) un-
der k; and k3 conditions. From Fig. 7, it is interesting to observe
that the solution is discontinuous and tends to infinity when the
frequency approaches 85 and 58 kHz and 78 and 62 kHz, respec-
tively, under k; and k3 conditions. In fact, these frequencies
correspond exactly to the points that load-independent output
voltage is achieved under k; and ks conditions. Therefore, it
is reasonable to observe that no solutions for load-independent
output current are coexisting when the frequency is approaching
to the point where load-independent output voltage is achieved.
Here, only the solutions larger than w.., are considered due to its
wider available range. As analyzed in the last section and seen
in Fig. 8, the magnitude of the output-current-to-input-voltage
gain of the network varies with the value of Cs. Even though
the output current of the network is adjustable and can be made
higher by increasing the value of C}, it is important to study
the resulting input impedance angle and the power conversion
efficiency of the network such that the input reactive power
and the associated power losses are acceptable. Figs. 9 and 10
plot the theoretical efficiencies and the input impedance angles
of the dynamic S/SP compensation network versus the value
of C5 under k; and k3 conditions for load-independent output
current. As can be seen from the figures, the input impedance
angle of the network is inductive and the input current of the
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Fig.9. Theoretical efficiencies and the input phase angles of the dynamic S/SP
compensation network versus the value of C'3 in load-independent current mode
under k1 condition.

network tends to be in-phase with the inverter voltage as the
value of Cj is increased. However, it does not imply that the
power transfer efficiency monotonically increases with the value
of C3 as the input reactive power reduces. Instead, similar
to the case of load-independent output voltage, the efficiency
curves for load-independent output current attain their maximum
values in the inductive input impedance region and degrade more
rapidly when the values of C's and Ry, are higher. The efficiency
droop can be simply explained by the transformer T-model in
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Fig. 10. Theoretical efficiencies and the input phase angles of the dynamic
S/SP compensation network versus the value of C'3 in load-independent current
mode under k3 condition.

Fig. 4. When i, is increased by C as the relationship plotted
in Fig. 8, more current is naturally drawn from the input due
to the increased output power. However, the lower impedance
path created by the increased C'5 tends to prevent the current
from delivering to the owut and demands more current from
the input (i.e., T z_; =1 (ip — zm) T ch) leading to dramatic
increases in circulating current and transformer losses even if the
input impedance tends to be resistive as C's increases. In other
words, the higher control degree of freedom of the dynamic S/SP
compensation network in the load-independent current mode is
gained at the expense of lower efficiency, which is generally
lower than the S/S compensation network. As a result, the ranges
of C3 and the charging current in the CC stage should be bounded
near the peak of the efficiency curves if minimum power transfer
efficiency is specified as one of the design requirements as
outlined in [35].

III. B. Control of the Dynamic S/SP Compensation Network to
Achieving CV and CC Outputs With SCC

After the efficiency analysis of the dynamic S/SP compensa-
tion network, the working principle of SCC for modulating the
effective value of C'5 is briefly explained here to facilitate the
discussion on its control in the rest of the section. Fig. 11 shows
the schematic diagram of an SCC, which consists of a fixed
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Fig. 12.  Key waveforms of SCC with different modulation methods.

capacitor C', and two back-to-back active switches. By control-
ling the phase-shifts of the gate signals of the switches relative
to the terminal current i o, the current flowing through C), can
be controlled, and hence, the effective resonant capacitance Ceq
can be varied by the fundamental component of v, as shown in
Fig. 12. To achieve the same goal, different modulation methods
of SCC have been proposed in which the basic principle of SCC
does not alter significantly but specifically the conduction loss
can be reduced by the improved modulation in Fig. 12(c) due
to the conduction of the MOSFETs instead of the body diodes
as reported in [36]. The operation of SCC is already well
discussed in previous papers and will not be repeated here for
simplicity [36].

From the operation principle of SCC, it is found that ZV'S can
be intrinsically realized in all methods such that the resulting
converter efficiency will not degrade significantly. By decom-
posing the waveform of vc, into harmonic component using
Fourier series and considering only the fundamental component,
the amplitude of v, can be expressed by (17) and the equivalent
capacitance can be derived and is given by (18) in terms of
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TABLE II

a [37]. As analyzed previously, the switching frequency and
the effective value of C3 (i.e., ) in the CC and CV stages
depend on the transformer parameters. In stationary applications
in practice, the computation and control complexity can be
simplified if the displacement of the secondary coil is divided
into several zones and the corresponding values of switching
frequency and « are preloaded into the controller [38]. Hence,
the controller can select the values of switching frequency and
« from the look-up table given that the relative position of the
secondary coil is known via the communication between the
primary and secondary before the start of a charging process or
the transition of CC to CV stage

_ 1AB 1.,
Voa = oC. 2 - (20 — sin 2cv) (17)
TAB Ca
a — e = - 1
ve wWCeq = Ceal®) 2 — (2a —sin2aq) /7 (18)

where 90° < o < 180°

IV. EXPERIMENTAL VERIFICATION

The prototype of the IPT converter with the proposed dynamic
S/SP compensation network for delivering CC and CV outputs
was constructed for experimental verification. Fig. 13 shows
the completed schematic diagram of the prototype. The design
procedure of the IPT converter is systematically presented as
follows and the finalized component values are tabulated in
Table II. The Li-ion battery is emulated by an electronic load
varying from 25 to 135 ). The prototype was tested under
the conditions of k; and k3, where the transformer parameters
are listed in Table I for demonstrating the effectiveness of the
proposal under varying coupling condition.

Step 1: Specify the ranges of air gap and misalignment and
measure the leakage and magnetizing inductances under the
extreme coupling conditions.

Step 2: Specify the switching frequency for load-independent
output voltage and calculate the value of C; and C5 under

HARDWARE SPECIFICATIONS

Parameter Value

Vi 200 V

Voat 145V

Tvat 4 A

Cy 8.972 nF

CQ 8.271 nF

Cs 60 nF

C, 10 nF

CF 6.6 ,uF

Lf 1 mH

L 100 puH

Rpat 250 -1350Q
Digital controller Texas TMS320F28335
Q1 — Q4, D1 — Dy, | UJC06505K

S1 — 59

Output power 150 W — 880 W

the nominal coupling condition (i.e., maximum coupling coeffi-
cient) using (4). In this article, the switching frequency is chosen
as 85 kHz for k; condition. Calculate the switching frequency
under the minimum coupling condition using (4), which defines
the minimum switching frequency of the converter, which is
about 78 kHz for k3 condition.

Step 3: Specify the minimum efficiency and find the achiev-
able range of load-independent output-current-to-input-voltage
gain under the extreme coupling conditions, which can be
graphically solved by Figs. 8-10. Here, the load-independent
output-current-to-input-voltage gain is fixed to be 0.02 A/V
throughout the experimental verification so that the theoretical
efficiency is well-above as 90%. The switching frequency for
load-independent current mode under the maximum coupling
condition defines the maximum switching frequency of the
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Fig. 14. Experimental waveforms of viny, ip, Vpat, and Ipae for load-
independent current mode under k; condition with Ry, = 25 and Ryt =
40 Q, respectively. (upper) Rpat = 25 €2, and (lower) Ry, = 40€2.

converter. Therefore, the frequency variation of the converter
is limited between weyak, < W < Wecak, -

Step 4: Calculate the required values of Cs and C, such that
the effective value of C'3 can be modulated continuously between
the values of Cy//C, and C§ to cover the required range of C's.

Step 5: Simulation should be performed to verify the de-
sign. Since the theoretical analysis is based on the FHA, the
nonlinearity of the output diode rectification may lead to dis-
continuous conduction mode of output voltage if the battery
equivalent resistance is beyond the load boundary [39]. An
additional inductor L’ is optional to be connected in parallel
with C3 to extend the load range for continuous conduction
mode [39]. In this case, the equivalent impedance of the par-
alleled L' and CY should satisfy (19) and the values of Cy and
O, should be recalculated for C3’. The value of C3' is given
by (20) in terms of Cy, C,, and «

(19)

B 7O Cy,
-~ wCy + Oy (21 — 2 +sin 2a)”

(20)

Fig. 14 shows the experimental waveforms of the load-
independent current mode of the converter with different battery
equivalent resistances (i.e., Rpat = 252 and Ry, = 40 Q) un-
der k1 condition. The required equivalent value of C's is about
40 nF and the switching frequency is 90 kHz. As can be seen from
the figure, the input impedance is inductive as predicted in the
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Fig. 15. Experimental waveforms of vca, Vipat, and Ip,e for load-
independent current mode under k; condition with Ry, = 252 and Ry, =
40 Q, respectively. (upper) Rpat = 25 €2, and (lower) Ry, = 40 2.

previous section and the battery charging current in the CC stage
can be kept almost constant even no modulation is performed
on the primary bridge, which are favorable for the realization of
ZVS. Fig. 15 shows the corresponding experimental waveform
of SCC in the load-independent current mode for which « is
equal to 165° for Rp.; = 252 and Ry, = 40 €, respectively.

Figs. 16 and 17 show the experimental waveforms of the
load-independent voltage mode of the converter for heavy
load (i.e., Rpat = 40€) and light load (i.e., Rpa = 135Q),
respectively, with different « under %, condition. The switching
frequency of this mode under k; condition is about 85 kHz.
As can be seen, even if the effective value of C'5 is changed
by « as noticed by the phase-shift and/or the magnitude of
ip, the property of load-independent output voltage and its
magnitude are still maintained while higher efficiency can be
achieved for smaller C5 (i.e., & = 120°), at which more reac-
tive power is drawn from the input. More experimental results
on the power transfer efficiency will be provided in Figs. 27
and 28. Fig. 18 shows the corresponding SCC waveforms for
Rypar = 135 Q with different o while Fig. 19 shows the blown-up
waveforms of v, and vgg.

Fig. 20 shows the experimental waveforms of the load-
independent current mode of the converter with different battery
equivalent resistances under k3 condition. Under this condition,
the required equivalent value of C's and the switching frequency
are changed to 50 nF and 82.1 kHz, respectively, in order to
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40 €2, respectively. (upper) Rpat = 252, and (lower) Ry, = 40 Q2.

recover the magnitude of the load-independent output current as
in the k7 condition to avoid wide range of modulation on the pri-
mary bridge for the ease of the realization of ZVS. Fig. 21 shows
the associated SCC waveforms from which it can be seen that
Ve 18 close to zero, which indicates the maximum equivalent
value of Cs.

Figs. 22 and 23 show the experimental waveforms of the load-
independent voltage mode of the converter for heavy load (i.e.,
Rpat = 402) and light load (i.e., Rpat = 1352), respectively,
with different o under k3 condition. The switching frequency for
obtaining load-independent output voltage under k3 condition
is about 78 kHz. Similar to k; condition and as analyzed in the
previous section, the magnitude of the load-independent output
voltage is independent of the effective value of C5. Fig. 24 shows
the SCC waveforms of the load-independent voltage mode for
Rypar = 135 with different « under k3 condition and Fig. 25
shows the blown-up waveforms of v, and vg;.

Fig. 26 shows the variations of battery voltage and current in
the CC and CV stages without the modulation of the primary
bridge. As verified once again, the battery voltage and current
can be kept almost constant in their respective stages even under
the variation of coupling condition. Without the modulation of
the primary bridge, the voltage variations in the CV stage under
k1 and k3 conditions are 5.58% and 8.06%, respectively. While
for the current variations in the CC stage, they are —0.13% and
—2.62%, respectively, under k1 and k3 conditions. Moreover, the
effective value of C5 in the CV stage does not compromise the
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Fig. 21. Experimental waveforms of vca,, Vpat, and I,y for load-
independent current mode under k3 condition with Ry, = 252 and Ry, =
40 Q, respectively. (upper) Rpat = 25 €2, and (lower) Ry, = 40 2.

magnitude of the load-independent output voltage. Instead, the
extra flexibility in the CV stage can be used for the optimization
between the power transfer efficiency and input reactive power.
Fig. 27 plots the efficiencies of the proposed converter in the
CV stage versus the effective value of C'3 under different R},
from which it can be seen that the experimental efficiency trends
are in agreement with the analysis of Figs. 5 and 6 in which
the curves are parabolic. In the CV stage under k; condition,
the peak efficiencies of 95.6% and 94.42% can be achieved
under heavy and light load conditions by the modulation of
SCC. Similarly, in the CV stage under k3 condition, the peak
efficiencies of 94.28% and 91.66% can be achieved under heavy
and light load conditions. Fig. 28 plots the overall efficiencies
of the converter from CC to CV stage in which different « is
applied in the CV stage. The average efficiency in the CC stage
under k; and k3 conditions are 88.40% and 88.10%, respectively.
While for the average efficiency in the CV stage, they are about
95.09% at o = 125° and 93.41% at o = 132° under k1 and k3
conditions, respectively. The differences between the measured
and the theoretical efficiencies in the CC and CV stages could be
originated from the errors in the measured resistances and other
miscellaneous losses in the MOSFETS, diodes, inductors, and the
loosely coupled transformer. Finally, a photo of the experimental
setup is shown in Fig. 29.
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Fig. 29.

Photograph of the experimental setup.

V. CONCLUSION

In this article, the work of the dynamic S/SP compensation
network is further studied and its advantages are fully exploited
for the development of CC—CV battery charger, which can retain
all the desirable characteristics by programming the parameters
of the compensation network under varying coupling condition.
As inherited from the properties of the conventional S/S com-
pensation counterpart, the dynamic S/SP compensation network
also possesses load-independent voltage and current characteris-
tics, which is favorable for the realization of ZVS, but with higher
flexibility resulting from the extra control degree of freedom
offered by the adjustable parallel compensation capacitance.
With the aid of the SCC, the proposed network can flexibly
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configure the charging current in the CC stage for different
rates of charging process while the power transfer efficiency
in the CV stage can be maximized without compromising the
load-independent output voltage characteristic. In view of the
addition of the SCC, the efficiency of the dynamic S/SP com-
pensation network is analyzed and alternative design criterion
for the effective parallel compensation capacitance in the CC
and CV stages are suggested in this article. Finally, the design
procedure is outlined and the design example is validated by
experimental prototype.
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