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Variable-Parameter T-Circuit-Based IPT System
Charging Battery With Constant Current or
Constant Voltage Output

Yang Chen
Zhengyou He

Abstract—Load-independent output characteristics of inductive
power transfer (IPT) systems are increasingly popular in battery
charging. This paper proposes a novel variable-parameter T-circuit
(VT) for an IPT system charging a battery with constant cur-
rent (CC) or constant voltage (CV) output. The VT can transfer
a CC/CYV input to a CC or CV output by using an ac switch and a
passive component (inductor or capacitor). An IPT system with a
VT for CC-CV charging can reduce the number of passive com-
ponents and ac switches. Besides, the proposed VT merits more
design freedom of charge current/voltage with the constraints im-
posed by the loosely coupled transformer parameters compared to
that of the traditional one. In addition, there are three kinds of VT's
for various IPT charging systems with different requirements. A
400 W laboratory-scale prototype with a 150 mm air gap was built
to verify the theoretical analyses. Both electronic load and lead-acid
battery are utilized to verify the charging profile of the proposed
method. The experimental results of the IPT system indicate that
the fluctuation of the charging current in CC mode is less than 2%,
and the change rate of charging voltage in CV mode is within 2.9 %.
The maximum overall efficiency 93.93 % of the charging system is
achieved from a dc 110 V input to a dc 100 V output.

Index Terms—Constant current (CC), constant voltage (CV), in-
ductive power transfer (IPT), T-circuit, variable parameter.

I. INTRODUCTION

NDUCTIVE power transfer (IPT) technology [1]-[3] can de-
liver energy from power sources to loads through magnetic
coupling without contact, realizing electrical and mechanical
isolation. Due to its inherent advantages of safety, convenience,
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and flexibility, it is widely adopted in many applications such as
consumer electronics [3], [4], electric bicycles [5], [6], electric
vehicles [7], [8], etc. In IPT charging applications, it is of sig-
nificance to maintain constant current (CC) or constant voltage
(CV) output, because CC—CV charging is one of the most effi-
cient and commonly used methods [9]. During the whole charg-
ing process, the battery equivalent load Rp, defined as the ratio
of charging voltage vg to charging current ig (R = vg/iB),
changes in a wide range, which can vary from several ohms to
hundreds of ohms.

A. Related Works

Alot of effort has been carried out on how to achieve CC-CV
charging. Generally, these approaches can be roughly classified
into two categories.

1) Control Schemes for CC—CV Charging [10]-[12], [14],
[15]: In [10], phase shift control is used to modulate the out-
put voltage of the high-frequency inverter to attain the required
charging current or voltage. Besides, IPT charging systems can
operate at two different frequencies with load-independent out-
put current or voltage [11], [12], but a stability issue may oc-
cur because of the frequency bifurcation phenomenon [13].
Buja et al. [14] and Li et al. [15] employ dc—dc convert-
ers on the primary side or secondary side to charge elec-
tric city cars and sightseeing cars. These control methods can
let IPT systems operate with required output at the expense
of a wide range of input modulation index and/or compli-
cated control circuitry, suffering from control complexity and
compromising converter efficiency [16]. Moreover, it is not
easy to design the proportional—integral-derivative (PID) pa-
rameters for an IPT system with a wide range load because
once the load changes the PID parameters should be adjusted
and reselected according to the new load for good perfor-
mance [17]. If an IPT system has an inherent load-independent
transfer function, it can simplify control schemes, narrow down
the range of input modulation index, or even cancel control [16].

2) Compensation Topologies for CC-CV Charging [9],
[19]-[24]: Compensation topologies with CC or CV outputs
[16], [18] draw much attention of the researchers because
these topologies are equipped with native load-independent
transfer functions. It can combine CC-output topologies and
CV-output topologies to form hybrid topologies for CC—CV

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.


https://orcid.org/0000-0003-3868-3145
https://orcid.org/0000-0002-1974-6553
https://orcid.org/0000-0001-9816-0771
https://orcid.org/0000-0002-6252-2440
https://orcid.org/0000-0002-1129-7597
mailto:yang.chen92@foxmail.com
mailto:2495759072@qq.com
mailto:546867343@qq.com
mailto:574143439@qq.com
mailto:hezy@home.swjtu.edu.cn
mailto:mairk@swjtu.edu.cn
mailto:chen1095@e.ntu.edu.sg

CHEN et al.: VARIABLE-PARAMETER T-CIRCUIT-BASED IPT SYSTEM CHARGING BATTERY WITH CC OR CV OUTPUT

charging. In [19], two kinds of hybrid topologies [series—
series (SS) and inductor—capacitor—inductor/series (LCL/S),
series—parallel (SP), and inductor—capacitor—inductor/parallel
(LCL/P)] are proposed for battery charging applications. In
order to cancel the wireless communication link between the
primary and secondary sides and to charge massive loads simul-
taneously, Mai et al. [20] propose a hybrid topology switching
between SS and series/inductor—capacitor—capacitor (S/LCC)
topologies. Besides, a dual-topology, which involves three
capacitors, four switches, and a center-tapped loosely coupled
transformer (LCT), alters from SS to SP topologies to manip-
ulate battery load profile [21]. The work by Li ef al. [22] uses
three-coil based on SSS and S/S/LCC topologies to realize CC
and CV outputs. Aiming at a compact structure, a new variable
coil structure consisting of three-layer coils, i.e., two bipolar
coils and one unipolar coil on the primary side is provided for
CC-CV charging [23]. Moreover, a hybrid and reconfigurable
IPT system with high-misalignment tolerance is reported in
[9], where the hybrid and reconfigurable topology can tolerate
misalignment and achieve battery charging. However, either
output currents or output voltages of these methods mentioned
above are only related to LCT parameters (mutual inductance
and self-inductances), which limits the design of charge current
Iy or charge voltage V. With fixed LCT parameters, there are
two cases, i.e., CASE (D): if the voltage/current gain is only
related to the LCT parameters, the output voltage/current is
fixed; CASE (2): If the voltage/current gain is not just associated
with the LCT parameters and has design freedom on param-
eters, the output voltage/current can be changed by adjusting
other circuitry parameters even with fixed LCT parameters.
For CASE (2), it is defined that the output voltage/current has
design freedom with the constraints of LCT parameters in this
paper. If the input-to-output transfer function of a converter
has design freedom with the constraints imposed by the LCT
parameters, it can help mitigate the design requirements of the
LCT. In order to solve the problem, a hybrid topology with
configurable charge current and charge voltage is proposed by
Chen ef al. in [24], using two/three T-circuits to meet charging
profiles. Nevertheless, the topology is complex as it consists of
five capacitors, two inductors, and two switches. It is better to
employ fewer passive components (inductors or capacitors) in
systems for cost reduction. Moreover, all the hybrid topologies
for CC-CV charging utilize at least two ac switches to alter
the charging mode, and each switch comprise two MOSFETSs or
insulated gate bipolar transistors [20]. If one switch is reduced,
two semiconductor devices can be saved at once. Therefore, it
is of importance to reduce the number of passive components
and ac switches used in hybrid topologies for CC-CV charging.

B. Contributions

The main contributions of this paper are summarized as

follows.

1) Proposing novel variable-parameter T-circuits: Tradi-
tional T-circuit is famous for its reciprocity between a
voltage source and a current source. But at least two cas-
caded T-circuits are required to transfer a CC (CV) input

1673

I in VA 1 Z3 I out

A o S

Zin

Fig. 1. T-circuit driven by a voltage source.

to a CC (CV) output. The proposed variable-parameter T-
circuit (VT) can make it with the help of one T-circuit,
reducing the number of passive components. Besides, it
can also transfer CC (CV) input to CV (CC) output. By
adding an ac switch and a passive component (an inductor
or a capacitor), the VT can transfer a CC/CV input to a
CC or CV output. The T-circuit with variable parameter
has a native load-independent transfer function, which can
simplify control schemes.

2) Improving the design freedom of charge current and
charge voltage: The charge currents or charge voltages
of conventional hybrid topologies for CC—CV charging
are only related to the LCT parameters, namely, once the
parameters of LCT are fixed, the output current and volt-
age of VT are hard to change unless using another set of
LCT with different parameters. In practice, the space for
an LCT is always limited, which makes it tough to man-
ufacture an LCT in view of all requirements [25]. The
proposed VT can let the charge current and voltage of the
IPT system have design freedom with the constraints of
the LCT parameters.

3) Supporting various IPT charging systems with different
requirements: During the derivation of VT, three possible
variable parameters of the VT, which can be altered be-
tween CC and CV modes, are brought out. These ways of
altering different variable parameters with different trans-
fer function can be employed for various IPT charging
systems with different requirements.

The rest of the paper is organized as follows. In Section II,
VT is systematically analyzed with a voltage source and current
source. Section III discusses an IPT system using VT for CC—
CV charging. Experimental results and comparisons with other
methods are presented in Section IV to validate the proposed
method. Finally, conclusions are drawn in Section V.

II. ANALYSIS OF T-CIRCUIT
A. Analysis of a T-Circuit Driven by a Voltage Source

As shown in Fig. 1, a T-circuit is driven by a sinusoidal volt-
age source with angular frequency w, where w = 27 f and fis
the operating frequency. Vi, (Vout) and I, (fout) are the pha-
sors of the input (output) voltage and current. Rt and Zj, are
the load resistance and input impedance of the T-circuit, respec-
tively. Zy, Zs, Zs are the corresponding impedances of each
component (inductor or capacitor), i.e.

Z1=jX1, Zo=jXo, Z3=jX3. (1
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According to Kirchhoff’s voltage law (KVL), the T-circuit can
be expressed by
j in
)

out

Vin
0

Zy + Zs
—Z

A
Zo+ Z3+ Ry

After solving (2), the input and output currents (f nand T, out)
can be derived as follows:

I" _ Zo+Zsz+Rr V

W 2y 2o+ Z1 23+ 22 Z3+(Z1+Z2) Ry 711 (3)
. B 7 .

Lous = 71 Zo+ 21 Zs+Z2 Z3+(Z1+Z2) Rt Vin.

Then, the output voltage Vout of load resistance Rt is
given by
Zs R
Z1Zo + ZhZs + ZoZs + (Z1 + Z3) Ry

Vout = Vvirr (4)
The transfer admittance GVI of the T-circuit is denoted as the
ratio of the output current Iout to the input voltage Vm, namely

Iout

G
A7

23

‘lez + Z1Z3+ ZoZs + (Z1 + Z2) Ry |

&)

Likewise, the voltage gain G'yy, which is defined as the ratio

between the output voltage Vout and the input voltage Vin, is
shown as follows:

‘./out
Vin

Gvv =

_ Zy Ry

B ‘ Z1Zy + Z1 Zs + ZyZs + (Z1 + Z2) Rr |

(6)

The input impedance Zj, of the T-circuit can be yielded as
follows:

& _ I\ Lo+ L1 Ls + ZoZs + (Zl + ZQ) R
Iin Zo + Z3+ Ry .

In reference to (5) and (6), each of Z;, Z5, and Z3 can be
treated as a variable parameter to achieve load-independent out-
put current and voltage. Thus, they are divided into three fol-
lowing scenarios to discuss.

1) Variable Parameter Z1: In this part, Z; is treated as a
variable.

CC output: According to (5), the transfer admittance G'yy can
be load-independent when it satisfies (8)

Zin =

(N

(Z1+ Z3) Rt = 0. ®)
By solving (8), we can obtain

Zy=—Zy=—jX3 9)

Substituting (1) and (9) into (5), a new transfer admittance
noted as Gyiz, is given by

—1

Z|= (10)

Gviz, = ‘

J
X5|

The corresponding input impedance noted as Zing,,z, can
be calculated by substituting (1) and (9) into (7), namely
X3 Ry (X2 + X3) X3

ZinG = —J (11)
VT X+ Xa) 2+ RE (X + X3)? + R
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which indicates that the input impedance Zi,q.,,z, with CC out-
put can be capacitive, resistive, or inductive with different values
of X5 and X3.

CV output: The T-circuit can have load-independent output
voltage if (6) satisfies the following equation:

I1Zy + Z\Zg + ZoZ3 = 0. (12)
After solving (12), Z; can be derived as follows:
—ZaZy  —jX2X3
7. = = . 13
Y o+ 75 Xo+ X5 (13

Thus, the new voltage gain named Gyvz, can be expressed
by

Zy+ 23| | Xo+ X3
Zo n X '

The input impedance noted as Zina,,,, z, With CV output can
be rewritten as follows:

X2Ry
(X + X3)° + R2.
X2R2%
(X2 + X3) [(Xz + X3)2 + R%]

(14)

Gyvz, = ‘

ZiIle\/Zl =

+J (15)

It suggests that the input impedance Zi,g, 7z, might be in-
ductive or capacitive depending on the values of X5 and Xs.

2) Variable Parameter Z: In this part, Zs is regarded as a
variable parameter.

CC output: By solving (8), we can get
Zo=—71=—jX;. (16)

Substituting (16) into (5), a new transfer admittance Gv1z,
turns out to be

1
Gviz, = || = |==|. 17
ViZs ‘Zl‘ ‘Xl (17)
The input impedance Zi,q.,z, is shown as follows:
X2Ry X2 (X, - X3)
ZinGVI22 - 2 ) J 2 9"
(X1 —X3)"+RL 7 (X1 — X3)" + R%
(18)

It is evident that the input impedance Zi,q.,z, could be in-
ductive, capacitive, or resistive counting on the values of X
and X3.

CV output: Similarly, by solving (12), Z5 can be derived as
follows:

—Z1Z5  —jX1X3
Zi+ 2723 X1+ X3

By substituting (19) into (6), anew voltage gain named Gvvy,
can be obtained as follows:

Zy = 19)

—Z3 —X3
G =|—=| = . 20
VVZs ‘ 7 X, (20)
The input impedance ZinG. z, s given by
X2X2Ry X? (X1 + X3) R

ZiIlev Z2 -

(X1 + X3)°R% + X4 (X1 + X3)°R2 + X#

i)
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Fig. 2. T-circuit driven by a current source.

which also could be inductive, capacitive, or resistive with dif-
ferent values of X and X3.

3) Variable Parameter Z3: In this part, Zg is considered as a
variable. On the basis of (5) and (8), no matter what the value
of Zs is, it is impossible for the T-circuit to have CC output.
Therefore, this condition, when Z3 is a variable parameter, is
impractical. Besides, there is no need for discussing CV output.

B. Analysis of a T-Circuit Driven by a Current Source

Fig. 2 illustrates a T-circuit driven by a sinusoidal current
source with angular frequency w. Since Z; is connected with
the current source, Z; only can affect the input impedance Zj,,
and has nothing to do with the output current I, and voltage
Vout- Z1 should not be regarded as a variable parameter.

According to Kirchhoff’s current law, the T-circuit can be
described by

. . 1 1
n=V{=>4+——). 22
<Z2+Z3+RT> ( )

Afterward, the output current I out and the output voltage Vout
can be attained as follows:

i 29 Zy Ryl
o Zy+ Zs+ Ry’ Zy+ Zs+ Ry

Hence, the current gain Gy, defined as the ratio of the output
current I, to the input current [;;,, can be obtained as follows:

Vout = (23)

Iout

Gn=|— . 24
11 2 (24)

| Zy+ Zs+ Ry

Similarly, the .transfer impedance Gry, thg: ratio between the
output voltage V,,; and the input current I;,, is expressed as
follows:

ZyRt

G: =
v ’@+%+m

. 25)

The input impedance Z;,, is the same as (7) because the com-
ponents are the same in the T-circuit.

In view of (25) and (24), Z5 and Z3 can be treated as a variable
parameter, so two categories should be analyzed.

1) Variable Parameter Zs: In this part, Z5 is considered as
a variable parameter.

CC output: In accordance with (24), to let the T-circuit have
CC output, the only way is to set Z5 equal to co. Thus, the new
current gain noted as Gfyyz, is yielded as follows:

Z

im ————— 1.

Gz, = | 1 =
117 Zo—00 Zg + Z3 —+ RT

(26)
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The input impedance Z;, in (7) can be rewritten as follows:

I\ Loy + L1453 + ZoZs + (Z1 + ZQ) Rt
Zoy + Z3+ Ry

ZinGH Z2 = llm
Zig—>00

= Ry +j (X1 + X3) (27)

which can be inductive, capacitive, or resistive in terms of the
values of X7 and X3.

CV output: In order to realize CV output, (25) should satisty
(28)

Zy+ Z3 = 0. (28)
By solving (28), we can get
Zy = —Z3 = —jXs. (29)

Then, the new transfer impedance noted as Gtyz, can be
acquired by substituting (29) into (25), i.e.

Grvz, = |—Z3| = |—jX3]. (30

Substituting (29) into (7), the new input impedance named
ZinGyy Z, 1 shown as follows:

2
ZinGryzs = % +J (X1 — X3). (€29
T

It hints that the input impedance also might be inductive, ca-
pacitive, or resistive relying on the values of X and X3.

2) Variable Parameter Zs: In this part, Z3 is regarded as a
variable parameter. According to (24), it is impossible for the
T-circuit to have CC output whatever the value of Z3 is. Conse-
quently, this circumstance, when Zj3 is a variable parameter, is
meaningless to discuss, as well as CV output.

As a result, a T-circuit driven by a voltage or current source
can achieve CC and CV outputs with variable parameters. All the
possible cases are listed in Table I, from which some conclusions
can be drawn as follows.

1) The VT can transfer CV input to CC or CV output by
altering the value of one variable parameter. Besides, CC
input can also be transferred to CC or CV output.

2) The input impedance of VT with CC and CV outputs has
three possible situations:

a) one is inductive and the other one is capacitive;

b) both are inductive or capacitive;

¢) one is resistive and the other one is inductive or ca-
pacitive.

Based on these conclusions, we can employ the VT for an IPT
charging system. For applications with different requirements,
corresponding VTs can be chosen.

III. IPT SYSTEM USING VT FOR BATTERY CHARGING
A. Analysis of CC and CV Outputs

All the cases given in Table I can be used for IPT systems with
differentrequirements. A VT can be placed on the secondary side
to cancel the wireless communication link. In this paper, aiming
at a compact and light secondary side, a VT is selected to put on
the primary side. Besides, since the input of the compensation
topology is usually square wave voltage, CASE II (T-circuit with
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TABLE I
T-CIRCUIT WITH DIFFERENT VARIABLE PARAMETERS

CASE1 CASE II CASE III
Variable Z, (voltage source) Variable Z, (voltage source) Variable Z, (current source)
Variable
Parameter "
Vi
Zin
L E
CC Output GVIZl =|j/X2| (Z,=-jX,) Gv122:|_j/X1| (Z,=-jX,) GIIZZZI (Z,>o)
2 2
ZmG\,,zl = X22RT /|:(X2 +X3) +R%J ch.wz2 = XlzRT /[(Xl _Xs) +R’ﬂ
Input ) B 5 ) ) N Zin(,*"z2 = R1'+j(X| +X3)
P _J'(X2+X3)X2/[(X2+X3) +RT:| +jX| (XI_X3)/|:(X1_X3) +RTi|
impedance
X+ X>0 X+ X3=0 X+ X:<0 Xi-X:>0 Xi-X:=0 Xi-X:<0 | Xi+X>0 Xi+X=0 | Xi+X;<0
capacitive resistive inductive inductive resistive capacitive inductive resistive capacitive
GVVL\ :‘(XerXs)/Xz‘ G\fvzZ =‘_X3/X1‘ lez: =‘_JX3|
CV Output . .
(le_szXs/(X2+X3)) (Z2:—]X1X3/(X1+X3)) (Z,=-jX;)
ZiGwi, =X;R, /[(Xz +X3)Z +R‘?:| Zi6 = X[ XIR, /[(Xl "’X3)2 R +X§:|
. - , ) - . Zi6,2, :XBZ/RT+j(X1_X3)
dput R+ X[ (e ) R | (O X)X+ X ) R+ X
impedance
Xt X:>0 | ot Xs=0 | Xot X3<0 X, +X:>0 Xi+X:=0 | Xi+X>0 | X;-X>0 | X;-X:=0 | X;-X:<0
inductive impossible capacitive inductive resistive capacitive inductive resistive capacitive
! Iy Afterward, the voltage of R, is given by
4 rle e 7
Zoit G O o .
no3tn [iSk. Vs = iBacV (35)
i : wM
Ry -
| E— . .
o Tcircuit p " SS compensation topology, The transfer admittance Gy1ss of SS topology can be yielded

Fig. 3. T-circuit cascaded with an SS compensation topology.

variable parameter Z5 driven by a voltage source) is chosen for
an IPT charging system. A VT cascaded with an SS compen-
sation topology (VTSS) is illustrated in Fig. 3. Lp, Lg, and M
are the primary side coil inductance, secondary side coil induc-
tance, and mutual inductance, respectively. R, is the equivalent
ac load. Cp and Cf are utilized to compensate the inductances
of the primary and secondary coils Lp and Lg, i.e.

Cp == ]./ (wQLp)

Cs = 1/ (w2Ls) . (32

According to KVL, the SS compensation topology can be
described by

—joJM jp
+jWLS + Rac js
(33)

Vp B jwlcp + jwLp
: 1
0 —jwM TaCs

Solving (33) by substituting (32) into (33), the primary and
secondary coil currents are derived as follows:

o Rac VP

i i
S VEK wM

s= o (34)

as follows:

I,
Gyiss = || =

36
T (36)

1
JwM |

Likewise, the transfer impedance Gyysg of SS topology is
obtained as follows:

\% .
GIVSS = i = |jwM| .
Ir

(37)

It is evident that the SS compensation topology can transfer
CV (or CC) input to CC (or CV) output, which indicates that the
SS topology is a special case of T-circuit.

The input impedance Rt of SS topology can be attained as
follows:

Vp w2 M 2
R = — =
T Ip R

(38)

which can be resistive if the equivalent ac load R, is aresistance
load.
On the basis of the analysis for CASE II, the transfer admit-
tance G'yryrss of the proposed VTSS can be expressed by
I
Gvivrss = |7 | = Gyvz, X Gviss =

in

. (39

—J X3
Xle
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Fig. 4.

Diagram of an IPT system with VTSS for battery charging.

In the same way, the voltage gain Gyy.yrss of the VTSS is
obtained as follows:

Gvv-viss = (40)

w
= Gviz, X Grvss = |——| -
2 Xl

in

B. Parameter Design for VISS

According to CASE I, if the input impedance of VT with CC
and CV outputs are required to be resistive, the parameters of
T-circuit should satisfy

Xl—X3:O orX1+X3:0. (4])

Substituting (41) into (39), we can find that the transfer ad-
mittance of proposed VTSS is simplified as follows:

CTYVI-VTSS = (42)

4]

The output current is only related to the mutual inductance
M, i.e., once the parameters of LCT are fixed, the output cur-
rent of VTSS is hard to alter unless using another LCT with
a new mutual inductance. Therefore, in order to let the output
voltage/current have design freedom with the constraints of LCT
parameters, it is better to make the input impedance of VT with
CC and CV outputs both inductive. In that way, the output cur-
rent and voltage can be changed by tuning the parameters (X
and X3) of VT without using another new LCT.

An IPT system with VTSS for battery charging is shown in
Fig. 4, where F, Ip, and Vg are the input dc voltage, charge
current in CC mode, and charge voltage in CV mode, respec-
tively. According to [26], the output voltage V;,, of the inverter,
output current I, and output voltage V3 of the rectifier can be
expressed by

2V/2E

2
Vin = ) VB \[
m

= 7T\[Vs, Iy = 715

(43)

The relationship between the equivalent ac load R, and bat-
tery equivalent load Ry can be given by [9]

8

R,. = —Rgp. (44)
2

Substituting (43) into (40), the value of X is yielded as fol-
lows:
wEM

X ==
1 Vi

(45)
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Similarly, the value of X3 can be calculated by substituting
(43) into (39), i.e.

2 Igw? M?
8V

Then, the value of X5 in VTSS for CC output can be attained
by substituting (45) and (46) into (19), namely

w2 Ig Ew?M?
SVBE + m2wMVyIg ’

Substituting (45) and (46) into (16), the value of X5 in VTSS
for CV output is obtained as follows:

wMFE
Vs

All the values of F/, M, Iz, and Vg are positive, while the
values of X; — X3 can be positive or negative in terms of (45)—
(48). If the values of X; — X3 are positive, the components
71 — Z3 should be inductors. Otherwise, they are capacitors if
the values of X; — X3 are negative. The detailed values of all the
parameters in T-circuit, all possible combinations of inductors
and capacitors, input impedance angle are listed in Table II.

From Table II, we can find that the input impedance of T(c)
in CC mode is capacitive, and the input impedance of T(d) in
CV mode is also capacitive. Thus, T(c) and T(d) should not be
employed for VT'SS with the requirement of zero voltage switch-
ing. As for T(a) and T(b), the input impedance of theirs both are
inductive. It is distinct that the input impedance angle of T(a)
in CC mode is larger than that in CV mode, but that of T(b) is
opposite. The more inductive the input impedance is, the more
reactive power is in the IPT system. Too much reactive power
can cause a large power loss in the IPT system. Additionally,
the charging time in CV mode is longer than that in CC mode
for a lead acid battery [23]. Therefore, to reduce the power loss
caused by reactive power in the whole charging process, T(a)
is applied to VTSS in this paper. Also, other VTs can be em-
ployed for different applications according to various require-
ments. For instance, T(b) can be selected to use for lithium-ion
battery charging, where the charging time in CC mode is shorter
than that in CV mode.

In T(a), the values of X5 in CC and CV mode are different.
Thus, an ac switch S is used to alter the value of parameter
Xo, namely, to switch the charging mode from CC mode to CV
mode, as shown in Fig. 5. There are two possible ways to alter
the parameter.

1) InFig. 5(a), when the switch S is OFF, the IPT system with

VTSS is in CV mode. We have
1 . JwEM

—— = JjXecv = —
JwChev VB

X3 =+ (46)

Xocc = =%

(47)

Xocv =%

(48)

(49)

After solving (49), the value of capacitor Cocc is given by
VB
EMw?’
When the switch S is ON, it is in CC mode, and we have
1 . 72 Ig Ew? M?
= jXocc =
w (Cacep + Cacv) 8VBE + m2wMVplg'
(51

Cocv = (50)
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TABLE II
VALUES OF PARAMETERS IN T-CIRCUIT
Parameter T(a) T(b) T(c) T(d)
X, WEM 1V, wEM 1V, —wEM |V, —wEM |V,
X; 7y’ M/ (8V) -1y’ M/ (8V) T, M [ (8V) -1y’ M [ (8V)
¥ _ mLEo’M? 7 I,Eo’M® 7’ I,Eo’M® 7 IEo*M?
e SV,E + m2 oMV, 1, SV,E + oMV, I, 8V, E - r* oMV, I, SV,E + 12 oMV,

Input Vo E + oMV, E — m*oMV,], E + 72 wMV,I E — m*oMV,],
angle (CC) T*OMR,I} 7 OMR,I2 Z2OMRgI} T OMR,I}

Xocy —wEM /V,y —wEM |V, wEM |V, wEM 1V,

Input 2 2 2 2
impodance arctan(SRBE i OMR,I, ] arctan[8RBE +a MR, j arctan(_ 8R,E i OMR,I, ] arctan[_ 8R,E +a OMR,], ]
angle (CV) T MV T MV T oMV T oMV

T-Circuit Lw;iE;
T(C) 2((:_—_|__\,(2r/1L2(V

where if X1 >0, jX1 = jwlLq;

X1 <0, jX1 =1/(jwC1); X3>0, jX3 =jwls;

X3 <0, jX3 =1/(jwC3); Xacc >0, jXacc = jwlacc;

Xoce <0, jXoce = 1/(jwCacc); Xacv > 0, jX2cv = jwLacv: Xacv <0, jXacv = 1/(jwCacv).

I I Li [Cadvs Ls
Cz( v C7( cp S
Cacc

(b

Fig. 5.
series.

Two ways for altering variable parameter (a) in parallel and (b) in

Thus, the value of capacitor Coccp can be derived as follows:
8B
7T2IBM3M2 '

2) In Fig. 5(b), when the switch S is ON, the IPT system is in
CC mode, i.e.

L 725 Ew? M2
jwCaco ISVE + R Vely

2CC =
After solving (53), the capacitor Cc ¢ is yielded as follows:

Caccp = (52)

(33)

SVBE + WQWMVBIB
Cocc = 54
2cC Y A ORIVE 54
When the switch S is OFF, it is in CV mode, so we have
1 1 JwEM
- + = =jX = - 55
JwCacc  jwCacvs Jaacy VB 53)
Then, the capacitor Cycys can be expressed by
Vs (8E + m2wlgM
Cacvs = ( ) (56)

8Mw?E?

For simplification, the way of parallel connection is selected
in the experiment for verification, as shown in Fig. 6. Inductors
Ly and L3 are given by

EM 2wlgM?
L, = —— L3=%~

Vg’ 8Ve

In practice, inductor L3 and capacitor Cp can be treated as
one component, which may be an inductor Lp, or a capacitor

(57)

i |
=
e
2
g
<
Fig. 6. Proposed IPT system for battery charging.
Cpe, ie.
_ mPwlpM?-8VpLlp
LPe - Vs ) JWLS + chp (58)
_ 8Ve
Cpe = Ve T —nZalpiry s Jwla + ijp <0.

Finally, the parameters of the IPT system with VTSS can be
obtained regarding (32), (50), (52), (§7), and (58).

When the switch S is ON, the system operates in the CC mode.
The current ¢pcc in the primary coil can be calculated as follows:

2v/21y

wM
which indicates that the current ipcc will increase with the rise
of the battery equivalent load Ry in CC mode. When the switch
S is OFF, the system runs in CV mode. The current ¢pcy in the
primary coil can be given as follows:

2V2V3
mTwM

which demonstrates that the primary coil current ipcy iS con-
stant in the CV mode. When the charging mode changes from
CC to CV, the battery equivalent load noted as R p( can be given
as Rpo = Vp / I. At this moment, the current in the primary
coil is calculated as follows:

2V2Ig
wM Rpo =

pCC = Ry (59)

ipcy = (60)

2215 VB _ 2\/§VB' 6D

TwM I TwM

pPCCo =
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Fig. 7. (a) Control logic for S, and (b) control diagram of the proposed IPT
charger without communication, where k; = VRgr/ipcv.

It is obvious that current i pc equals to the current ipcy in
the CV mode. Therefore, the value of the current in the primary
coil can be measured for the switch of charging mode so the
wireless communication link is not required. The control logic
of the ac switch S is depicted in Fig. 7(a), and the control diagram
of the charging mode is detailed in Fig. 7(b). A current sensor is
used to measure the primary coil current ¢p. The proposed IPT
system operates in CC mode when ip < ¢pcy. Once ¢p hits the
value of tpcv, switch S is triggered, and the system goes into
the CV mode. It should be noted that this technique only can be
used when the M and w are fixed.

It should accentuate that the proposed method aims at ap-
plications with very small or no misalignment, such as electric
bicycles charging [5], [24]. However, if the method is used in
some other applications that indeed face misalignments, some
commercial ICs like UCC3895 can be adopted to implement
fixed-frequency duty cycle control for the system to maintain
outputs stable [19]. In this circumstance, the output voltage Vi,
of the inverter in (43) should be rewritten as follows:

28, (22

V}n - (62)

2

™

where D is the duty cycle of V;,, of the fixed-frequency duty cycle
control. Then, the other parameters can be calculated according
to the aforementioned equations.

Additionally, the previous control diagram of the proposed ap-
proach is no longer applicable since mutual inductance M is not
fixed. The charging voltage vp is used for the switch of charging
mode, and the switching control signals are delivered through
a wireless communication link [24], as depicted in Fig. 8. A
voltage sensor is used to measure the charging voltage vg. The
proposed IPT system operates in CC mode when vg < V3. Once
vp reaches the charge voltage Vg, switch S is triggered, and the
system goes into the CV mode.
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Voltage Sensor" ;
Commumcatlon

Schmitt Trigger Vgl

Fig. 8. Control diagram of the proposed IPT charger with communication,
where k, = Vrer/Vp and Vrgr are the voltage ratio and the reference volt-
age, respectively.
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Fig. 9. IPT system divided into three blocks.

C. Analysis of Power Losses

In this part, inductor L3 and capacitor Cp is treated as a ca-
pacitor Cp, for simplification. The equivalent series resistance
(ESR) of each component is taken into consideration. The pro-
posed IPT system from dc input to dc output is predominantly
divided into three parts: a high-frequency inverter, a magnetic
coupler with compensation topology, and a full-bridge rectifier,
as shown in Fig. 9.

1) Power Losses of Block 1: The power losses of the high-
frequency inverter comprise the conduction loss Peond mos of
the MOSFETs, the conduction loss Prong p of the body diodes,
and the switching loss Psw mos p of the MOSFETs and the
diodes. P.ona mos and Peong p are given by [27]

PcondfMOS - %TDSI?n (7T + %2} -+ sin (p)
Pcond_D = Qﬂ.ﬁ‘/flin (1 — sin %) + %TDIizn (7T e sin (p)

(63)

where rps, Iin, ¢, V¢, and rp are the drain—source on-state re-
sistance of the MOSFET, the output current of the inverter, the con-
duction angle of the inverter, the threshold voltage and equivalent
on-state resistance of the body diode, respectively. Psw vMos_ D
is expressed by [27]

'
SW_MOS.D 2EIin\/§COS (5)

P
eSW_ON + esw_OFF QRR)
X = = + (64)
f < VriIr Ir
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where esw_on and egw_orr are the turn-ON and turn-OFF en-
ergy losses of the MOSFET; V and IR are the drain—source volt-
age and source current of the MOSFET; QrRr and Ir_p are reverse
recovery charge and the reference current of the diode, respec-
tively. Therefore, the power losses of Block 1 is obtained as
follows:

Pioss 1 = Peond_ M0os + Peond_D + Psw_M0s_D- (65)

2) Power Losses of Block 2: The ESR of each component of
Block 2 can be measured by an LCR meter. The power loss of
each component (inductor or capacitor) can be calculated by

Prx = RxI% (66)

where Rx is the ESR of the inductor or capacitor, and Ix is
the rms value of the current flowing through the corresponding
component. When the ac switch S is connected in the circuit,
the power loss of S should be considered. Since switch S only
turns ON or turns OFF for once, the conduction loss is inevitable,
and switching loss can be ignored. The ac switch consists of two
anti-series connected MOSFETs. Hence, the power loss Pjoss s of
the ac switch S can be given by

(67)

where rpgg is the drain—source on-state resistance of the
MOSFET.

In the CC mode, the switch S is ON. The power losses
Pioss_2CC of the Block 2 is expressed by

2
Pioss_s = 2rpssIcaccp

2 2 2
Pioss 2cc = Ij) Ri1 + Icocv Ro2ov + IGscop Ro2cep

+ Ploss. s + I (Rope + Rup) + 13 (Ros + Ris) -

(68)

In the CV mode, the switch S is OFF. The power losses
Pioss 2cv of the Block 2 is given by

Ploss 20v = I2 Ry + oy Roacy
+ I% (Rcpe + Rip) 4 12 (Res + Ris) . (69)

3) Power Losses of Block 3: The power losses of the full
bridge rectifier are mainly caused by the forward voltage drop
of the rectifier diodes. According to [28], the power losses can
be given by

2v2

2
Ploss 3 = TVF[S +repld (70)

where V¢ and rcp are the threshold voltage and the equivalent
ON-state resistance of the diodes in the rectifier.

Finally, the total power losses Pjoss of the IPT system are
expressed by

Ploss = Ploss_1 + Ploss_2cc + Ploss_3, in CC mode
Ploss - Plos&l + Plossf2CV + BossﬁS; in CV mode.
(71)

D. Differences Between This Work and [20]

In order to show the differences between the proposed method
and that in [20], comparisons between these two methods are
elaborated as follows.
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Fig. 10.

System diagram of the method used in [20].

1) This Work: The proposed approach is depicted in Fig. 6.

In CC mode (S is ON): The capacitors Cocy and Coccp are
connected in parallel, and they can be regarded as one capacitor.
It is easy to figure out that the primary compensation topology
is a T-circuit.

In CV mode (S is OFF): The capacitor Cycy is connected in
the circuit, and Coccp is not. It is evident that the primary com-
pensation topology is still a T-circuit.

The ac switch is just utilized to alter the parameter value of
T-circuit. Thus, the compensation topology is the same in CC
and CV modes.

2) Method in [20]: The method in [20] is shown in Fig. 10.

In CC mode (S is OFF, and S5 is ON): The capacitor Cc is not
connected in the circuit, and capacitors C's, C, and inductor Ly,
are treated as one capacitor. We can find out that the secondary
compensation topology is series (S).

In CV mode (S is ON, and Ss is OFF): The capacitor C¢ is
connected in the circuit, and capacitor CY, is not. It is evident
that the secondary compensation topology is LCC.

The ac switches are used to change the compensation topolo-
gies. Therefore, the compensation topology in CC mode is SS,
while that in CV mode is S-LCC.

All in all, the proposed method in this paper does differ fun-
damentally from the approach in [20] regardless of the compen-
sation topology placed on the primary or the secondary side.
Compared with the approach in [20], the proposed IPT system
owns design freedom of charge current/voltage and has a smaller
number of components. Besides, wireless communication is re-
quired because the T-circuit is put on the primary side for sim-
plifying the secondary side. Additionally, the peak efficiency of
the proposed method is higher than that in [20], but the average
efficiency is a little lower due to the large reactive power in CC
mode.

IV. EXPERIMENTAL RESULTS

A. Experimental Prototype

To verify the validity of the theoretical analyses, a proto-
type IPT battery charger with 4 A charge current and 100V
charge voltage was implemented using the VTSS as illustrated
in Fig. 11. The air gap between the primary and secondary
coils is set as 150 mm, and the two coils are symmetrical
double-D pad (coil size = 400 mm x 400 mm). The MOSFETS
@1 — Q4 are C2M0080120D, and the rectifier diodes D1 — D,
are DSEI2 x 61 — 06C. The MOSFETs of ac switch S are
APT56F50L. The system parameters are listed in Table III. First,
an electronic load ITECH IT8816B) is used to test the output
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Fig. 11.

Setup of the IPT battery charger.

TABLE III
SYSTEM SPECIFICATION AND PARAMETER VALUES

Parameter value Parameter value
E 110V f 85 kHz
L, 41.99 uH Cyev 83.50 nF
Caecp 81.30 nF Lp 223.88 uH
M 39.72 uH Lg 232.67 uH
Cs 15.08 nF Chpe 18.02 nF
Ry, 0.042 Q Reacy 0.016 Q
Rcocep 0.018 Q Rcpe 0.015Q
Rip 0.22 Q Ris 0.20 Q
Rcs 0.028 Q Dss 0.085 Q
7Ds 0.08 Q o b
Ve 1.8V T 0.0047 Q
vin[CHT] W CHAT | T [CHTT ih [CH2]
fu] PN | PR ~ A~ N N N
N N | N[ i = I ]
v[(H3 i [CH4] W[ CH3) is [CAAT
(a) (b)

Fig. 12.  Experimental waveforms of vj,, iin, vs, and ig (a) at Rg = 202
in CC mode, and (b) at Rg = 352 in CV mode.

current and voltage of the proposed IPT battery charger for sim-
plification. Then, a lead-acid battery with 48 V/12AH rating
(4 x 6 — DZM — 12 from TIANNENG GROUP) is employed
to test the charging profile of the IPT charger.

B. Experimental Results

1) Performance of the Electronic Load: Assume that the
electronic load varies from 20 to 252 in CC mode, while it
is altered from 25 to 2702 in CV mode. Fig. 12 shows the ex-
perimental waveforms of output voltage/current of the inverter
and input voltage/current of the rectifier. It is obvious that the
input impedance angle in the CC mode is larger than that in the
CV mode, which is coincident with the theoretical analysis.

The charging profile, corresponding efficiency (dc to dc), and
charging power are drawn in Fig. 13. The fluctuation of charging
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(a) Charging profile of the electronic load. (b) Efficiency and charging

TABLE IV
CALCULATED AND MEASURED POWER LOSSES

Losses Calculated value Experimental value
distribution CcC CcvV ccC CcvV
Block 1 166 W | 32W 17.1 W 3.7W
Block 2 213W | 103W 229 W 11.2W
Block 3 72 W 72 W 79 W 7.8 W
Total 45.1W | 20.6 W 479 W 227 W

current in CC mode is within 2%, and the variation of charging
voltage is less than 2.9%, which can meet the requirements of
charging. The maximum charging efficiency of the IPT charger
15 93.93% in the CV mode.

The calculated and measured power losses in CC and CV
modes at Rg = 25 (2 are outlined in Table IV, which verify the
theoretical model of power losses. The power losses in CC mode
is much higher than that in CV mode due to the large reactive
power in CC mode.

2) Performance of the Lead-Acid Battery: In this part, the
input dc voltage is regulated from 110 to 53 V so that the out-
put voltage/current (110 — 100 V/4 A — 53 —48 V/1.9 A)
can satisfy the requirement of charging a lead-acid battery
(48 V/12 AH). The initial charging voltage is 42 V, and the
battery voltage gradually increases with charge current 1.9 A
in CC mode. Once the voltage hits 48 V, the charging mode
switches to the CV mode. Then, the charging current declines
until it is smaller than the pre-set value (0.19 A in this paper).

The measured charging profile of the IPT charger is illustrated
in Fig. 14(a), which demonstrates that the charging current and
charging voltage match the charging profile closely. Fig. 14(b)
shows the measured charging efficiencies. There is a rise in ef-
ficiency when charging mode alters from CC to CV, the reason
for which there is more reactive power in the CC mode than that
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TABLE V
COMPARISON WITH METHODS USING CONTROL SCHEMES

Proposed in Ref. [10] | Ref. [11] | Ref.[12] | Ref.[14] | Ref. [15] | This work
Control scheme Yes Yes Yes Yes Yes No
Number of Component Zrde-de 2 6 Zrde-de Ztde-de 6
converter converter | converter
k 0.3 0.25 0.26 0.26 0.2 0.17
Max. power 99 W 5kW 6.6 kW 600 W 2.9 kW 400 W
Peak efficiency 69.4% 95% 96.1% 82% 88% 93.9%
Frequency (kHz) 140 81.8-88.6 | 68/79.1 85 20 85
TABLE VI
COMPARISON WITH METHODS USING COMPENSATION TOPOLOGIES
Proposed in Ref. [9] Ref. [19] Ref. [20] Ref. [21] | Ref. [22] Ref. [23] Ref. [24] This work

Number of inductors 2 1 1 1 1 1 2 1

Number of capacitors 8 2 4 3 5 4 5 4

Number of switches 2 3 2 4 2 2 2 1

Total number 12 6 7 8 8 7 9 6
Iy has design freedom Yes No No No Yes No Yes Yes
Vs has design freedom No No Yes No No No Yes Yes
Wireless communication No Yes No No No Yes No Yes

Number of coils 4 2 2 2 3 3 2 2

Size of coils Pri. 400x400 60 150x75 600600 400 200100 150x75 400x400
(mm) Seg 400x400 60 150x75 400x400 200 200x100 150x75 400x400
Thi. N/A N/A N/A N/A 400 200100 N/A N/A
Gap (mm) 150 10 20 280 200 50 20 150
k 0.17 0.64 0.31 0.1 0.1 0.22 0.31 0.17
Max. power (W) 1000 15 192 150 384 96 216 400
Peak efficiency 93.9% 93% 92.8% 88% 90.8% 91% 91.9% 93.9%
Ave. efficiency 90.8% 90.4% 90.6% 83.3% 83.1% 89.1% 87.3% 88.1%
Frequency (kHz) 85 200 500 50 200 500 500 85

where Pri., Sec., Thi., Max., and Ave. are the abbreviation of the primary coil, secondary coil, third coil, maximum and average, respectively.
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Fig. 14.  (a) Charging profile of the lead-acid battery. (b) Efficiency and charg-
ing power.

in the CV mode. Moreover, the charging time in the CC mode

is much shorter than that in the CV mode.

C. Comparison With Other Methods

The performance of the proposed approach has been com-
pared with other methods 1) using control schemes and 2) using
compensation topologies, as outlined in Tables V and VI. Com-
pared with methods using control schemes, the proposed IPT
system can realize CC—CV charging without control scheme.
Among [10]-[12], [14], and [15], the peak efficiency can reach
96.1% with 6.6 kW [12], while the maximum system efficiency
of the proposed IPT charger is lower than that by 2.2% with
400 W. Compared with methods using compensation topolo-
gies, the peak efficiency of the proposed system is higher than
that of other approaches, but the average efficiency is lower than
the maximum average efficiency by 2.7%. However, the pro-
posed IPT charger is superior to the other approaches in terms
of the design freedom of charge current/voltage and the number
of components.

V. CONCLUSION

In this paper, a VT is proposed for transferring a CC/CV in-
put to a CC or CV output with the help of one ac switch and
one capacitor (or inductor). An IPT system with a VT can be
applied for CC-CV charging with fewer passive components
and ac switches than that of hybrid topologies mentioned in
the previous studies. Besides, the VT can let the charge cur-
rent/voltage of the IPT charger have design freedom with the
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constraints of LCT parameters. Moreover, during the derivation
of VT, three possible variable parameters of the VT are brought
out. For different applications with corresponding requirements,
different VTs can be chosen. To verify the theoretical analyses,
a 400 W laboratory-scale prototype with the proposed VT for
a 100 V/4 A output has been built. Both electronic load and
battery are used to test the charging profile of the proposed ap-
proach. The experimental results demonstrate that the variation
of the charging current in the CC mode is within 2%, and that
is less than 2.9% for charging voltage in the CV mode, which is
acceptable for battery charging. The measured peak efficiency
15 93.93% in the CV mode.
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