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Implementation of the Constant Current and
Constant Voltage Charge of Inductive Power
Transfer Systems with the Double-Sided LCC
Compensation Topology for Electric Vehicle
Battery Charge Applications

Van-Binh Vu, Student Member, IEEE, Duc-Hung Tran, and Woojin Choi, Member, IEEE

Abstract—When compared to plugged-in chargers, Inductive
Power Transfer (IPT) methods for Electric Vehicle (EV) battery
chargers have several benefits such as greater convenience and
higher safety. In an EV, the battery is an indispensable
component and Lithium-Ion batteries are identified as the most
competitive candidate to be used in EVs due to their high power
density, long cycle life and better safety. In order to charge
Lithium-Ion batteries, Constant Current/Constant Voltage
(CC/CV) is often adopted for high efficiency charging and
sufficient protection. However, it is not easy to design an IPT
Battery Charger that can charge the batteries with a CC/CV
charge due to the wide range of load variations, because it
requires a wide range of variation in its operating frequency,
duty or phase-shift. Furthermore, Zero Phase Angle (ZPA)
condition for the primary inverter cannot be achieved over the
entire charge process without the help of additional switches and
related driver circuits to transform the topology. This paper
proposes a design method which makes it possible to implement
the CC/CV mode charge with minimum frequency variation
during the entire charge process by using the load-independent
characteristics of an IPT system under the ZPA condition
without any additional switches. A theoretical analysis is
presented to provide the appropriate procedure to design the
double-sided LCC compensation tank which can achieve both
CC and CV mode charge under ZPA condition at two different
resonant frequencies. As a consequence, the proposed method is
advantageous in that the efficiency of compensation tank is very
high due to achieving the perfect resonant operation during the
entire charge process. A 6.6 kW prototype charger has been
implemented to demonstrate the feasibility and validity of the
proposed method. A maximum efficiency of 96.1% has been
achieved with a 200mm airgap at 6.6 kW during the CC mode
charge.

Index Terms — Inductive Power Transfer, Electric Vehicle
Battery Charge, LCC Compensation Circuit, CC/CV Charge.

1. INTRODUCTION

Electric vehicles (EV) have recently received a great deal
of attention due to their clean, efficient and environmentally
friendly nature [1]. Nowadays, most commercial electric
vehicles are plugged into the grid to charge their batteries.
Due to advantages such as increased user convenience and
better safety in comparison to Plug-in Chargers, Inductive
Power Transfer (IPT) in EVs has been researched and
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developed by many laboratories and companies all over the
world [1], [2].

A set of loosely coupled coils instead of a conventional
transformer is the major difference between an IPT charger
and a conductive charger. One problem with IPT Systems is
their lower coupling coefficient between the transmitter and
receiver coils, which results in a higher reactive power and
lower power transfer efficiency. Hence, the compensation
tank is an important part which contributes to a reduction in
the reactive power, and an improvement in power transfer
capability and overall efficiency. Depending on how the
compensation capacitors are added to the primary and
secondary coils, there are four basic compensation
topologies, namely Series-Series (SS), Series-Parallel (SP),
Parallel-Series (PS) and Parallel-Parallel (PP) [1], [3]. In
addition, some other topologies are also used to improve the
power transfer efficiency and to simplify the control of IPT
systems [4]-[8]. An inductor—capacitor—inductor (LCL)
topology is introduced for the vehicle-to-grid (V2G)
application in [4]. In [5], the primary compensation tank is
developed by adding a LC tank between the primary side
inverter and the transmitting coil. The additional LC tank
helps to reduce the conduction losses of the primary switches
by reducing the primary current. Besides, the constant current
control at the output can be easily achieved by using load-
independent characteristics of the converter. The unity-
power-factor (UPF) pickup topology is formed by adding one
more LC circuit to the parallel compensation topology in
secondary side to minimize the circulating current in the
receiver coil and to achieve a unity power factor [6].
However, all of topologies in [4], [5] and [6] have to require
additional inductors at each side or both sides, where the
inductance values are normally similar to those of coils. In
order to reduce the size and cost of the additional inductors, a
LCC compensation topology is introduced by employing a
capacitor into LCL primary compensation tank, which is
connected in series with the primary coil [7]. In [8], a double-
sided LCC topology is developed in both of primary and
secondary sides. This topology has all of the advantages of
topologies presented in [4]-[6]. In this topology, the ZVS
condition for the switches can be achieved and the resonant
frequency is independent of the coupling coefficient and load
[8]. It can be regarded as a superior advantage of the IPT
system. In order to improve the compactness of double-sided
LCC topology, the magnetic integration of additional
inductors and the IPT coils is proposed and investigated in

[9]-[11].
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The other problem with IPT Charger systems is
implementing a charge process for EV batteries, which
comprises constant current (CC) charge and constant voltage
(CV) charge. Initially, the charger charges a battery with the
CC mode and the battery voltage gradually increases. When
the battery voltage reaches the maximum charge voltage, the
charger changes its mode from the CC mode charge to the CV
mode charge. The charge process is completed when the
battery current reaches a certain value (for example, 0.05C)
[12]. In order to extend the lifetime of a battery, it is necessary
for a charger to provide accurate charge current and voltage
through stable operations. Since batteries are considered to be
varying loads during charging, the charge converter needs to
regulate its output precisely to implement the CC/CV mode
charge. Typically, Pulse Width Modulation (PWM) is used
for converters operating with a fixed frequency, and Pulse
Frequency Modulation (PFM) is used for those operating
with a fixed duty [13], [15] and [25]. Sometimes hybrid
techniques combining two different techniques of PWM and
PFM are also used. When single resonant converter is used to
implement the CC and CV mode charge, the PFM method is
often adopted to cope with wide range of load variation.
Then, a wide range of variation in the operation frequency is
inevitable for the operation with a varying load [13]. This
results in a high circulating current in the converter and a loss
of the Zero Voltage Switching (ZVS) or Zero Current
Switching (ZCS) characteristics. This also leads to a
significant increase in the power loss and a reduction in the
power transfer capability. Further, it may result in a
bifurcation phenomenon, where the controllability and
stability of the system are lost [15]. In order to avoid these
disadvantages some approaches employ a back-end DC/DC
converter to control the output current or voltage while the
front-end converter operates at the resonant frequency to
achieve the Zero Phase Angle (ZPA) condition [14], [16],
[17]. However, this increases the component counts, losses
and complexity.

In order to simplify the control of an IPT charger system
and avoid the above drawbacks of conventional control
methods under wide variations of the load in implementing
the CC/CV charge, some researchers have started to utilize
the load-independent characteristics of four basic
compensation topologies at their resonant frequencies [18]-
[21]. Tt is well-known that among those topologies the
parallel-series (PS) topology can achieve the CV charge and
the parallel-parallel (PP) topology can achieve the CC charge.
Although the series-series (SS) and series-parallel (SP)
topologies can achieve both CC and CV charge, the series-
series (SS) loses the ZPA condition in the CV charge, and
series-parallel (SP) loses the ZPA condition in the CC mode.
To achieve the ZPA condition during the entire charge
process, hybrid topologies with SS and PS or SP and PP has
been proposed in [21]. However, it is necessary to use
additional switches and associated driver circuits to transform
the topology.

In this paper, a novel approach to implement the CC/CV
charge with a double-sided LCC topology is introduced to
overcome the aforementioned drawbacks of the conventional
IPT charger. Differentiating from existing works [8]-[11], in
which the authors have only focused on designing of double-
sided LCC topology at one resonant frequency for achieving
only load-independent current, a design guideline of a
double-sided LCC compensation tank is given in this paper
to achieve both load-independent current and voltage

2

characteristics with the ZPA condition at two different
resonant frequencies. Next, the load-independent current
frequency is utilized for CC mode charge and the load-
independent voltage frequency is utilized for CV mode
charge. In each mode charge, the IPT charger can operate at
a nearly fixed resonant frequency and high efficiency can be
achieved due to perfect resonant operation over the entire
charge operation. The proposed IPT charger has following
advantages over the conventional IPT charger.

(1) Elimination of a back-end DC/DC converter, which
needs to be inserted in between the resonant converter and the
battery to control the current and voltage for CC and CV
mode operation, respectively. Since, in many of the previous
researches, the resonant converter just operates at the
resonant frequency to maximize the efficiency, a back-end
DC/DC converter is essential to implement the CC and CV
operation. Therefore, proposed IPT charger has advantages in
terms of cost, complexity and overall efficiency.

(2) No additional circuit to change the resonant tank.
Unlike the hybrid topologies in [20]-[21], proposed IPT
charger does not require any additional switches and related
driver circuits to change the resonant tank in implementing
CC and CV mode charge operation.

(3) Perfect ZPA condition and soft switching operation
over the entire charge operation including both CC and CV
mode charge.

(4) Almost single resonant frequency operation can be
achieved for each CC and CV mode charge respectively,
which helps to enhance the reliability of IPT charger by
avoiding the bifurcation issue.

This paper consists of five sections. A theoretical
analysis of the output characteristics and input impedances of
the double-sided LCC topology and implementation of the
CC/CV charge are presented in Section II. The design
consideration for the implementation of the proposed IPT
charger and closed—loop controller for each mode of charge
are mentioned in Section III. In Section IV, a 6.6 kW
prototype is implemented to demonstrate the validity of the
proposed method and experimental results are presented to
evaluate the performance of the proposed IPT battery charger.
Finally, some conclusions are given in Section V.

II. ANALYSIS OF THE DOUBLE-SIDED LCC CONVERTER AND
IMPLEMENTATION OF THE CC/CV CHARGE

A. Characteristics of four basic IPT topologies

In this section the output characteristics of the four basic
IPT topologies SS, SP, PS and PP are summarized to evaluate
their suitability for the battery charge applications. Fig. 1 (a)
to (d) show the AC equivalent circuits of these topologies,
where L, and L are the leakage inductances of the primary
and secondary coil while L,, is the magnetizing inductance of
the coils, C, and C; are the primary and secondary
compensation capacitors. The turn ratio between the two coils
is 1:n.

In order to achieve the ZPA condition, the resonant
frequency of the SS topology is typically chosen by (1).

f _ 1 _ 1
S e JIC,  2mL,C,

ey

Where, L; = L, + L, and L, = Ly, + L, are the primary
and secondary self-inductance, respectively.
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Fig. 1. AC equivalent circuits of four basic IPT topologies (a) SS (b) SP (c)
PS (d) PP

If Lyand L, are completely compensated by the primary
compensation capacitor C, and the secondary compensation
capacitor C, respectively, then the output current becomes
load-independent and the phase of the input impedance
becomes equal to zero when operating at fo¢ ss. This means
that the CC operation is possible and the ZPA condition can
be achieved at f¢ ss. On the other hand, the SS topology has
two other resonant frequencies, where the output voltage is
constant regardless of the load (CV operation). Typically, a
higher frequency is selected as the operating frequency in CV
operation so that the resonant tank can operate in the
inductive region and the primary switches can operate under
the ZVS condition.

1 1

2r\[L,C,  2m\[LsCq @

However, it is not desirable to operate a converter at f¢y ss
due to the following drawbacks. Firstly, the high turn-off
current due to the large phase of the input impedance,
especially in the light load conditions, increases the switching
loss and impairs the efficiency. Secondly, the large reactive
power significantly increases the conduction loss and reduces
the power transfer capability.

Similar to that in the SS topology, the CC/CV mode
operation can be implemented with SP topology. While it can
achieve ZPA condition when working as a load-independent
voltage source, the input impedance becomes inductive when
working as a load-independent current source. As a
consequence, SP topology cannot achieve ZPA condition in
CC mode operation. Unlike the SS and SP topologies, the PS
and PP topologies can only implement the CV mode or the
CC mode, respectively [1], [21]. Table I shows a comparison
of the four IPT topologies in terms of their capability to
implement the CC/CV charge and to achieve the ZPA
condition. It is noticed from this table that the CC and CV
charge implementation with the ZPA condition cannot be
achieved with a single resonant topology. Hence, it is better
to adopt another topology which can achieve the CC/CV
mode charge with the ZPA condition for a high efficiency
wireless power transfer. The double-sided LCC topology is
selected in this paper and the design of compensation tank to
achieve CC and CV charge with ZPA condition is presented
in the rest of Section II.

f cv_ss =

B. Analysis of the double-sided LCC topology

Fig. 2(a) shows the double-sided LCC compensation
topology. The circuit consists of a full-bridge inverter, a LCC

3
TABLE I
COMPARISON OF FOUR BASIC IPT TOPOLOGIES
Possible
Topology mode charge | ZPA Angular Resonant
to implement Frequency
1 1
w = =
SS ccC Yes LG, L,C;
1 1
w = = —
CvV No Ly Gy LyC;
1 1
w = = —
Sp cc No LyC LG
B 1 1
CVi-k2 LG
cv Yes Per
1
LZ Cs
1 1
YT L JLc
PS cv Yes e s
and L, = L,
1 1
w =
V1 —k?,/L,C
PP CC Yes v
_ 1
L,Cs
and L, = (1 — k)L,
Iin I,,
S| Sjt rlvlf(’; Clvlp ':M\? Cis L ZDp, &D;
;—| +
+ <
=y Cp=— L || L; —|—C25 Co== R,3SV,
1, I, + D, + D,
(@
i; L Cy, L, L C L
lin_AC Ip P uJ s Is Is
* o ia_AC
+
d Vin_ac T Cyp L I > Vo_AC
i;ac 1:1 i ac
(b)

Fig. 2. (a) Double-sided LCC compensation topology (b) AC equivalent
circuit of double-sided LCC compensation topology

compensation tank in both sides, a bridge rectifier and a load
network with an output capacitor. The T model equivalent
circuit in Fig. 2(b) is analyzed in the frequency-domain based
on the First Harmonic Approximation (FHA) for the sake of
simplicity [22]. To get the maximum fundamental output
voltage, each switch conducts with almost a 50% duty ratio.
The primary compensation tank is composed of a resonant
inductor (L) and two resonant capacitors (C;, and Cyp).
Here, Cy,, and (5, are connected in series and in parallel with
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the primary coil, respectively. Similarly, the secondary
compensation tank is composed of Lis;, Cy; and C,s. To
simplify the analysis and design of the IPT system, it is
assumed that the number of turns of the primary side coil is
equal to that of the secondary side coil. The coil is modeled
by a T model. The relationships among the self-
inductances L; and L, the leakage inductances L,, and Ly
and the coupling coefficient k can be expressed as follows.

M M

J (Lo + Lyy) (L + L) Vb2

k=

3)

Where, M and L, are the mutual inductance and the
magnetizing inductance between the two coils respectively.
The first harmonic components, based on the equivalent
circuit in Fig. 2(b), can be written as (4).

(Lp = (1 —-K)Ly, Lys = (A — k)L,
4
vin_AC(t) = EVLn Sil’l(ZTL’ft)
4
Vo ac(t) = ;Vo sin(2rft + ) @)
iy ac(t) = glo sin(27ft + 6)

8V, 8
AC=?E=? )

Vin, V, and I, represents the values for input DC Link
voltage, required output voltage for the battery and required
output current for the battery, respectively. The first harmonic
components are subscripted by “ac”. 8 is the phase difference
between v, 4c and v, 4¢ . In the following analysis, Vi, V,,
Lin, I1, I, and I, are used to depict the complex form of the
corresponding variables. It can be easily deduced from (4)
that the voltage conversion ratio of the doubled-side LCC
topology |V,/Vinl| is identical to V,/V;,. In the following
sections, the load-independent characteristics of the double-
sided LCC compensation topology are analyzed to show how
to implement the CC/CV mode charge.

C. Implementation of the CC mode charge with the ZPA
condition

As mentioned above, the implementation of the CC mode
charge with the double-sided LCC compensation topology
can be achieved by operating it as a current source. However,
the ZPA condition is not obtained by itself in this mode of
operation. Hence, the resonant tank needs to be designed so
that the phase of the input impedance is equal to zero. In order
to derive the conditions for the CC mode operation and the
ZPA, the M model is adopted to analyze the output
characteristics and the resonant tank at each side of the
double-sided LCC compensation topology since this can
facilitate independent analysis at both sides of the circuit (Fig.
3). By applying Kirchhoff’s law to the M model in Fig. 3, the
voltage equation of the primary side can be obtained as (5).

4
) 1 1
Vi, = <]wL1p —J wCzp) Lin _jwczp I 5)
Zs
L L Crs
-fYY\_“_
joMI, JoMI,

I, L
Fig. 3. M model of double-sided LCC compensation topology

Similarly, the voltage equation of the secondary side can be
obtained as (6).

1

1
- —— (6)
(J)C25> IZ +] wCZS Io

joMly =j (a)Lz - wCyp

It can be easily deduced from Eqns. (5) and (6) that the input
voltage Vj, can be expressed only with the output current I,
and the impedance as (7) if the components of the resonant
tank are selected to satisfy the conditions in (8) and (9).

_ wz‘CCZSCZpMVin _ MV; (7
° J ijCLlles
1
wCCLlp - m =0 ®)
1 1
i (weeLs - - ) =0 ©)
g ( 7 wecCis wecCas

It can be noticed from (7) that the output current I, only
depends on the value of the input voltage, the operating
frequency and the parameters of the compensation tank.
Hence, it is possible to operate the converter as a current
source, thereby implementing the CC mode charge.

On the other hand, an equation for the input impedance
needs to be derived to find out the condition for the ZPA. The
secondary side impedance Zs can be derived as (10) with the
condition in (9).

Zs =j(a)L2 S )//(ijls+RAC)

wCis wCy

(10)
1

B wZRACCZZS +ij2$(w2LlsC2$ - 1)

The equivalent impedance of the secondary side referred to
the primary side Zp can be represented by (11).
Consequently, the M model of the double-sided LCC
compensation topology becomes even simpler as shown in
Fig. 4.

_joMl;  —(wM)?
L Z

Zn (an
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5
Liy ,\l;\pf\ C;Ilp Li Llp = Ly
L Cip = Cyy (17)
Vin @ =G, Zr CZP = Cos
To facilitate the analysis, the AC equivalent circuit of the

I double-sided LCC compensation topology in Fig. 2(b) is
further simplified to the circuit in Fig 5 by using a Y-A

Fig. 4. Simplified M model of double-sided LCC compensation topology transform. Where:

The input impedance Z;, of the simplified M model of the Zm = j@Lm

( . .
double-sided LCC compensation topology in Fig. 4 can be ! Zy = jwlyy = jwly

1 1
represented as (12), where Zy = j ((uL1 - l/wClp — 1/wCzp>‘ , = 7ot = 7o (18)
2p 2s

. 1 .
+jwl,, = ]OJ—C1S + jwlL,s

1 1
7. =ilwL,. — (12)
in = J (CU 1p wC2p> + ijIP

(wM)?

w2y -7 ]
In order to achieve the ZPA condition at the resonant Therefore, the voltage gain of the double-sided LCC
frequency, the imaginary part of Z;, should be zero. In the compensation topology can be obtained by applying

CC mode operation, the first term in the right side of the EqQu.  Kirchhoff's voltage law to the model in Fig. 5 as shown in
(12) is equal to zero at the resonant frequency as shown in (19).

(8). Hence, only the imaginary part of the second term needs

to be zero and it can be expanded as shown in (13). It can be Lo Z1 Zs Zs Z 1,
seen from Equ. (13) that it becomes a real number if Eqns.
(14) and (15) are satisfied at the angular resonant frequency Vin Z Z, Z RSV,
(Ucc.
, (14)
WeclysCs—1=0 ()
1 1
_ — = (15)
Weels wecCip  weclop 0 Lin Zis Zis L

Therefore, in order to achieve the ZPA condition during the
CC mode charge, the resonant tank needs to be designed to V. []Z 7
satisfy all of the conditions in Eqns. (8), (9), (14) and (15) at " Ziz “ ”[] Ricg v,
the angular resonant frequency w as shown in (16).

(Cis+Cy) 1 (b)

C15Co5L, JL15Cs (16) Fig. 5. (a) Simplified equivalent circuit of Fig. 2(b) (b) Further simplified
equivalent circuit by applying Y-A transform

B Vol _ W
G = |l—] = —
RN 7
D. Implementation of CV mode charge with the ZPA _ Za(Z12||Rac)
condition (Z12||Rac)(Z1s + Zg) + Z13(Z13 + Zo) + Z13Z, (19)
This section focuses on implementing the CV mode charge
operation. In the specifications of the IPT charger in this
. : . . Z, Z13(Zys + 27,)
paper, since the voltage gain of V, /V;, is approximately equal =
to unity, the self-inductance of the primary coil is the same as Zizs+Z,+ M Rac
that of the secondary coil (L, = L,). To simplify the 12
mathematical analysis, it is assumed that the values for the 7475 7474
resonant components in the primary side are the same as those ~ WHere¢ 21z =2y +2; + Z Zy3 =2+ 23+ ! Za3 =
in the secondary side as follows.
2223 _ _ZmZ23
Z,+7Z5;+ 7 Z, = 2tz
1 _ 1
wM)?] ; 1 1 .
w23, 20 = CgP| w02, [ (ks - g - ) ~ 0o @PLisCos = D(@MP—@M?W?RicCh|  (13)
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It is easy to see from the Equ. (19) that the voltage gain Gy,
becomes constant regardless of the load resistance R, if Equ.
(20) is satisfied at the angular resonant frequency wgy .

Zys(wey)[Z13(wey) + 2Zg (wey)] = 0 20

Hence, the CV mode operation is possible when either Equ.
(21) or (22) is satisfied. As long as either Equ. (21) or (22) is
satisfied, the voltage gain Gy in Equ. (19) is unity.

Z13 (wcv) =
21
; [-1 + @y Cip(Lap + Lrp) = 0 LipLrpCipCap] _ 0
(UCVC1p
Zy3(wey) + 2Z4(wey) =
(22)

2ZmZayz + Z13(Zy3 + 2Zm) _ 0
Zys + 27,

When Z,;; = 0, Fig. 5 can be redrawn as Fig. 6. In this case
the impedance of the resonant tank can be calculated as Z; =
212,24/ (2Z4 + Z,,) and the input impedance of the circuit
can be expressed by (23).

ZyRac
Ziy(Zy3=0) = Zp+Rac (23)
_ ZioZaRac
RacZy + Z13) + 2424,
It can be seen from (18) and (19) that Z,,, Z, and Z,, are all
imaginary complex numbers. Therefore, Z;,,(Z,3 = 0) canbe

expressed in complex form as (24) by replacing Z,, with jK:

ZyRac
Zin(Z3=0)=
m( 13 ) Zb+RAC (24)

_ KZREC KRﬁC
K2+ R K2+ RE,

Zin(Z13=0)

pom====- |

E []Zu |:| z, []Zué RAC:: Vo

Zy
Fig. 6. AC equivalent circuit of the double-sided LCC compensation
topology when Z;3 = 0

In order to achieve the ZPA condition in the CV mode
charge, the imaginary part of the input impedance in (24)
needs to be zero at the resonant frequency. Therefore, K = 0,
hence Z, = 0. However, this is impractical since power
cannot be transferred to the load when Z;, = 0. As a result,
the condition in (21) is found to be invalid for achieving the
ZPA condition in the CV mode charge.

When the condition in (22) is satisfied, the model in Fig. 5
can be redrawn as Fig. 7. In this case, the input impedance of
the converter can be calculated as (25).

6
Zilt(ZU:'ZZ(t)
§ooo >
H Z;3 Zy3
A I 1 I 1
' LT LT
Vi @ : |:|Z12 |:| Z, |:|Zzz RAC:E V,
] <

Fig. 7. AC equivalent circuit of double-sided LCC compensation topology
when Z,; = —2Z,

Zin(213 = _2Za) =

ZlZH{Z13 +Za||[213 + (212||RAC)]}

Here, the imaginary part of Z;,(Z;3 = —2Z,) can be
calculated as:

(25)

Im[Z;,,(Z,5 = —2Z,)]
A Rjc + ARG
[(A=2B + E)2 + F2][(B + C)? + D2](A2+R2.)?
Where: 4, = ZaZ152(ZZa —Z13),4; = ZaZ132(ZZa —Z13)
and A4,B,C, D, E, F are shown in the Appendix.

(26)

The derivation procedure for Equ. (26) can be found in the
Appendix. In order to achieve the ZPA condition in the CV
mode charge, the denominator of the right-hand side of Equ.
(26) needs to be zero. This means that both A; and A, have to
be zero, which can be achieved if Equ. (27) is satisfied at the
angular resonant frequency wcy .

27
2Z4(wey) = Z1a(wey) = 0

If both Eqns. (22) and (27) are satisfied, the double-sided
LCC compensation topology can achieve the CV mode
charge while achieving the ZPA condition at the angular
resonant frequency wgy. However, the practical design
procedure requires some iterations to determine a set of
parameters for the resonant tank to satisfy the conditions for
the CC and CV mode charge together as shown in Fig. 8.

The flowchart in Fig. 8 illustrates the practical design
procedure for designing the resonant tank for the IPT
converter for the CC/CV charge. First of all, the operating
frequency in the CC mode charge f.. needs to be selected by
considering the volume and loss of the resonant components
[1]. Typically, the switching frequency for an IPT system is
selected between 20 kHz and 95 kHz [4-8]. In this paper, an
operating frequency of 68 kHz is selected. In the next step,
the size of IPT pads and coil geometry are determined based
on the airgap between coils and limitations of the installation
area. Next, the number of turns and ferrite’s volume are
initialized to estimate values for M, L; and L, by using
electromagnetic field simulation software such as
MAXWELL. Then, Ly, and L5 can be determined from (7)
under the assumption that Ly, and Ly have the same value.
The value for C,, and C;, can be calculated by using (8) and
(14), respectively. Similarly, C;,, and C;5 can be calculated by
(16). This set of parameters for the resonant tank can achieve
the CC mode charge with the ZPA condition.

At this point it is also necessary to see if the set of
parameters calculated to achieve the CC mode charge with
the ZPA condition can also satisfy the conditions for the CV
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mode charge with the ZPA condition by using Eqns. (22) and
(27). Some computer software such as MATLAB software
can be a useful tool to check if all of the conditions for
implementing the CC/CV mode charge with the ZPA
condition are satisfied. If the results are not satisfied, then the
values for M, L, and L, need to be adjusted by varying the
number of turns and ferrite’s volume, and the procedure
explained above needs to be repeated.

Select fc

Determine the 1PT pad side
and coil gcometry

Initialize the number of
turns and ferrite’s volume

|Estima'rc M, L;and Lgl

| Calculate L and L by Equ. (7) ‘

!

Calculate C;, and Cy, by
Equs. (8) and (14)

Calculate Cy, and Cy by Equ. (16)

Fig. 8. Design procedure of the proposed IPT Charger

E. Verification of the proposed design for the CC/CV mode
charge

In order to verify the proposed design method, the graphs
for the transconductance gain G; and the phase of the input
impedance Z;, are drawn as shown in Fig. 9(a), and those for
the voltage gain G, and the phase of the input impedance
Z;y are drawn as shown in Fig. 9(b). The specification of the
IPT charger can be found in Table II and all the parameters
of resonant tank can be calculated by the aforementioned
design rules.

As clearly illustrated in Fig. 9(a), the transconductance
gain G; is constant regardless of the load, and the ZPA
condition is achieved at the operating frequency f. (68 kHz).
There are two frequencies (68 kHz and 88 kHz) to realize CC
output and ZPA. However, 68 kHz is selected for CC output
and ZPA due to the following reasons. The slope of the
transconductance gain curve at 88 kHz is significantly higher
than that at 68 kHz as shown in Fig. 10. Therefore, the
variation of the output current /, at 88 kHz is more sensitive
to the variation of the switching frequency than that at 68
kHz. A small change in frequency around 88 kHz can lead to
a significant variation of the output current. In addition, the
phase of Z;, at 88 kHz is significantly stiffer than that at 68

7

kHz. Therefore, the variation of the phase according to the
switching frequency variation at 88 kHz is larger than that at

68 kHz. While the variation of the phase of Z;;,, within +2 kHz

at 88 kHz is 103° (-40° to 63°), it is 42° (-20° to 22°) within *
2 kHz at 68 kHz. Therefore, 68 kHz is preferred in terms of
the stability of the control since it shows smaller variations in
transconductance gain and phase of Z;,,.

As shown in Fig. 9(b) the voltage gain is constant
regardless of the load, and ZPA condition is achieved at the
operating frequency f¢, (79.1 kHz). It can be verified from
Fig. 9 that the proposed design method allows the IPT
converter to operate in the CC and CV mode with the ZPA
condition.

Transconductance Gain

16
— R=ISOQ
R,=250 —
h12
Froposed operating
f“requenl‘_\_fj\n CC Made
0.08 =T
i
0.04 q:__‘:;-_-_.__ ab S =R e
== fee=68KkHz  f,- 88 kHz
i
0.0

60 65 70 75 80 85 90 95
Phase of Z;, (0)

Frequency (kHz)
(a)

Voltage Gain

8 T T T T
F SR=30 0 R,=40 ©
—R=50Q —R~T0Q
_ Proposed operating
> frequency in CV I\’[\'rjk]é.’fc’i"
q | P
3
2

0 6 70 75 % 85 00 95
Phase of Z, (<)

60 65 70 75 80 85 90 9-5
Frequency (kHz)

(b)

Fig. 9. (a) Transconductance gain and the phase of input impedance of the
IPT converter (b) Voltage gain and phase of input impedance of the IPT
converter (when C;,=C ;=33 nF, C5,=C»=102nF, L,=57.3 uH, L,,=L,=161
uH, and L;,=L;,=53.1 uH)
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TABLE II
SPECIFICATION OF THE IPT BATTERY CHARGER

P, Power rating 6.6 [kW]
Vin Input voltage 400 [DC]
Vo Output voltage 250-420 [V]
1, Charge current 15.7[A]

Transconductance Gain
0.16

R=150

R=25 02

012
Proposed operating

frequency in CC Mode Jec

008

0.04 ——{:

0.0

60 63 0 75 80 83 W98
Phase of Zin )

6 6 fo 75 s 88 o 9%
~‘ i Frequency (kHz) h

5 o PIPAEERE S
4 kHz

Phase of Zi around 68 kHz

., A > 40"

Phase of Zin around 88 kHz
Fig. 10. Variations of the transconductance gain and the phase of input
impedance around 68 kHz and 88 kHz in CC mode operation

III. DESIGN CONSIDERATIONS
In this section, some design considerations for the design
of the IPT coils and double-sided LCC tank for a 6.6-kW IPT
charger to achieve the CC/CV charge for EV batteries (Fig.
11) is presented.

Constant Current Constant Voltage
420

Charge Voltage RiZ2690 _
< P) = 6.6 kQ z
~— D
z g
3 15.7 E
o g
o D
& 250 3
] =]
=] Charge Current

Equivalent impedance battery ()

Fig. 11. CC/CV Charge profile of the battery and equivalent impedance of
the EV battery

8

A. Design of the IPT pads

In an IPT battery charger system, the IPT pads play an
integral role. The efficiency of the system mainly depends on
the coupling coefficient k and quality factor Q of the coil.
Generally, the coupling coefficient k depends on the ratio
between the dimensions of the pads and the air gap, the
number of turns and the number of ferrite bars for a given
structure. Hence, the IPT pads need to be designed to have
higher values for k and Q with minimum volume and weight
since their values are quite different depending on the
structure of the pads. Through a comparison of the coil
structures in terms of k and Q, DD type pads have been
selected [23]. This is also advantageous in that a better
tolerance for horizontal misalignment can be obtained with
DD type pads since they have the highest fundamental flux
path height. In this paper, the DD type pads are designed and
implemented as shown in Table III and Fig. 12 based on the
design procedure in Fig. 8.

TABLE III
IPT CoILS SYSTEM PARAMETERS

L, Self-inductance of transmitter coil 218.3 pH
L, Self-inductance of receiver coil 218.3 uH
M Magnetizing inductance 57.3 uH
k Coupling factor 0.262
] Quality factor 4.3

d Distance 200 mm

Number of turns

(Litz wire-600 strands-AWG 38)

460 cm?
Size of DD type pad
(66 cm x 66 cm)
Ferrite bars 6
Ferrite pieces
24

(145cmx3.5cmx 1.6 cm)

Distance between coil

Length of pad (66¢m) and ferrite (1 em )b

Ferrite Pitch{4.3cem

Width of pad{66cm)

Winding Width(Scm)

6 ferrite bars (58cm-3.5cm-1.75cm)

Fig. 12. Employed DD structure coil for 6.6 kW IPT charger

B. Design of the LCC compensation tank

The values for the AC inductors Ly, and Lys can be
calculated as (28) by using (7) to achieve the CC mode with
a 15.7 A charge current.
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It should be noted that an air core needs to be used for the
AC inductor instead of magnetic core since the voltage across
the AC inductor is quite high due to resonance. If the
magnetic core are adopted in this situation, then it is required
a very large core to cope with saturation problem when the
inductor operates under high voltage condition [24]. Here,
two AC inductors with an air core and a diameter of 7 cm are
used. All of the measured values of the resonant tank
components including the capacitors selected by using (8),
(14) and (16) can be found in Table IV.

TABLE IV
RESONANT TANK PARAMETERS

~ 57.3 uH (28)

Ly, Primary Additional Inductor 53.1 uH
Lo Self-inductance of receiver coil 53.1 uH
Cy Primary Parallel Capacitor 102 nF
Cs Secondary Parallel Capacitor 102 nF
Cip Primary Series Capacitor 33 nF
Cis Secondary Series Capacitor 33 nF
fec Frequency in CC Mode 68 kHz
fev Frequency in CV Mode 79.1 kHz

C. Design of the closed loop controller for the CC/CV
charge

Once the double-sided LCC compensation tank is suitably
designed according to the design procedure presented in
chapter II, the CC and CV mode charge can be simply
implemented at each fixed resonant frequency while
achieving the ZPA condition in both modes. However, a
small variation in the operating frequency at different output
powers is attributed to a small error in the IPT charger model
caused by the FHA and the neglect of the resistances in the
resonant components. Furthermore, the switching frequency
for primary inverter needs to change automatically depending
upon CC and CV mode charge in practical situation.
Therefore, closed-loop control is necessary to achieve the CC
and CV mode charge operation while maintaining the ZPA
condition. The closed-loop control structure with a simple PI
control is adopted as shown in Fig. 13 (a). The controller is
composed of a mode charge selection, a current controller, a
voltage controller and a Voltage Controlled Oscillator
(VCO). Since each mode charge of the control requires its
own independent controller, one of two is selected by the
mode selection according to the mode of charge. The mode
selection selects mode charges depending on the battery
voltage. When the battery voltage is lower than the maximum
charge voltage, 420 V in this paper, the current controller is
activated to charge the battery with the CC mode while the
voltage controller is deactivated. Once the voltage of the
battery reaches its maximum charge voltage, the current
controller is automatically switched off and the voltage
controller is switched on to charge the battery in CV mode
charge. The current or voltage controller is composed of a PI
controller, a frequency limiter, an anti-windup scheme and its
structure is demonstrated in Fig. 13 (b). The limiters are used

9

in both current and voltage controller to prevent the IPT
charger from operating at undesirable frequencies. In CV
mode, the operating frequency is adjusted slightly lower than
fcv to achieve higher voltage gain and ensure that the IPT
converter can always operate in the inductive region. The
anti-windup scheme is added to reduce the transient time and
overshoot caused by the limiter operation.

In order to design the PI controllers, transfer functions for
each mode of operation need to be derived. However, in case
of resonant converter, it is very complex to derive the transfer
function by using traditional method such as the small-signal
analysis due to high order of the state space model. Instead of
deriving the transfer function, the AC sweeping function in
Power Sim software [26] is used to draw the bode plots for
the control-to-output current and control-to-output voltage
transfer functions, which is also mentioned in [27]. Fig. 14
(a) and Fig. 14 (b) show bode plots for the current control and
voltage control under different load conditions, respectively.
The PI controller is designed to provide enough of a phase
margin at the crossover frequency for each mode of charge.
The phase margin and bandwidth of the current controller are
600 Hz and 70°, respectively, then the PI current controller is
designed as shown in (29).

10
G (s) =0.005+ 5 (29)

Similarly, the PI voltage controller is designed to achieve
the phase margin and bandwidth of 85° and 100 Hz,
respectively, as shown in (30).

16.67
Ges(s) = 0.003 + ——

(30)

Gain (dB)

0
i
o
g 1
< 2000+
o
=
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0
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Fig. 14. Bode plots for open loop converter under different load conditions
(a) CC mode operation at 68 kHz (b) CV mode operation at 77.5 kHz.
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Fig. 13. (a) Closed—loop control strategy of the proposed IPT charger system, (b) Structure of the current or voltage controller

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A prototype of 6.6 kW IPT charger is implemented and
tested to demonstrate its validity and feasibility. A picture of
the experimental setup is shown in Fig. 15. Here, four
MOSFETs (IXFB120N50P2, 43 mQ Ry on) are used for the
full-bridge inverter and four fast-recovery diodes
(HFAS50PAG60) are used for the rectifier. Polypropylene film
capacitors are used for the resonant capacitors due to their
lower equivalent series resistance (ESR) and higher current
carrying capability. In order to meet the voltage and current
ratings of the double-sided LCC compensation tank, each
resonant capacitor is implemented by using four discrete
capacitors. A picture of primary coil and compensation tanks
including resonant inductors and capacitors are shown in Fig.
15(a) and Fig. 15(b). All of the closed-loop controller are
implemented with a Texas Instruments TMS320F28335
DSP. The battery current and voltage are sensed by a LEM
LA 55-P current transducer and LEM LV 25-P voltage
transducer, respectively. In practical applications a wireless
feedback circuit should be designed and implemented for the
voltage and current regulation of the IPT charger and it can
be implemented with no difficulty by using a Bluetooth
module such as the LMX9838 from Texas Instrument. In this
paper, however, we have focused on introducing a novel
technique to implement the CC and CV charge of an IPT
system with the double-sided LCC compensation topology
for EV battery charge applications. Hence, the wired
connections for the feedback signals have been used for
simplicity.

The efficiency of the IPT converter is measured by a
YOKOGAWA WT1600 Power Analyzer and the waveforms
are captured by a Lecroy Wave Runner 604Zi oscilloscope.
A Chroma DC Electronic Load 63204 is used to emulate the
EV battery.

Prior to a discussion about the experimental results it
should be pointed out that there are two options for operating
the proposed IPT charger in the CV mode. It is noted that the
input voltage V;;, of the proposed IPT charger from the front-
end AC/DC converter varies between 380V to 420V (400V +
5%). One option is to regulate the output voltage of the front-
end AC/DC converter to be 420V in order to have 420V at

the output of the IPT converter since the converter is designed
to have a unity voltage gain. The other option is to adjust the
operating frequency slightly to get a higher voltage gain,
1.05, to obtain 420V with a 400V input. Here, it is possible to
get the right gain by increasing or decreasing the operating
frequency little bit. Since the ZVS operation is preferred for
MOSFET inverters, it is desirable to lower the switching
frequency little bit for operation in the inductive region.

L and Driver Circuit\ B\

(®)

Fig. 15. Experimental Setup for double-sided LCC IPT charger (a) Primary
coil (b) Compensation tanks and power converter circuit.

Fig. 16 shows experimental waveforms of the implemented
IPT converter during the CC mode charge with a 400V input.
As shown in Fig. 16(a), the output current /, is constant at
15.7A, 3.9 kW and the switching frequency is 67.5 kHz. Fig.
16(b) shows waveforms of the IPT converter at 6.6 kW during
the CC mode charge and the switching frequency is 68.3 kHz.
It is clearly shown in both figures that the ZVS and ZCS of
the switches are perfectly achieved since the ZPA condition
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is achieved during the CC mode charge. When the power is
increased, the operating frequency from controller varied a
little bit from 67.5 to 68.3 kHz to keep the output current
constant.

Frequency: 67.5 kHz output current I,

input voltage V;, 0.V [diy
20 A/div 5 p/div
1 [ Al h——ﬂ
1 ‘ [
| Nearly ‘
/\% VAN 7.CS$ /\_\
' ~ |
‘ input ('urrel*l 1L, |
'\,.——.J (E——— ]
()
Frequency: 68.3 kHz output current I,
. 1 v 200 V/div
input voltage V;, 20 A/div 5 p/div

[input current I;,
| |
|
|
. | | [
| W—— | — bt

(b)

Fig. 16. Experimental waveforms of Vj,, I;, and I, in CC mode operation with
400V input (a) P,=3.9 kW. (b) P,=6.6 kW

Fig. 17 shows experimental waveforms of the implemented
IPT converter during the CV mode charge with a 400V input.
As shown in Fig. 17(a), the output voltage V}, is kept constant
at 420V, 5.88 kW, and the operating frequency is 76.8 kHz.
Fig. 17(b) shows waveforms of the IPT converter at 2.52 kW
during the CV mode charge, and the operating frequency is
77.5 kHz. It is shown in both figures that only the ZVS is
achieved since the IPT converter operates in the inductive
region. In the CV mode, the operating frequency from the
controller varied a little bit from 76.5 to 77.8 kHz to keep the
output voltage constant. As mentioned earlier, the IPT
converter operates at a slightly lower frequency than the
resonant frequency (79.1 kHz) to get a higher voltage gain.

Fig. 18 shows experimental waveforms when the input
voltage of the IPT converter is 420V during the CV mode
charge. The IPT charger can operate at around f, value due
to unity voltage gain. The ZVS and ZCS of the switch are
perfectly achieved since the ZPA condition is achieved
during the CV mode charge. Here, the operating frequencies
under both conditions are also slightly different due to the
reasons previously mentioned.

A significant benefit of the proposed method is that the
operating frequency is almost constant during the CC or CV
mode charge regardless of the load. In consequence, the
design of the controller is simpler and it is easier to guarantee
the reliability of the IPT charger.
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Fig. 17. Experimental waveforms of Vi, I;, and V, in CV mode operation
with 400 V input (a) P,=5.88 kW. (b) P,=2.52 kW
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Fig. 18. Experimental waveforms of V;,, I;, and V, in CV mode operation
with 420 V input (a) P,=5.88 kW. (b) P,=2.52 kW

Fig. 19 shows the efficiency of the IPT converter at
different output powers over the CC/CV charge profile. The
peak efficiency is 96.1% at 6.6 kW under the CC mode
charge. In the CV mode charge operation, the efficiency of
the IPT converter with a 420V input is slightly higher than
that with a 400V input thanks to the perfect resonant
operation with the ZPA condition.
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Fig. 19. Efficiency of the proposed IPT converter over CC/CV charge profile

V. CONCLUSION

In this paper, a novel method to achieve the CC/CV charge
of IPT systems with a double-sided LCC compensation tank
for EV battery charge applications was presented. The
frequency characteristics of the double-sided LCC
compensation tank are precisely analyzed to achieve both of
load-independent current and voltage characteristics with the
ZPA condition at two different resonant frequencies. A
design procedure and a control method were proposed to
implement the CC and CV charge. The proposed IPT charger
can overcome most drawbacks of conventional IPT charger
in terms of cost, complexity, efficiency and power capability
during the entire charge operation. One additional benefit of
the proposed method is that the CC/CV charge can be
implemented at an almost fixed frequency which makes it
easier to design the controller and to guarantee the reliability
of the system. The superior performance of the proposed
system in terms of its high efficiency and reliable operation
has been verified through experimental results.

Appendix

A. Derivation procedure for the imaginary part of input
impedance Z;, in Equ. 26 under the conditon of Zi3+22Z,=0

In the Fig. 20, Z;, (Z13=-2Z,) can be derived as (Al).

JAF — A(E — 2B)

Zin(Zy3 =—2Z,) = Al
n(Z13 a) j(A—2B+E)+F A
Where A, B, E, F are determined as follows:
= le .t = Za .
A="12;B="0
- _ (ARic)/
C=-2B+ (A2+Ric)
_ (ARﬁc)/

b= (4% + RZ) A2

_[D?B + (B + C)BC(]
E= /12

[-BCD + (B + C)BC] /[DZ P

+ (B + €)?]

F =

12
Ziu (Z13='22a) JE+F
....... >
; -2jB -2jB
N 1 N |
Vaucl® F [Jia [ iR
: JA+Rc}

when Z;3=-2Z, by adopting A, B, C, D, E and F
The imaginary part of Z;, (Z;3=-2Z,) can be calculated as

Im[Z;,,(Z13 = —2Z,)]
AF? — A(E - 2B)(A—2B+E)

(A—2B+E)?+F?

(A3)

By substituting E and F in (A2) into the numerator of (A3),
Im([Z;, (Z13= -2Z,)] can be expressed as (A4)

Im([Z;(Z153 = —2Z,)] =

A[-D?BA + B2(C% + D?) + 4B3(B + C) — AB(B + C)(C + 2B)]
[(A—2B +E)? + F2][(B + C)? + D7]

(A4)

In order to determine the numerator of (A4), C and D in
(A2) are substituted into the numerator of (A4) and the
imaginary part of Z;, can be represented as (AS).

Im(Z;,,(Z13 = —2Z,)] =
BA3(2B — A)Rc + BAS(2B — A)RZ,
[(A = 2B + E)? + F2][(B + )2 + D?] (A2 + R3)?

(AS5)

As a result, A; and A; can be written as BA’(2B-A) and
BA’(2B-A), respectively.
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