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Abstract—Inductive power transfer (IPT) techniques are becom-
ing popular in battery charging applications due to some unique
advantages compared to the conventional plug-in systems. A high-
performance IPT charger should provide the battery with an effi-
cient charging profile consisting of constant charging current and
constant charging voltage. However, with a wide load range, it is
hard to realize the initial load-independent constant current (CC)
and the subsequent load-independent constant voltage (CV) using
a single IPT converter while maintaining nearly unity power factor
and soft switching of power switches simultaneously. This paper
systematically analyzed the characteristics of an LCC-LCC com-
pensated IPT converter and proposed a design method to realize
the required load-independent CC and CV outputs at two zero-
phase angle frequencies. The design also combats the constraints
of an IPT transformer and input voltage, thus facilitating the use
of a simple duty cycle control operating at two fixed frequencies for
both CC and CV operations. The design criteria, control logic, and
sensitivities of compensation parameters to the input impedance
and load-independent output are discussed. Finally, an IPT bat-
tery charger prototype with 1 A charging current and 24 V battery
voltage is built to verify the analysis.

Index Terms—Inductive power transfer (IPT) battery charger,
LCC-LCC compensation, load-independent outputs, soft switch-

ing, unity power factor.
HE use of inductive power transfer (IPT) techniques has
I gained popularity in battery charging applications, from
the low-power battery charging of cell phones [1]-[3] to high-
power battery charging of electric vehicles (EVs) [4]-[7]. Cur-
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Fig. 1. Typical charging profile of a lithium-ion battery.

rently, the high-performance lithium-ion battery is being widely
used in various energy storage applications with the advantages
of high energy density, negligible memory effect, and low self-
discharge rate. Fig. 1 shows a typical lithium-ion battery charg-
ing profile, where two dominant charging modes occur with an
initial constant current (CC) mode and a subsequent constant
voltage (CV) mode. The battery charging starts with CC mode
while the battery voltage increases. When the battery voltage
reaches a specified level, the charging process will change from
CC to CV. The charging ends until the current decreases to near
zero. Both the charging current for CC mode and the charging
voltage for CV mode are specified by the material properties
and inner connection of battery cells. To extend the battery life-
time and recycle time, an IPT charger should deliver current
efficiently to the battery according to the charging profile.

The transmitter and receiver in an IPT battery charger are
the primary and secondary windings of a loosely coupled trans-
former, which has a relatively large amount of uncoupled mag-
netic flux fleeing into the air. It is well known that the output
power can be dramatically maximized by operating the reso-
nant transmitter and receiver at the same resonant frequency.
Thus, the compensation circuits, which facilitate the formation
of resonance tanks, are crucial in an IPT converter. As a res-
onant converter, the IPT converter has complex characteristics
of output voltage, output current, input impedance, efficiency,
etc., all of which involve transformer coupling and load varia-
tion. In the cell phone battery charging application, a charging
platform with the uniform magnetic field is usually designed
to avoid coupling variation [8], [9]. In the EV battery charging
application, new technologies in smart EVs with self-driving
and parking capabilities [10], [11] can minimize variations of
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misalignment and coupling in both stationary and dynamic IPT
charging applications. These technologies can be readily used
in the existing IPT systems to improve the performance. How-
ever, the equivalent load of a battery in the charging process
is always varying. From Fig. 1, the equivalent resistance as a
ratio of the battery voltage to the charging current is increasing
continuously and significantly from CC mode to CV mode of
operations, which complicates the design of the IPT charger.
To achieve the required output charging voltage and current, a
variable frequency control is usually used to regulate the out-
put voltage or current, whereas the input impedance may not
be resistive, causing a large reactive power and increasing the
component volt—-ampere (VA) ratings. To eliminate the reactive
power within the circuit, the variable frequency control may aim
to realize a zero-phase angle (ZPA) between the input voltage
and current, whilst the output voltage and current are regulated
by a front-end converter or a downstream converter. Obviously,
the additional power conversion stage makes the whole system
uneconomical, bulky, and inefficient, although it has a wide
range of regulation [7].

In view of the aforementioned issues, a well-designed com-
pensation circuit of an IPT charger is expected to have a near
resistive input impedance for decreasing component power rat-
ings and load-independent CC and CV outputs for providing the
inherent regulation against load variation. Moreover, a slight
twist of frequency or modulation can achieve a slightly in-
ductive input impedance for zero-voltage switching (ZVS) of
MOSFETs and a slightly capacitive input impedance for zero-
current switching of IGBTs that the converter efficiency can be
further improved. At the input ZPA frequency, the series—series
(SS) and parallel—parallel compensation networks can realize
load-independent CC output, whereas the series-parallel and
parallel-series compensation can realize load-independent CV
output [12], [13]. However, the converter transfer function and
the load-independent CC and CV properties of IPT converters
using any of the four basic compensation networks are greatly
restricted by the transformer parameters. Given a set of input
voltage and transformer parameters, higher order compensation
networks are introduced with greater design freedom for achiev-
ing the required CC and CV outputs [14]-[17]. To achieve the
battery required initial CC and the subsequent CV charging, an
IPT converter can operate at two separate frequencies. However,
only one operating frequency can achieve input ZPA, and the
other operating frequency will be reactive. Such a design has
been implemented in [18] by using the SS compensation and in
[19] by using the LCC—LCC compensation to realize the load-
independent CC output at ZPA frequency and load-independent
CV output at non-ZPA frequency that may come with signifi-
cant reactive power and large component stresses. Some hybrid
topologies are proposed by integrating two sets of compensa-
tion circuits operating at a single ZPA frequency, where one
set of compensation circuits realizes the load-independent CC
output and the other set of compensation circuits realizes the
load-independent CV output [20], [21]. The mode transition
depends on some bidirectional power switches, usually imple-
mented by two MOSFETSs or IGBTs in anti-series or anti-parallel
configuration. These bidirectional power switches are dissipa-

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL XX, NO. X, MONTH 2019

tive components on the power path that their losses can be
significant.

It is desirable that an IPT converter has at least two load-
independent ZPA operating frequencies, one with a CC out-
put and the other with a CV output, satisfying the charging
profile of the battery. Vu et al. [22] have proved that the LCC-
LCC compensated IPT converter has ZPA operating frequencies
for both CC and CV outputs. However, transformer parame-
ters in [22] must be designed for the required set of design
constraints, which include two ZPA operating frequencies, and
load-independent CC and CV outputs. In many applications,
the IPT transformer is often space constrained, and the trans-
former parameters should be included the set of design con-
straints instead of the set of design parameters in [22], which
also makes it impossible to perform optimization in CC and
CV output amplitudes. Without an additional front-end con-
verter or a downstream converter, the output charging current
and voltage cannot be regulated for the required battery charging
profile. To address these issues, this paper gives a systematical
analysis of the LCC-LCC compensated IPT charger. From the
characteristics analyzed, a design method for the IPT charger
is proposed. Given a set of design constraints that includes the
required load-independent CC and CV outputs for charging the
battery, an IPT transformer, and an input dc voltage with a small
variation, compensation components in the LCC-LCC network
are designed by using a simple duty cycle control operating
at two fixed frequencies to realize the initial CC charging and
the subsequent CV charging of the battery. The sensitivities of
input impedance, output current and voltage to the variations
of compensation parameters, and their effects on achieving soft
switching for the required outputs are also discussed in detail.
Finally, a prototype of the IPT charger with 1 A charging current
and 24 V battery voltage is built to verify the analysis in this
paper.

Specifically, Section II analyzes the construction method of
the LCC-LCC compensation network with at least two ZPA
frequencies for both load-independent CC output and load-
independent CV output. The design to combat the constraints
due to the IPT transformer and input voltage are derived theoret-
ically for battery chargers. Section III shows the detailed imple-
mentation of the system with frequency selection, control logic,
sensitivity analysis, and ZVS realization. The performance
of the LCC-LCC compensated IPT charger is evaluated in
Section IV. Finally, Section V concludes this paper.

II. CONSTRUCTION OF LCC-LCC COMPENSATION
NETWORK WITH TWO ZPA FREQUENCIES FOR
LOAD-INDEPENDENT CC AND CV OUTPUTS

As discussed in Section I, for battery charging applications,
an LCC-LCC compensated IPT converter should be designed
with input ZPA at two operating angular frequencies wcc and
wcy for load-independent CC and load-independent CV out-
puts, given any input dc voltage and transformer parameters.

To facilitate the analysis, the IPT converter using LCC-LCC
compensation is driven by a pure sinusoidal ac voltage source
vy with an angular frequency w, and delivers power to an
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Fig. 2. Schematic of an LCC-LCC compensated IPT converter as a two-port
network, where the T model of loosely coupled transformer is in shaded area.

Fig. 3. Typical T network.

equivalent load Ry, as shown in Fig. 2. The loosely coupled
transformer is modeled as a three-parameter T network where
Lp and Lg are the self-inductances of the primary side and
secondary side, and M is the mutual inductance. Lp and Lg
are independent. The primary LCC network is composed by the
external elements Li, Cpy, and Cpsy, whereas the secondary
LCC network is composed by Ly, Cs1, and Clys. Vs Iin, Vo,
and Io are phasor variables of vix, 41N, Vo, and i , respectively.

A. Acquisition of wcc With Load-Independent CC Output

The IPT converter can be simplified as a two-port network
with the transmission matrix A, as shown in Fig. 2, where A
satisfies

Vi 1] = [V -1] n

The network can be further decomposed into three cascading
subnetworks with the transfer matrices satisfying

A=A A A;. 2)

Each subnetwork is a typical T network. It is known that the
input impedance of a T network is purely resistive under the
condition of Z; = —Z, = Z3, as shown in Fig. 3. Besides, by
applying Thévenin’s and Norton’s theorems, if L; and Cp; in
the subnetwork of A; are in resonance at w, subnetwork A;
fed by the input voltage source Vin can be converted to a load-
independent current source, as shown in Fig. 4. Because M and
— M in subnetwork A, must be in resonance at some frequency,
subnetwork A, fed by a current source can be transformed to
a load-independent voltage source. If Ly and Cg; in subnet-
work Aj are in resonance at w, subnetwork As fed by a voltage
source can be transformed to a load-independent current source
: which can charge the battery load directly. Consid-
ermg the ZPA realization condition of 77, = —Z, = Z3 for a
T network, the LCC-LCC compensation parameters should sat-
isfy (3), where the resonant angular frequency w is rewritten as

wee, i.e.,

_ 1
{wCCLl ~ wceCpi and

— 1
- WCCLP o weeCpa (3)

weels = =wccLs —

Thus, the angular frequency w of viy should be tuned at wec
for the CC mode charging. The charging current [, is given by
=MV 4
Jwee Ly Ly
Obviously, more design freedom of the output CC can be
achieved by adjusting the external inductors L; and L.

B. Acquisition of wcy With Load-Independent CV Output

To find another operating frequency that achieves the load-
independent voltage output, it is assumed that the operating
angular frequency w = awcc. The external inductors L; and
Lo are further defined as

Ly =&Lp,and Ly =& Lg. (5)

Using (3), the externgql capa01tors Cpi, Cpg, Cs1, and CSQ can
be expressed as - ZLP&, wZLp(l —&) o %sgz and staU e
at awcc. Here, & and & are restricted by inequalities given
by 0 < & < land0 < & < 1 toensure that Cpy and Cgo are
non-zero capacitors. If & = 1 and & = 1, impedances of Cpy
and Cygo are zero, which is actually the LC—LC compensation
[24], [25]. The equivalent parameters operating at awcc are

shown in Fig. 5. Thus, matrices A;, Az, and A3 are given by

A4 - 1—a? ijp<2—oz2—1;§1)
VT e (1-a?)
L Siwlp 3!
0 —JjwM
A= ©)
| jwM 0
W) jwL (2-a? - L2
A3 = ja? 2
| &wls l1-o

It is found that all elements in the diagonal of A;, A, and
Ajs are real and all off-diagonal elements are imaginary. Thus,
Ain (2) can be expressed as

jais ;
12 (N

ai1
A=|.
Jaz21
where a1, ajo, a21, and aso are all real. Substituting (6) into
(2), we have

an = |&h (2- 02 - 55 ) + 2a?] (1-a?)

a1s = wiLF]’\fS (2 e —1;251) (2 — 17?)

—wM(l — 042)2 )
_ (1-a?)? alM
21 = ~5Ee T 56Ty

Ly 1-¢,
a2 = [&f\,f (2 —a? - T§2> + 7§1J‘L[p 042] (1—a?).
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Fig. 4. Derivation of the load-independent CC output for an LCC-LCC compensated IPT converter.
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Fig. 5. Schematic of the IPT converter in Fig. 2 operating at another angular é
frequency awcc . = % \
To have w qualified as an input ZPA frequency, the input 140 160 180 200 220 240 260 280
. . . Frequency(kHz)
impedance is obtained as @)
Vie a1 Rp + jais
ZIN _ : (9) 90 PRI = s 5. Z
I a22 +jasi R 60 A~} — R,=20 /F\ \ r
I -1 R,=40 & i
~ (a11a92 +a21a12)RE + jlapasy — 011021RE) 2 5 \ -1 R,=80 \
= o o
azs? + asn’R%, ) o
<0 Bl & ,
(10) ] Jeer} | -4 - Jec Jeer
. L D =30 <
Z1n is expected to be purely resistive, which implies ajoa99 — El \\\
arras; R% = 0 for any Rp. Hence, we have = -60 N/ P
90 f A —
aj2azz = 0 and aj1az; = 0. (1) 120 160 180 200 220 240 260 280
. . . Frequency(kHz)
As the two-port network A only consists of linear passive (b)

inductors, capacitors, and parasitic resistors, it is a reciprocal
network. By the principle of reciprocity, the elements of A
satisfy

aj1as + ajpaz; = 1. (12)

Solving (11) and (12), two possible solutions are given as fol-
lows:
Case 1: a;1 = 0 and ags = 0. (13)
Case 2: a1o = 0 and as; = 0.
For Case 1, a1; = 0 and asy = 0, we have a19a91; = 1. The
matrix is rewritten as

‘./in ‘/o 0 ja12 ‘/0
. =A . . . 14
Iin _Io Jaz1 0 _Io ( )
The corresponding solution is given by
~ Vin
Ia = —ja2lv;n (15)

jays
Obviously, in Case 1, there is no ZPA frequency for the load-
independent CV output. Substituting a;; = 0 and a2 = 0 into
(8) and solving, the only solution is a =1, i.e., w = wcc.
In addition, if & = & = &, load-independent CC output can
be achieved at two frequencies ajwce and aswcc, where

o2 :\/ LVIZUZENUZS  Here, k is the coupling coefficient of

Fig. 6. Three frequencies fcc, fcc1,and fooo for (a) load-independent CC
output, and (b) input ZPA as an example of £ = 0.367 and {; = & = 0.1.

the loosely coupled transformer given by k& = L L . Fig. 6
shows an example with foc = 5% = 200 kHz and k= 0.367.
If & and & are designed equal to 0.1, there are another two
frequencies fcc1 = a1 foce = 156 kHz and faco = as foc =
260 kHz to satisfy the load-independent CC output and input
ZPA simultaneously.

For Case 2, a15 = 0 and as; = 0, we have aj1a99 = 1. The
matrix is rewritten as

Vvin ‘/o ail 0 V;)
. = A .| = . 16
Iin -1, 0 a2 -1, (16)
The corresponding solution is given by
3 ‘./ill 3
Vo = = az2Vin. (17
apy
Substituting aj9 = 0 and as; = 0 into (8) and solving, solutions
)2
exist under two conditions of 5 = uf;‘ iy
_ (k)
DIfg+g="%
LS &

[ 1
‘/111 and acy = m >1. (18)

Vv, =—
P&
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C. Design Criteria for Battery Charging

From the above-mentioned analysis, the selection of &; and
&9, 1.e., Ly and Lo plays an important role in the compensation
characteristics. For a given input voltage, output charging pro-
file, and IPT transformer, &1, &2, wo e, and wey can be uniquely
determined by solving the following equations:

o MV, 1 1 _ (14k)?
L= jwcelpLséiés & + & T k?
Vo =4\ &V (20)

/1
wev = WwWeeh/ 155 -

With the calculated values of & and &, Ly and Lo can be
found by (5). Then, the other compensation components of Cp,
Cpa, Cg1, and Cgo can be obtained by solving (3). In this way,
an LCC-LCC compensated IPT charger can realize the input
ZPA and output initial CC and subsequent CV operations, sat-
isfying the constraints imposed by the input voltage and trans-
former parameters. Here, two groups of wcc, wey and their
corresponding compensation parameters are available, whose
selection depends on the application and its specified frequen-
cies. If the frequencies are confirmed, a simple fixed frequency
control operating at two frequencies wcc and wcey for both
charging modes can fulfill all design requirements.

III. DESIGN AND IMPLEMENTATION OF AN LCC-LCC
COMPENSATED IPT CHARGER

As analyzed in Section II, an IPT charger using LCC-LCC
compensation, as shown in Fig. 7, can be designed. The full-
bridge switches Q1 2 3.4 operate at wcc or wey to generate
a square voltage vap. Here, the input dc voltage Vpc can be
modulated by Q)1 2 3,4 with D being the duty cycle of vap half
cycle. The fundamental component of vy p, denoted as vy, is
given as

4Vpc

D
N (t) = sin % sin (wt + 0). (21)
A full-bridge diode rectifier and C filter are used to rectify the
ac output current and filter the ripple voltage before connecting
to the output battery. The specified voltage and current of the
battery are Va1 and Ip o, respectively. Fig. 8 shows the input

and output waveforms of the secondary rectifier.

1y
—Vpur 0

Fig. 8.  Waveforms of the IPT secondary rectifier.

Using (4) and (21), the equivalent output current after the
full-bridge rectification in CC mode is given by

oD
Igar = 2oy _ 8 Vbesin . (22)
7T 72 weeLpLs&ié&

Using (18), (19), and (21), the output voltages in CV mode under
both conditions are the same and given as

7T'Vo L
Vear = S & —Vpcsi

MV O0peak
4 P&

Given an IPT transformer, input voltage, and the required battery

voltage and current, the design of &1, &, and we is achieved by

(23)

solving (22), (23), and -+ 5? = (11[5 ) . The results are given
by
Ly _ Vb e sin % Ls
&= Lp — (lztk) (1+ VBt V L;)
_ Ly _ k2 1% Lp
=1 = (1£k)? (1+VD(~21\11T— Is > (24)

8
Wz(ii£)1-4kd (\/ VéiT + Vp e sin WZD

Substituting &, &, and wcc into (3), the LCC-LCC param-
eters of Ly, Cpy, Cps, Loy, Cg1, and Cgo can be calculated.
To permit the ZVS turning-ON of MOSFETs () 2 3.4, the input
impedance should be slightly inductive in both modes of CC
and CV. Fig. 9 shows the phase angles of input impedance ver-
sus the different normalized parameters and load conditions for
the two modes of operation. During the charging process, the
battery equivalent load Rp a1 increases from R,,;, in CC mode,
R,,iq at the mode transition, to R, ,x in CV mode. From Fig. 9,
in both CC and CV modes, a slight increment of I; and decre-
ments of Cpy and Cpy will fulfill the objective. Additionally,
the sensitivity of parameters to the converter output voltage and
current should be inspected. The normalized output current in
CC mode and the normalized output voltage in CV mode versus
the normalized parameters of Ly, Cp1, and Cpy are shown in
Fig. 10. Obviously, the variation of L; is not sensitive to both the
output current and output voltage in the two modes of operation.
Thus, a small increment of L; facilitates the ZVS realization of
Q1234

The operating frequency wcy in CV mode can also be calcu-

7.
VIpVBAT )

lated by wey = wec Thus, the duty cycle control under

lik
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two fixed switching frequencies fcc and fcy can be used to
adjust the required output battery current and voltage. Fig. 11
shows the control logic, where the first CC operation enables
the current loop to realize the required CC charging, i.e., vencc
= 1 and vepcv = 0. The duty cycle is generated by a saw-
tooth waveform with frequency fcc. When the battery voltage
rises to the specified level V¢, the current loop is closed with
VYencc = 0 and the voltage control loop with ve,cy = 1 is ac-
tivated with operating frequency fcy. In this way, any small
variation in input voltage, transformer parameters, and compen-
sation parameters and output voltage or current drop due to the
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Schematic of control logic for the IPT charger.
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Fig. 12.  Photo of the prototype IPT charger.

TABLE I
CALCULATED PARAMETERS FOR TWO CONDITIONS IN CV MODE

Condition &1 &2 fec fev
2
&+ & =12 | 079 | 0583 | 2066 KHz | 259.9 kHz
1,1 _ (A+k)7
£+4 =44 0.17 | 0.125 | 4.493 MHz | 3.843 MHz

component parasitic resistance can be easily compensated by
the feedback controller with the required charging current and
voltage and ZVS operation.

IV. EXPERIMENTAL EVALUATION

To verify the above-mentioned analysis, a prototype IPT
charger using LCC-LCC compensation has been built to charge
a battery with 1 A charging current and 24 V battery voltage,
as shown in Fig. 12. The input dc voltage is 32 V and the duty
cycle D isdesigned as 0.95. An arbitrary IPT transformer is con-
structed, which is measured with parameters Lp = 16.18 pH,
Lg =15.52 pyH, M = 5.82 uH, and k& = 0.367. The calculated
&1, &, foo, and foy for both conditions of CV mode opera-
tion are given in Table 1. Here, foc = 206.6 kHz and fcy =
259.9 kHz are chosen, where the design of inverter and mag-
netic components is relatively easy. In some applications, the
frequency may be within a design specification, such as cell
phone battery charging with Qi standard. If the two operating
frequencies do not fall within a design specification, inductances
Lp and/or Lg can be adjusted with smaller values for higher
fcc and fevy, and vice versa, according to analytical equations
(20) and (24). This may not be possible or can be very time con-
suming by using the numerical iteration given in [22]. Here, we
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TABLE II
CALCULATED AND MEASURED PARAMETERS FOR LCC-LCC
COMPENSATION NETWORK

Parameter | Calculated | Measured
Ly 12.84 pH 13.54 uH
Cp1 46.21 nF 45.73 nF
Cpa 177.9 nF 178.2 nF
Lo 9.048 pH 9.12 uH
Cs1 65.59 nF 64.9 nF
Csa 91.73 nF 91.21 nF
Run_ Trig'd it Naise Filter Off
9
.‘ u
Vs [CHI] 4
'D ' oy lcH) T &
in[CH3]. .,
iy [CH4]
»
300 3 o Jroows 20,0000 @@ 800Y 206.633kHz[18:53:15
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! o [1o0us 1200000s@m 7800V w1 aH165848 |
(b)

Fig. 13.  Experimental waveforms of vgg1,vAB, 41N, and ip o in CC charg-
ing mode and Ry o7 of (a) 12  and (b) 24 Q.

accept the designed values of Lp and Lg and thus the operat-
ing frequencies fcc and fcov. The calculated and experimental
parameters in the LCC-LCC compensation circuit are listed in
Table II according to the equations given in Section III. To re-
alize the ZVS, the experimental value of L; is chosen to be
slightly larger than the calculated value. From the sensitivity
analysis of these components, the experimental values of Cpy,
Cps, Ly, Cs1,and Cgs are consistent with the calculated results
for the required battery charging current and voltage. The output
filter uses Cp of 220 pF. Switches Q) 2 3.4 are IRF530 and sec-
ondary rectifier diodes are MBRB3030CT. A dc electronic load
from Chroma is used to emulate the EV battery. A phase-shift
control is used here with a fixed frequency duty cycle control.
A feedback control using the digital controller TMS320F28335
is applied to realize the two fixed frequencies transition. The
sensed signals can be feed back wirelessly using the mature
wireless communication technology in [7] and [26].

At the beginning of charging, the battery current should be
kept at 1 A with the equivalent battery load Rpar = 7L in-
creasing, whereas the battery voltage is increasing toward the
required 24 V. During the CC charging phase, vencv is 0 and
Vencc 18 1, as shown in Fig. 11. The controller enables the cur-
rent feedback loop at operating frequency fcc. Fig. 13 shows
the measured waveforms of gate drive voltage vgs;, modulated
voltage vap, input current 1y, and output current ¢pa7 in CC
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Fig. 14. Transient waveforms from CC mode to CV mode with mode enable
signal vency and (a) vap, iin and (b) ipaT and vBAT.
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Fig. 15.  Transient waveforms from CC mode to CV mode with mode enable
signal vencv and (a) vep1, vepa, int and (b) vest, vese, ine-

charging mode for two values of Rgar,i.e., 122 and 24 (2. The
battery current is kept at 1 A under CC charging. The waveform
of i1x is always nearly in phase with vap, which illustrates
that the IPT charger has been well compensated with nearly
zero reactive power, and the small phase angle of i1y lagging
vap ensures the ZVS of the full-bridge switches. When Rj
reaches 24 (), i.e., vgar arrives at the required 24 V, and the
charging process transits from CC mode to CV mode. Voltage
Vency 18 1 and vencc is 0. The controller in Fig. 11 disables
the current loop and enables the voltage feedback loop at oper-
ating frequency fcv. Fig. 14(a) shows the operating frequency
changing from fcc to foy, whereas the battery voltage vgar
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Fig. 16. Experimental waveforms of vgsi, vap, 1N, and vpa in CV
charging mode and Rp o1 of (a) 24 and (b) 48 2.
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Fig. 17.  Measured charging process versus the equivalent battery load.

and current iga1 change smoothly during the mode transition,
as shown in Fig. 14(b). The current across each compensation
inductor and the voltage over each compensation capacitor be-
fore and after the mode transition are also given in Fig. 15.
The steady-state waveforms of vqg1, vaB, 4N, and vgar in CV
charging mode are shown in Fig. 16(a) and (b) for RgaT being
24 and 48 (). At the new operating frequency fcv, the required
load-independent CV output, near ZPA input and ZVS realiza-
tion of (1 2.3,4 are all achieved, giving low power stresses and
high transfer efficiency.

The whole charging process is shown in Fig. 17. The experi-
mental data are consistent with the theoretical piecewise-linear
curve. The measured efficiency using Yokogawa WTI800E
power analyzer is shown in Fig. 18 for the whole charging
process, where the efficiency sag at the mode transition is due
to the smaller current flowing into primary and secondary wind-
ings of the transformer in CC mode as a result of the changing
impedance at different operating frequencies. The power loss
breakdown among the circuit components is shown in Fig. 19,
when the power transfer efficiency is highest at Rg a1 of 24 2 in
CC mode. The power losses in the compensation inductors, [PT
transformer primary and secondary windings, MOSFETSs, and
rectifier diodes can be calculated by their inner resistances and
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Fig. 19. Power loss breakdown among circuit components at R a1 of 24 §2
in CC mode.

the measured resonant currents. Fig. 19 shows that the primary
and secondary windings of loosely coupled transformer dissi-
pate most of the power loss because of their relatively larger
resonant currents than the other components at the CC mode
charging condition.

V. CONCLUSION

In this paper, an LCC-LCC compensated IPT converter is
designed to achieve the ZPA and load-independent CC and CV
output for battery charging applications. This paper also pro-
posed a design method to combat the constraints imposed by
the IPT transformer and input dc voltage. The characteristic of
load-independent output permits the implementation of a sim-
ple duty cycle control at two fixed frequencies. Moreover, the
sensitivity of the converter output and input impedance against
variation of compensation components is analyzed. It is found
that near zero reactive power and soft switching of the power
switches with high output current and voltage accuracy can be
maintained over a wide operating range. The design method in
this paper can be extended to the other higher order compensa-
tion topologies with more design freedom.
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