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SPECIAL ISSUE ON CONTACTLESS CHARGING FOR ELECTRIC

VEHICLES

Contactless power transfer system for sealed
lead acid battery charging

GAUTAM RITURAJ, BRIJESH KUMAR KUSHWAHA AND PRAVEEN KUMAR

In this paper, an experimental study is carried out while charging the sealed lead acid battery bank using a series-parallel (SP)
compensated contactless power transfer (CPT) system. Constant current (CC) and constant voltage (CV) modes are used for
charging the battery bank. An expression of optimum operating frequency is derived to maintain the maximum compensated
coil efficiency throughout the load variation in charging process. An experimental setup of SP compensated CPT system is
built for charging the battery bank. The variation of compensated coil efficiency and the load phase angle with respect to dif-
ferent operating frequencies in CC and CV modes is verified with the measurement. Based on the analysis, the control para-

meters are identified.
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. INTRODUCTION

Contactless power transfer (CPT) is gaining more popularity
in recent years due to its safer and convenient operation com-
pared with the plug-in charger for electric vehicles [1-5].
Contactless coils play a vital role to transfer the power in
the CPT system. The air core contactless coils have large
leakage inductance, which needs to be compensated for an
efficient power transfer. Generally, the leakage inductance of
contactless coils is compensated by using the capacitor com-
pensation technique (CCT) [6]. Based on the CCT, four com-
pensation topologies are used in the CPT system [6, 7].
Among the four compensation topologies, series-series (SS)
and series-parallel (SP) compensation topologies are widely
used for charging the battery [8].

For SS and SP compensations, a comparative study in
terms of efficiency, load, and frequency control technique is
reported in [9]. Authors have found that SS compensation
topology is the best due to its peak efficiency and the fixed fre-
quency control scheme. In [10], the experimental comparison
for various operating frequencies, different loads, various dis-
tance, and efficiency of SS and SP topologies is reported. The
design of parameter values, analysis of the bifurcation fre-
quencies, and corresponding output power for SP compen-
sated inductive power transfer system are given in [11]. For
SS compensated inductive charging system, an adaptive fre-
quency control technique is used to achieve a zero voltage
switching (ZVS) throughout the charging process, which is
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reported in [12]. For SP compensated CPT system with a
resistive load, a frequency tracking control method is
explained in [13]. Very few works have used the battery as a
load in the CPT system, which are reported in [5, 14-16].
The work on the design and control scheme for charging of
the lithium iron phosphate battery using the CPT system is
presented in [14]. The variable frequency control for SS com-
pensated CPT system with an electronic load and battery is
reported in [5, 15]. In [15], a closed loop scheme with the
proportional-integral controller for constant current (CC)
and constant voltage (CV) charging is also presented. The
design of wireless power transfer battery charger for electric
city car using SS compensation with the battery charging
profile and the circular spiral coil is presented in [16].

Generally, at the resonant frequency and no load condition
(secondary open), for SS compensation topology, the current
in primary side can increase to a very high value [17].
However, in case of SP compensation topology, the current
does not increase to a very high value [17]. Thus, in this
work, SP compensation topology is chosen for charging the
battery bank.

In this paper, the experimental discussion during charging
of the lead acid battery bank in CC and CV modes using the
SP compensated CPT system is presented and the control
parameters are also identified. The measured charging
profile of the lead acid battery bank in CC and CV modes is
presented. In addition, an expression of optimum operating
frequency is derived to get the maximum compensated coil
efficiency throughout the charging process. The calculated
optimum operating frequency also maintains the ZVS
during the charging process.

The rest of the paper is organized as follows: Section II pre-
sents the system details and the governing equations. The
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Fig. 1. Schematic of contactless charging system with SP compensation.

experimental setup description and observations are presented
in Section III. Finally, the conclusions are given in Section IV.

. SPCOMPENSATEDCPTSYSTEM

A) Contactless charging system

The circuit diagram of contactless charging system with SP
compensation is depicted in Fig. 1. A DC voltage source V.
is applied to the input of H-bridge inverter. For the experi-
ment purpose, a variable DC source is used to keep the
current and voltage constant during charging of the battery
bank in CC and CV modes, respectively.

The compensated primary coil is excited with high-
frequency current, generated by the high-frequency
H-bridge inverter. On the secondary side, a parallel compen-
sated coil is connected with a diode bridge rectifier, which
converts high-frequency AC voltage to DC voltage. In order
to get pure DC voltage and current, LC filter is used. Diode
D ensures charging of the battery bank only when the anode
voltage is greater than the cathode voltage. The battery bank
is represented as E-Load. The symbols Rp and Rg denote AC
resistance of the primary and secondary coils, respectively.

The primary and secondary compensation capacitors Cp
and Cg are calculated at resonance frequency w,, using (1)
and (2), respectively [6, 8, 9, 13].

1

Chr=———m————,
P = 0Ly — (M2/Ls)) ()

1
Co= —— s
S wiLs (2)

where Lp and Lg represent the primary and secondary self-
inductances, respectively.

B) Equivalent model of the charging system

An equivalent circuit model of the charging system is shown
in Fig. 2 [18]. The relation between coupling coefficient k
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Fig. 2. Equivalent circuit model of the SP compensated CPT system.

and mutual inductance M is given in (3).

M
k= , (3)
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For (4)-(7), Zp, Z,, Z7 represent the primary side, reflected,
and total impedances of the CPT system for h” harmonic,
respectively. R, is the effective load resistance, seen from
the input side of the rectifier. R; is the equivalent load resist-
ance of the battery bank, which depends on charging status of
battery voltage and current [15].

The Fourier series expressions of the primary instantan-
eous voltage v,(t) (inverter output) and current i,(t) are
given in (8) and (9), respectively.
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Fig. 3. AC equivalent circuit based on T-model of contactless coils for SP
compensated CPT system.
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Fig. 4. Laboratory view of the experimental setup.

. _ = 4Vdc . _
ip(t) = Z 71_hlZT|sm(hwl‘ 07,), (9)

h=1,3,5..

where 67, is the load phase angle of total impedance Zr, seen
from the output of H-bridge inverter.

The compensated coil (transmission) efficiency 7, of the
SP compensated CPT system is calculated using AC equiva-
lent circuit based on T-model of contactless coils, as shown
in Fig. 3. Equivalent series resistance of Cp and Cg are not con-
sidered in the efficiency calculation due to its insignificant
effect. Hence, the real power consumed in capacitor is zero,
and the 7, of the SP compensated CPT system is given as

MNee = Np * Mmutual * s> (10)
where Mp, Nyumanr and 1 are the efficiencies of the equivalent
primary, mutual, and secondary of the system, respectively.
Since the mutual has only a reactive component, the
active power consumed is zero (M = 1). From Fig. 3,
MNp = Pp,,,/Pp, and mg = Ps, . /Ps,, where the input power
Pp, = (Pp,, +1lossin Rp) and Ps, = (Ps,,, + loss in Rg).
Therefore, the expression (10) can be written as

R(Zp,..)

out

e = R(Zn,) + Re

out

R(Zslaud)
1- ,
R(Zsluad) + Rs

(11)

where the symbol R represents the real part of the respective
impedances, Zs, , = R;/(1 + jwCsRy.), and Zp,, = joMZs, /

(joM + Zs, ). By substituting Zs, , and Zp,, in (11), the final
expression of 7, is given as

_ M?*w*R,,
Mlee = (C2R2.(L2Rp + M*Rs)ar + Aw* + Rp(R% + 2RsRoc + R2)’
(12)
where A = (((C3R} — 2CsLg)R2, + LY)Rp + M*(Rs + Ry))
and w = 27f.

Table 1. Specifications of power components and battery bank.

Specification Value
Power MOSFETS in inverter IRFP460
Hyperfast diodes in rectifier RHRP30120
Half bridge gate driver IC IR2110
Sealed lead acid battery 7.2 Ah 12X6V

From (12), the optimum operating frequency (fypimum)> at
which the maximum 7, is achieved, can be obtained by (13)
and is given in (14).

O,
af f:)piimum

=o, (13)

1 R;’/“V RS + Ruc
27 /R, Cs(LiRp + M>Rg)"/*”

fnptimum = (14)

. EXPERIMENTAL DISCUSSION

Figure 4 shows the laboratory view of real-time implementa-
tion for charging the battery bank using SP compensated
CPT system. Six number of sealed maintenance-free lead
acid batteries connected in series are used as a battery bank
in the experiment. However, the other technologies of batter-
ies like lithium, sodium, etc. can also be used. The details of
power switches and the battery bank used in CPT system
are provided in Table 1. The primary and secondary coils
are made using Litz wire, having American wire gauge #32
copper wire. The vertical distance between primary and second-
ary coils can be adjusted up to 10 cm, while in the experiment it
is kept at 2 cm. A resonance frequency of 197.60 kHz is selected
for the SP compensated CPT system. To vary the output fre-
quency of H-bridge inverter, a pulse width modulation control-
ler IC SG3525A is used. The remaining specifications of the SP
compensated CPT system are given in the Table 2.

The charging of lead acid battery bank is performed in
open loop (by manually controlling the input DC voltage to
maintain CC and CV modes) at the resonance frequency.
The measured charging profile and the equivalent resistance

Table 2. Specifications of the SP compensated CPT system.

Symbol  Parameter Value
Np Primary number of turns 11

Ng Secondary number of turns 11

Lp Primary self-inductance 29.73 nH
Lg Secondary self-inductance 30.07 nH
Rp AC resistance of the primary coil at 200 kHZ 0.133 Q)
Rg AC resistance of the secondary coil at 200 kHz ~ 0.137 £)
k Coupling coefficient at 2 cm air gap 0.51

Cp Primary compensation capacitor 29.11 nF
Cs Secondary compensation capacitor 21.51 nF
fo Resonance frequency 197.60 kHz
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Fig. 5. (a) Measured charging profile and (b) equivalent resistance profile of a lead acid battery bank at the resonance frequency.

profile of a lead acid battery bank are shown in Fig. 5. The
initial voltage of the battery bank is 74.1 V, which is first
charged in CC mode for about 4 h, then in CV mode for
about 5 h, as shown in Fig. 5(a). The charging current in
CC mode is set to a constant 700 mA. Whereas, in CV
mode, the voltage across the battery is maintained at 81.6 V
by decreasing the input DC voltage. This results in a
decrease in the charging current. The equivalent resistance
profile of battery bank, as shown in Fig. 5(b), is obtained
from Fig. 5(a).

In Fig. 6, the variation of compensated coil efficiency, cal-
culated from (12), with respect to (w.r.t.) different operating
frequencies (o-500 kHz) for R,. =126 ) and 717 (), is
given. Two cases for the variation in compensated coil effi-
ciency are presented in Fig. 6. One is for the CC mode
(Rze = 126 ) and another is for the CV mode (R,. = 717
Q). For both the cases in Fig. 6, the maximum compensated
coil efficiency (7, ) is shown by zooming the dotted circle
area. From the zoomed version, it can be seen that 0, lies
on the left side of the resonance frequency (f,), marked as a
foptimum- Further investigation on m,, and ZVS at different
operating frequencies in CC and CV modes with the experi-
mental results has been done from the next paragraph.

At the time of charging in CC and CV modes, the voltage
and current waveforms of the inverter and battery bank are
observed. In CC mode, the waveforms are recorded for
inverter output and battery bank, as shown in Fig. 7. Since
the current is constant in CC mode, an effective load resist-
ance R, will change only due to the voltage rise, which is
less significant, as shown in Fig. 5(b). In CC mode, at a par-
ticular instant of time, R,. is experimentally measured as
126 () [marked in Fig. 5(b)]. Since the electrical characteristics
of the battery bank will change over the time, the battery bank

0 1 2 3 4 5

Operating frequency (Hz) %10°

Fig. 6. Variation of calculated compensated coil efficiency w.r.t. different
operating frequencies for R, = 126 () and 717 Q.

is replaced by an equivalent resistive load of 126 () to main-
tain same R, for further experiment.

In Fig. 8(a), the variation of load phase angle obtained from
(9) and measured from the experiment are shown for different
operating frequencies when R,. = 126 {). It can be observed
from Fig. 8(a) that both the curves are following the same
nature. It can also be seen that to increase the load phase
angle of the system, operating frequency should be decreased
from its resonance frequency. The plot of m. versus load
phase angle obtained from (9) and (12), and measured from
the experiment, is given in Fig. 8(b). From Fig. 8(b), an
almost constant nature of . is seen with variation in the
load phase angle. However, in zoomed version, a parabolic
nature is seen with an increase in load phase angle. Hence,
it has a maximum efficiency point, which is about 1 5 from
the calculation and 17 from the measurement.

At resonance frequency, the experimental waveforms of
primary voltage (inverter output) and current are given in
Fig. 9. In Fig. 9, undesirable notches (due to inappropriate
ZVS), marked in the red circle are noticed in the primary
voltage waveform, which can affect the system stability. An
improved waveform (due to proper ZVS) of the primary
voltage is recorded at 184.3 kHz frequency (measured
Joptimum)> which is about 17 of load phase angle, as shown
in Fig. 10.

From Figs 8-10, it can be seen that to obtain a stable per-
formance, load phase angle should be increased by decreasing
the operating frequency to foptimum. In this way, the system sta-
bility can be improved with a maximum efficiency for lower
load resistance in CC mode.

In CV mode, the voltage and current waveforms of inverter
output and battery bank are recorded at the end stage of CV
mode for a charging current of 140 mA, as shown in
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Fig. 7. Experimental waveforms in CC mode at the resonance frequency.
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Fig. 9. Experimental waveforms of primary voltage and current (inverter
output) at 197.6 kHz operating frequency (resonance frequency) and R, =
126 Q.

Fig. 11. An effective load resistance R, is experimentally
measured as 717 ) [marked in Fig. 5(b)], which is higher
than CC mode. To maintain R, (717 (1), the battery bank is
replaced with the resistive load for further experiment.

At R, =717 (), again operating frequency is varied to
maintain ZVS with maximum efficiency. The variation of
load phase angle for different operating frequencies obtained
from (9) and measured from the experiment when R, =
717 ) is plotted in Fig. 12(a), and the 7, observed at each
load phase angle calculated from (9) and (12) is given in
Fig. 12(b). From Fig. 12(a), it can be examined that both the
curves are following the same pattern. In CV mode, the wave-
form of inverter voltage is stable throughout the variation,
even at the resonance frequency, as shown in Fig. 11. From
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Fig. 10. Experimental waveforms of primary voltage and current (inverter
output) at 184.3 kHz operating frequency and R, = 126 .
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Fig. 11. Experimental waveforms in CV mode at the resonance frequency.
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Fig. 12. Experimental results at R,. = 717 ). (a) Load phase angle versus operating frequency and (b) compensated coil efficiency versus load phase angle.
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Fig. 12(b), it is observed that the 7., is maximum when load
phase angle is about 40 (obtained at Soptimum = 186.5 kHz)
from the calculation and about 45 (obtained at foprimum =
184.4 kHz) from the measurement. In addition, a parabolic
nature of the 7. curve is noticed with an increase in the
load phase angle.

From the above discussion, it can be noticed that, by
controlling the load phase angle in both CC and CV modes,
a stable performance and maximum efficiency can be
achieved.

I'vV. CONCLUSION

An experimental analysis in open loop for the lead acid battery
charging using the SP compensated CPT system is presented.
Measured charging profile and the equivalent resistance
profile of the lead acid battery bank are presented in CC
and CV modes. Lower to higher variations in R, are observed
during the charging process. An expression of optimum oper-
ating frequency is derived to get the maximum compensated
coil efficiency during the load variation in charging process.
An open-loop control is performed to ensure the system sta-
bility and maximum efficiency at obtained optimum operating
frequency in CC and CV modes. From the experimental
results and discussion, a suitable closed-loop robust controller
can be implemented.
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