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A Bidirectional Wireless Power Transfer EV Charger Using Self-Resonant PWM

Jun-Young Lee and Byung-Moon Han

Abstract—This letter suggests a large air-gap bidirectional wire-
less power transfer charger for electric vehicle. It is controlled by
pulse width modulation with a self-resonant frequency formed by
self-inductance and resonant capacitor so that constant frequency
operation can be accomplished under large air-gap without addi-
tional current chopper. The feasibility of the proposed method has
been verified with a 6.6-kW prototype with air-gap of 12-20 cm.

Index Terms—Battery charger, bidirectional converter, wireless
power transfer (WPT).

I. INTRODUCTION

LECTRIC vehicle (EV) provides an opportunity to em-

ploy vehicle-to-grid technology to make it an energy stor-
age device by providing the battery power to the grid or the
local loads [1]-[3]. Recently, WPT in EV has been studied by
many researchers due to advantages such as convenience of
wireless charging and safety in high-power transfer [4], [5].
Wireless power transfer (WPT) systems for EV must have high
efficiency, a large air-gap, and good tolerance for misalignment.
To meet these requirements, several papers have suggested so-
lutions such as current chopping method [6], [7] and variable
frequency control method [8], [9]. The current chopping method
has a two-stage structure comprised of WPT stage with constant
or variable switching frequency and pulse width modulation
(PWM) chopper stage for load regulation. However, it suffers
from low system efficiency due to low chopper efficiency and
irregular pulse skipping, and it is applicable only for unidirec-
tional applications. The variable frequency control method has
a single-stage structure, but it cannot be used for applications
that require a fixed frequency.

In this letter, an alternative approach for a large air-gap bidi-
rectional WPT EV charger is suggested. It is controlled by self-
resonant PWM (SR-PWM) operated with a frequency formed
by self-inductance and resonant capacitor. The proposed method
provides constant frequency operation regardless of air-gap and
does not require additional current chopper. Also it has more
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Fig. 1. (a) Proposed WPT charger and (b) its ac-equivalent circuit.

high gain as air-gap is increased, which facilitates power trans-
fer under wide air-gap.

II. PROPOSED WPT CHARGER
A. Description of the Proposed Method

Fig. 1(a) shows the proposed SR-PWM wireless charger.
Primary and secondary coils are coupled through air with the
gap of several tens of centimeters. Primary and secondary con-
trollers deal with charging and discharging modes respectively.
In charging mode, primary switches are used for charging con-
trol through a primary controller. However, since charging cur-
rent is located on the secondary side, it is not easy to control
charging current directly due to a large wireless communication
delay time with over several tens of milliseconds. To overcome
this problem, the primary controller deals with the charging
current indirectly through input current that is calculated using
battery voltage. If structures of two coils are same and turns ratio
is unity, leakage inductances in primary and secondary coils can
have a same value of L,. Also, since primary self-inductance
Ly is equal to sum of L, and the magnetizing inductance re-
ferred to the primary side L,, , the equivalent circuit of coils and
ac-equivalent circuit of proposed wireless charger in CM can be
depicted in Fig. 1(b). v; and v, are the fundamental harmonics
of v, and v,, respectively, and Iz, is the ac-equivalent load
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resistor [10]. Their frequency-domain expressions according to
angular switching frequency w; are

R, = 8‘/batt/(7r21batt) (1)
Vi (jws) = [(4Vip /) sin D] £0° (2)
VQ(]Ws) = (4Vbatt/ﬂ')490 3)

where D is the duty ratio, and 0 is the phase angle between
v1 and vs. From an ac-equivalent circuit, the transconductance
gain defined by G, (jws) = I (jws)/Vi (jws) can be derived
as, (4) as shown at the bottom of the page.

With (4), V5 (jws), and I,,s(jws) can be written as follows:

_wg Ly, G Ry
(1 —wf L,C, ) +jwsCr Rac

VQ(jWS):GiP(jWS) x Vi (jws)

&)
wz L, C,
1-w?L,C, )+ jwsCy Rac

ILm(jws):Gip(jws)( le(jws)'

(6)

At the self-resonant frequency wrs = 1/(C,.L,)", (4), (5),
and (6) are rewritten as follows:

ILTP(jWLS) = [RaC/(W%ngn)] x V1 (jws) (7
VZ(jWLs) = [_Rac/(ijsLm)] X m(]ws) (8)
ILrs (ijs) = [1/(]stLm )} X ‘/l(jws) (9)

The peak value of the primary resonant current Iz, pk at
wrs can be derived as

ILrp.pk - 4‘/batt/(7ersLm)

from (2), (3), (7), and (8). Referring to (7), (9), and (10), the
primary resonant current has same phase angle with the funda-
mental harmonic of v, and its peak value is constant according
to battery voltage and magnetizing inductance. Also, primary
resonant current 4z,,., leads the secondary resonant current i,
by 90°. Since the charging current Iy, is equal to the mean
value of ir,,4, Ipatt can be expressed as

(10)

Ibatt - 8Vvin sin Dﬂ-/(ﬂ-QstLm) (1 1)

from (2) and (9). I,a¢¢ in discharging mode can be derived from
same procedure with charging mode, and it can be written as
follows:

Thatt = —8Whatt sin DW/(WQWLSL7n)~ (12)

It shows that the battery current can be controlled with simple
PWM control. Also, as magnetizing inductance decreases, the
operational duty ratio also decreases.
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Fig. 2. Operational waveforms and mode diagrams.

B. Operational Mode Analysis

Because charging and discharging operations are same, op-
erational modes are explained only with charging operation.
Before analysis, it is assumed that PWM frequency is same
with self-resonant frequency. The operational waveform of the
proposed method can be depicted in Fig. 2. Since ir,,, is constant
in case that battery voltage and the air-gap are fixed, the current
control can be accomplished only by changing duty ratio of M;
and My. When M; is turned ON, mode 1 begins. During mode 1,
iLrp flows through M, C\., primary coil, and M». Since ir, lags
iLrp by 90°, the path of i1, is changed from body diodes of M;
and Mg to body diodes of M7 and Mg. After M; is turned OFF
and M3 is turned ON, ir,,, circulates through M3 and M, . During
mode 2, iy, is still positive current so that conduction path is
formed with body diodes of M7 and Mg. Operations of modes

wsCr (1 — w20, Ly) + jw?C? R,

Gip(jws) =

wsCr(1 = w2CyLg)Rae + j(1 — 2L, C) (W2 L, C, +2w2 L, C, — 1)

“
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Fig. 3. (a) Implemented coil, (b) measured inductance data and minimum
C,’s according to air-gap, and (c) controllable battery current according to duty
ratio and air-gap.

3 and 4 are similar to those of modes 1 and 2. As shown in
operational waveforms in Fig. 2, switch currents of My and Mjy
are negative at switching instants so that there are no switching
losses in these two switches.

C. Design Guidelines

Referring to operational waveform in Fig. 2, D should be
smaller than 0.5. Based on this condition and (11) and (12),
the resonant capacitor can be designed with the following
inequality:

Charging mode: C, ¢ > (7 Iyatt L /8Vm)2 /Ly (13)

Discharging mode: C;_p > (7> Iyatt L, /8Vbatt)2 /L. (14)

To guarantee the bidirectional operation, C, should be de-
signed to meet these two inequalities.

III. EXPERIMENTAL RESULTS

The prototype has been designed with 6.6 kW (V;, = 400V,
Viate = 350 V~450 V/Ibatt.max =16.5 A, air-gap = 12 cm
~20 cm). The selected switching devices are M;-My =
IPW65R041CFD x 2and D;-D, = FFH60UP40S. The con-
troller has been implemented with TMS320F28335 and Blue-
tooth was used to transfer the battery voltage through wireless
communication. Fig. 3(a) shows the implemented coil. Both of
primary and secondary coils have a circular-pad type structure
(coil diameter = 50 cm) implemented with 35 turns (Litz wire
of 0.12 mm/600strands) and air core. Each coil resistance is
0.14 © and measured inductance data according to air-gap is as
shown in Fig. 3(b). Based on the coil data and design specifi-
cations, the minimum C, according to air-gap is superimposed
on this graph. The minimum C, at air-gap = 12 cm is calcu-
lated as 126 nF and we have used 132 nF considering duty-ratio
margin. The self-resonant frequency becomes 20.3 kHz and the
charger is also operated with this frequency. The charging cur-
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Fig. 4. Measured waveforms under various conditions and (b) efficiency plot

at Viyatt = 400 V (AG: air-gap, CM: charging mode, DM: discharging mode).

rent according to duty ratio changes, depicted in Fig. 3(c), shows
that the prototype satisfies the maximum charging current under
bidirectional operation and power transfer is more easier under
wide air-gap. Fig. 4 is the measured waveforms under various
conditions and efficiency plot at Vi, = 400 V. It shows that
the primary resonant current has same waveform regardless of
load conditions as explained in Section II. Also, the resonant
frequency is not affected by air-gap changes and the proposed
method is well operated under coil misalignment. The measured
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efficiencies according to air-gap are in the range of 88.1-95.3%
at full-load condition.

IV. CONCLUSION

In this letter, a large air-gap bidirectional WPT EV charger
with SR-PWM method has been proposed. The proposed
method has a simple structure without additional current chop-
per and it can cope with a large air-gap power transfer with
constant frequency PWM. Operation has been analyzed and de-
sign guideline has been derived based on this analysis. To ver-
ify the performance, a 6.6-kW prototype charger with air-gap
of 12-20 cm has been implemented with the design guideline
and efficiency of 88.1-95.3% has been recorded at full load
condition. Therefore, it may be suitable for bidirectional wire-
less chargers requiring for large air-gap and constant switching
frequency.
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