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Abstract—The pursuit of battery charging technology
for electric vehicle (EV) has led to extensive research on the
inductive-based wireless power transfer (WPT) systems. In
this paper, the compensation component (including coils)
stresses will be studied in two commonly adopted compen-
sation topologies, namely S-S and LCC-S compensations.
Due to the peak voltage calculation inaccuracy for certain
components based on conventional fundamental frequency
analysis, an improved peak voltage calculation method is
introduced in closed form, which is proved to be more
accurate by both simulation and experiments.

Index Terms—Wireless Power Transmission, Compen-
sation, Resonant Converter, Closed form equations.

I. INTRODUCTION

Compensation network plays an indispensable role in
wireless power transfer (WPT) systems, which is used
to improve power transfer efficiency. Due to the reso-
nance characteristics, the compensation components may
be subject to high voltage and current stresses, which
needs to be considered throughout the system design.
Series-series (S-S) and LCC-S compensation topologies
featuring constant current (CC) and constant voltage
(CV) output at resonant operating frequency are two
widely used compensations since the component values
are independent of the coupling and load conditions [1],
[2].

In [3], [4], the compensation component stresses
were studied between S-S and LCC-LCC compensations

This project has received funding from the Electronic Compo-
nents and Systems for European Leadership Joint Undertaking under
grant agreement No 876868. This Joint Undertaking receives support
from the European Union’s Horizon 2020 research and innovation
programme and Germany, Slovakia, Netherlands, Spain, Italy.

at 7.7 kW and 20 kW, respectively. A comprehensive
comparison of four resonant topologies, i.e., S-S, S-LCC,
LCC-S and LCC-LCC, was studied in terms of efficiency
and component stresses in [5]. A comparative study
focusing on efficiency and circuit parameter sensitivity
between S-S and LCC-S compensations was given in
[2]. However, few literature has been found to provide
accurate peak voltage calculation methods for the com-
pensation components. Peak voltage directly affects the
insulation reliability of the circuit system, which could
be even worse in a higher frequency operation condition
[6], [7], therefore, to determine it accurately is the first
step to design a system with reliable electrical insulation.

In this paper, the voltage and current stresses of the
compensation components (including coils) of S-S and
LCC-S topologies will be studied at 3 kW power level,
which is the WPT1 power level suggested by SAE J2954
for wireless power charging of light-duty electric vehi-
cles [8]. The study of current stress is meaningful and
necessary since its value under fundamental frequency
analysis directly affects the accuracy of peak voltage
calculation, which will be seen in Section II. The rest
of this paper is arranged as follows: Firstly, voltage and
current stresses of compensation components will be
given based on fundamental frequency analysis, which is
also referred to as first harmonic approximation (FHA)
method. Secondly, the inaccuracy of certain components’
peak voltage calculation will be pointed out through a
specific example. The improved formulas will be derived
afterwards, which is then verified through simulation.
Finally, experiments were carried out to validate the
improved method through a laboratory WPT setup.
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Fig. 2: Equivalent circuits of S-S and LCC-S compensations based
on the transformer’s mutual inductance model. (a) S-S. (b) LCC-S.

II. S-S AND LCC-S COMPENSATIONS

Fig. 1 shows a typical schematic of the WPT sys-
tem. The H-bridge inverter composed of switches S7-54
operates close to the resonant frequency to produce a
high-frequency AC voltage to excite the primary side
coil while the passive full-wave diode rectifier is used
for the secondary side rectification. Ry, is the equivalent
load resistance modeling the power of subsequent stage,
which is defined as R; = ‘I/"’”. The compensation
networks of S-S and LCC-S topologies are illustrated
in Fig. 2 with defined current and voltage reference
direction. The loosely coupled transformer is modeled
through a mutual inductance model [9]. To facilitate the
analysis, the lump resistance modeling the losses of the
WPT system is not included.

In Fig. 2, Vs, Il, I2, ILf, VTx and VR;E are cor-
responding phasors. R,. is the equivalent resistance
seen before the rectification stage (cf. Fig. 1) with a
value of R, = 8 =Ry [10]. Herein, the amplitude of
V, is assumed as the root-mean-square (rms) value of
the fundamental frequency component of the inverter
output voltage. So, when the inverter operates at natural
resonant frequency with a square wave output voltage,

the amplitude of V; is: Vs = |V;| = QVm

A. Component Stress based on First Harmonic Approx-
imation Method (FHA)

1) S-S Compensation : Based on Kirchhoff’s voltage
law, the equations for Fig. 2(a) can be written as

V (ijl + ]wC )Il +j(.UMIQ7

(1)
jwMI + (jwLs +5 e+ Ry)I = 0.

In (1), w is the angular frequency, M is the mutual
inductance. At resonant frequency of wy, the capacitor
values of ' and (5 are selected as

1

C) = ——
w3L17

1
2 ngQI

2

Based on (1) and (2), the voltage and current stresses
of each component can be derived. The general and
simplified expressions of peak voltage and current rms
values are given in Table I and II, respectlvely In Table
II, R,. can also be expressed as R,. = Powvj\f with P,
being the processed power.

TABLE I: General expressions of compensation component stress
in the S-S topology.

Cy Cy Primary Coil Secondary Coil
RMS Current |Ih] I i I
Ji I; . ; . .
Peak Voltage | v2|——| | v2|—=| | V2|jwoL1li + jwoMIz| | vV2|jwoMI + jwoLals|
jwoCh JwoCo

TABLE II: Simplified expressions of compensatlon component

w2 M?
stress in the S-S topology with R,c = P, ({,2 .
Cy Cy Primary Coil Secondary Coil
P, Vs P, Vs
RMS Current A —WO i V TUA‘\ i
V2woLi Py | V2L2V, - LiRac \? = [, L2? Rac 2
Peak Voltage v i V2V, 1+(w01\/12) V2V, (ﬁ) +(w01"{)

2) LCC-S Compensation : Based on Kirchhoff’s
voltage law, the equations for Fig. 2(b) can be written
as

‘:/; = ijfI:Lf + MLC(I‘Lf — Il)
Vs = ijfILf (JWLI + ij )Il -l-]wM[Q,
JwMI + (jWL2 + m + Rac)I2 =0. 3)
At resonant frequency of wy, the capacitor values of
Cy, C1 and O are selected as

1 1 1

Cp=—r\C = ,Cy =
oWy T R - Ly

C))

57 -
wo LQ
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TABLE III: General expressions of compensation component stress in the LCC-S topology.

Ch Cy Cy Primary Coil Secondary Coil Ly
RMS Current 1] 2] lip, — Il |1 |12 liL,|
I I 1 . . . . . . .
Peak Voltage | v2|— _2 V2| (I, — )| | V2ljwoLily + juoMIa| | vV2|jwoLala + jwoMI| | V2|jwoLslL,|
jwoCh JjwoCa JjwoC'y
TABLE IV: Simplified expressions of compensation component stress in the LCC-S topology with R,. = %( LL;VS)2
Cy Cy Cy Primary Coil Secondary Coil Ly
Vi MV P2 Ve Vs MYV P,
RMS Current i TR )+ G woly LR V.
Ly , MV, - P2 Ve 2| L1 woM?2 2| . wolaM 2 | woLsPs
Peak Voltage \/i(L—f — 1)V | V2woLe IR V2woLy \/(75) + (woLf) \[M%Lj) + (m> Vav, m) sz

Based on (3) and (4), the current of I; and I can be
derived as

Vi
1= - , 1o
JwoLy

1 M.
- V.
Rae Ly

®)

So, according to (3), (4) and (5), the voltage and
current stresses of each component can be derived. The
general and simplified expressions are given in Table
IIT and IV. In Table IV, R,. can also be expressed as
Ry = 1 (M ‘/;)2

P,\Ly
ITI. INACCURACY OF DERIVED FORMULAS

Simulation results from circuit simulator PLECS
based on a specific example are adopted to verify the
calculations. Voltage and current sources are applied as
the load for S-S and LCC-S compensations, respectively.

The coil parameters are taken from the laboratory
prototype designed at 3 kW power rating with Ly =
338 uH and Lo = 226 pH. The operating frequency fo
is 85 kHz recommended by SAE J2954 standard [8]. V;,,
(see Fig. 1) is selected as 400 V.

A. S-S Compensation

The simulated and calculated results for each com-
ponent are summarized in Table V with M = 90 pH

and P, = 3 kW. The relative error is defined by

__ Calculated Value—Simulated Value
e = Stulated Valae . For PLECS solver,

the max step size is 1e-8 s and the relative tolerance is
le-4.

As it can be seen from Table V, the calculated peak
voltage for both primary and secondary coils is not as
accurate as other values. Besides, both of the calculated
values are smaller than the simulated ones. However,
the current calculation based on FHA method has high
accuracy.

TABLE V: Compensation component stress in S-S topology with
M = 90 pH, P, = 3 kW.

Primary | Secondary

G Ce Coil Coil

Cal.m RMS Current (A) 8.33 7.49 8.33 7.49
Sim.2 RMS Current (A) 8.34 7.51 8.34 7.51
Error of € (%) -0.12 -0.27 -0.12 -0.27
Cal. Peak Voltage (V) 2126.7 | 1278.9 | 2186.8 1398.7
Sim. Peak Voltage (V) 2125.1 | 12754 | 2520.8 1720.1
Error of € (%) 0.08 0.27 -13.25 -18.68

1.2 Cal. and Sim. are short for Calculated and Simulated in this paper.

B. LCC-S Compensation

The simulated and calculated results for each com-
ponent are summarized in Table VI with M = 90 pH,
P, =3 kW, L; =100 pH.

TABLE VI: Compensation component stress in LCC-S topology
with M = 90 uH, P, =3 kW, Ly = 100 upH.

Primar; Secondar

G G| O | e | cail | B

Cal. RMS Current (A) 6.74 9.26 10.72 6.74 9.26 8.33
Sim. RMS Current (A) 6.74 9.30 10.35 6.74 9.30 8.41
Error of ¢ (%) 0 -0.43 3.57 0 -0.43 -0.95
Cal. Peak Voltage (V) | 1212.1 | 1580.0 | 809.5 | 1832.8 1645.1 629.2
Sim. Peak Voltage (V) | 1220.2 | 1580.0 | 756.0 | 1800.8 1940.0 1029.2
Error of ¢ (%) -0.66 0 7.08 1.78 -15.2 -38.9

As it can be seen from Table VI, the calculated peak
voltage for the secondary coil and Ly is not accurate,
similar to S-S compensation, both of the calculated
values are smaller than the simulated ones.

C. Improved Method

Due to the high accuracy of the current calculation
based on FHA method, the more accurate component
peak voltage can then simply be calculated based on
Kirchhoff’s voltage law considering the voltage across
the related compensation capacitors.
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Fig. 3: Simulated waveforms of the S-S compensation, defined ref-
erence direction is shown in Fig. 2. (a) Primary side. (b) Secondary
side.

1) S-S Compensation : Fig. 3 shows the simulated
waveforms at 3 kW, which is used to help explain the
following calculation.

Refer to Fig. 1 and Fig. 2, the voltage across the
primary side coil can be expressed as: vy = V4B — vV, -
Since fl and VS are in phase, so, the voltage of —v¢, is
90° (or 7 radian) ahead of vap (cf. Fig. 3(a)). Therefore,
the peak voltage is

7T(,U()L1PO

oV (6)

VT:L‘_improved = Vin + VCl = Vin +

Similarly, the peak voltage across the secondary coil is

T2woM P, N 4L Vi,
8Vin ™M
2) LCC-S Compensation: Fig. 4 shows the simulated
waveforms at 3 kW and 300 W, which is used to help

explain the following calculation. The voltage across Ly
can be expressed as

)

VRJ:_improved = ‘/out"i'VCg =

®)

VL, = VAB — UG-

The phasor representation of v¢, is

+ijL1)j1+ijMj2 = (ijLf—i-ZT)jl.
)

Ve, = (

JwoCh
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¥
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Fig. 4: Simulated waveforms of the LCC-S compensation, defined
reference direction is shown in Fig. 2. (a) P, = 3 kW. (b) P, = 300
W.

In (9), Z, = “2™ Substitute I; from (5) into (9), then

. . . . . V.
VCf = (]WOLf + Z'r>Il =Vs _jZTWOZf (10)
Assuming Vs = V,Z0°, at the instant when vap

changes from —V;;, to V;,, the instantaneous value of

ve, is the imaginary part of (10) multiplied by V2, ie.,

;ﬂ“%/ Therefore, the voltage across Ly at point
118

. woM?V, mwoLy B
Vi, _improved = Vin + ﬁﬁ — 2()‘/22(101)

However, by further checking Fig. 4, there are another
two local peaks of Po and P3. The proof that the voltage
at P is the global peak is given in Appendix A.

For the peak voltage across the secondary coil, it is
similar to S-S compensation, which is

N N M wwoloL ¢ P,
VRx_improved = Vout + V6'2 = ff‘én + §Wfo
in
(12)

The improved formulas are summarized in Table VII.

TABLE VII: Improved formulas for peak voltage calculation.

N ~ 2
_ — V. mwoLy Po — mwoMPo 4 4L3Vip
S-S VTz == ‘/7,77, + 2Vin VRE - 8Vin M
s mwoLfPo | v, _ MV, , mwolaLsPo
LCC-S VLf = Vin + 2Vin VRe = Ly + 2M Vi,

D. Discussion on Improved Formulas

For both methods based on FHA and improved
formulas, a minimum peak voltage for primary and
secondary coils in S-S compensation, and for L; and
secondary coil in LCC-S compensation can be derived.
Since a + b > 2v/ab when a > 0 and b > 0, therefore,
the minimum peak voltage values for the components
derived from Table II, Table IV and Table VII are given
as follows.

1) S-S Compensation:

According to the FHA method given in Table II:

Ve > 2¢/woL1 Po, Viz > 2y/woLaPo. (13)
According to the improved method:
VTx > vV 27['0.)()L1P0, VRx >/ QWWQLQPO. (14)

2) LCC-S Compensation:
According to the FHA method given in Table IV:
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For Ly, a similar formula of the minimum peak voltage
cannot be derived. For Lo, it is:

Vie > 2/woL2P,. (15)
According to the improved method:
Vi, > \/21woL Py, Ve > \/21woLaPy. (16)

From (14) and (16), it can be found that the minimum
peak voltage expressions have the same form.

IV. SIMULATION VERIFICATION

The newly derived formulas will be verified by sim-
ulation at different mutual inductance, power and input
voltage values, which are shown from Fig. 5 to Fig. 8.
The power changes from 1 kW to 3 kW, and the coil
parameters are the measured values, i.e., L1 = 338 pH
and Lo = 226 pH. The mutual inductance is selected
between 70 pH and 105 pH, which corresponds to a
coupling coefficient between 0.25 and 0.38. For LCC-S
compensation, Ly = 100 uH.

A. S-S Compensation

Fig. 5 and Fig. 6 show the simulated and calculated
peak voltage across the primary and secondary coils
when M is 70 pH and 105 pH, respectively.

3500 2500
300 V Calculated|
w00l 300 V Simulated M"‘
6400 V Calculated|
—~ 400 V Simulated 2000 M,’(
2 2500|500 V Calculated z
) |->-500 V Simulated @
g & 1500 5300 V Calculated
= 2000 c ->-300 V Simulated
= Z 1000 6400 V Calculated|
1 ->-400 V Simulated
1500 le-500 V Calculated
|->-500 V Simulated
1000 500
1000 1500 2000 2500 3000 1000 1500 2000 2500 3000
Power (W) Power (W)
(a) (b)

Fig. 5: S-S compensation, M = 70 pH. (a) Peak voltage of primary
coil. (b) Peak voltage of secondary coil.

0 500 V Galerated 2200 |[-300 V Calculated|
->300 V Simulated ->300 V Simulated
3000 [e-400 V Calculated 2000 }-400 V Caleulated|
— ->-400 V Simulated — ->-400 V Simulated
Z 2500 [Fe-500 V Calculated Z.1800 f-0-500 V Calculated
@ ->500 V Simulated S ->500 V Simulated /
= = 1600
= 2000 3
> = 1400
1500 1200
1000 1000
1000 1500 2000 2500 3000 1000 1500 2000 2500 3000
Power (W) Power (W)
(a) (b)

Fig. 6: S-S compensation, M = 105 pH. (a) Peak voltage of primary
coil. (b) Peak voltage of secondary coil.

1200
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Fig. 7: LCC-S compensation, M = 70 pH. (a) Peak voltage of Ly.
(b) Peak voltage of secondary coil.
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Fig. 8: LCC-S compensation, M = 105 pH. (a) Peak voltage of
Ly. (b) Peak voltage of secondary coil.

2500 3000

B. LCC-S Compensation

Fig. 7 and Fig. 8 show the simulated and calculated
peak voltage across Ly and secondary coil when M is
70 4H and 105 pH, respectively.

It can be seen that the calculated peak voltage values
match the simulation results well for both compensa-
tions. For LCC-S compensation, the two values are
almost the same, so, the two lines coincide. For S-S
compensation, due to the small power mismatch between
simulation and calculation in some cases, the two peak
voltage values could have a small difference.

V. EXPERIMENTAL VERIFICATION

The experiment setup with LCC-S compensation
is shown in Fig. 9. For the experiment, the mutual
inductance M was measured to be 105 uH at a vertical
distance around 10 cm. The inductance value of Ly is
100.5 pH. Based on the voltage rating of the available
differential probes of Keysight N2791A and Yokogawa
700924, the WPT prototype was tested at a lower voltage
and power value.

A. S-S Compensation

Fig. 10 shows the measurement results with V;,, =
200 V and P, = 500 W.

Fig. 11 shows the peak voltage of the coils under
different input voltage values when P, = 500 W.
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Fig. 9: Experiment setup with LCC-S compensation.
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Fig. 10: Experimental results of S-S compensation operating at
Vin = 200 V and P, = 500 W, defined reference direction is shown
in Fig. 2. (a) Measured waveforms. (b) Voltage waveforms of vz

and vg, based on improved method, simulation, measurement and
FHA method.

B. LCC-S Compensation

Fig. 12 shows the measurement results with V;,, =
300 V and P, = 500 W.
Fig. 13 shows the peak voltage of L; and secondary

1300 1200
te-Measured -e-Measured
Tmproved Method| | > Improved Method|

= 1100 FHA < 1000 {EFHA

5 2
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E E

g E

4 4

£ 700 £ 600
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Input voltage (V) Input voltage (V)

() (b)

Fig. 11: S-S compensation, peak voltage across coils at 500 W
from measurement, improved and FHA method. (a) Peak voltage
of primary coil. (b) Peak voltage of secondary coil.
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Fig. 12: Experimental results of LCC-S compensation operating at
Vin = 300 V and P, = 500 W, defined reference direction is shown
in Fig. 2. (a) Measured waveforms. (b) Voltage waveforms of vy,
and vr, based on improved method, simulation, measurement and
FHA method.

coil under different input voltage values when P, = 500
W.
As it can be seen from the experiments, the improved
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Fig. 13: LCC-S compensation, peak voltage across Ly and sec-
ondary coil at 500 W from measurement, improved and FHA
method. (a) Peak voltage of L. (b) Peak voltage of secondary coil.

formulas can provide accurate peak voltage results for
both S-S and LCC-S compensations. The improved
piecewise voltage analytic function is given in Appendix
B.

It should be noted that in practical application, the
resonant compensation circuit will usually be tuned to
be a bit inductive for zero voltage switching (ZVS)
turn-on of the front-end full-bridge inverter, which could
introduce some calculation error, for example, by further
checking at Fig. 10(a), it can be found that the voltage
step change does not occur at the peak of the sinusoidal
part. However, this error can be neglected at designed
rated condition when the components bear the maximum
stress.

C. Voltage Stress in a Wider Operational Range

Herein, the voltage stresses will be calculated and
compared in a wider operational range based on the FHA
and improved methods. The relative error between these

two methods will be given with the expression of ¢ =
Value of FHA—Value of Improved Method
Value of Improved Metho .

Below, L, = 338 uH, Lgd: 226 pH, M = 105 pH,
Ly =100 pH.

1) S-S Compensation:
Fig. 14 and Fig. 15.

2) LCC-S Compensation: The results are given in
Fig. 16 and Fig. 17.

The results are given in

VI. CONCLUSION

An improved peak voltage calculation method for
compensation components is introduced in wireless
power transfer systems employing S-S and LCC-S com-
pensation topologies, which is often ignored in current
literature. This method is verified by both simulation and
experimental results, which provides practical guidance
for the design of WPT systems, especially for electrical
insulation design. The introduced method can also be
applied to other compensation networks such as LCC-
LCC compensation topology in a similar way. In essence,

Relative error (%)

450
400

350

Power (kW) 1 300 Vin (V) oo

() (b)

Power (kW)

Vin (V)

Fig. 14: S-S compensation. (a) Peak voltage of primary coil. (b)
Relative error.

Relative error (%)

Power (kW) 1 300

() (b)

Fig. 15: S-S compensation. (a) Peak voltage of secondary coil. (b)
Relative error.
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Fig. 16: LCC-S compensation. (a) Peak voltage of L¢. (b) Relative
error.
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Fig. 17: LCC-S compensation. (a) Peak voltage of secondary coil.
(b) Relative error.

the accuracy of the introduced method depends on the
related compensation capacitor voltage calculation under
FHA method, which condition is often satisfied for a
well-designed WPT system.
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APPENDIX A

For reading convenience, the equation is re-given
below
L’ Z - wi MQ.
LL)OLf Rac
A7)

As it can be seen from (17), the phase delay of vc,
relative to the fundamental frequency component of vap
is less than 7 radian and larger than zero (cf. Fig. 4(a),
ie., 0 < tT—f; < % with Ty being the switching period),
therefore, the voltage of vy, has and only has three local
peaks.

The voltage across Ly at Py, P2 and P3 can be

calculated as
M2
ULf_Pl = V:m + \/ézu;Rac ‘/TS’

UL, P, = [\/§>< 1+(z);%[i)
o M?
— ﬂngMVS.

/ULf :UAB _UCf7VCf = ‘/S _jZT

2 (18)

— 5V,

v, p, = Vi

From (18), it is clear that vz, p, is larger than vy, p,.
The voltage difference between P; and P is
Avp, pp, = VL, P, — VL, P,

- o M? o M2 2
= Vi[5 + o — 1+ (20

19)

Since (19) is always larger than 0, therefore, vy, p, is
larger than vy, p,. Summarizing, the voltage across Ly
at P, instant is the maximum voltage in one period.

APPENDIX B

Without loss of generality, assuming the time instant
when v 4p passes zero from —V;, to V;,, is 0 s, and Ty is
the switching period, then the time domain expressions
are as follows:

A. S-S Compensation
VTx (t) = {

VR (t) =

Vin + Vo, sin(wot + 2),t € [0, &),

—Vip + Vcl sin(wot + §),t € [%,Tg).
(20)

Vout + VC2 sin(wot), t € [0, %)7
_Vout + VC’Q Sin(th),t c [%’ %),
Vout + Ve, sin(wot), t € 212, Ty).

B. LCC-S Compensation

vr,(t) = {
VR (1) = {

Vin — VCf Sin(wot + 90)7 le [07 %)7

~Vin — Vo, sin(wot + ), t € [, T).
(22)

Vout + Vo, sin(wot — ), t € [0, &),
—Vout + Vi, sin(wot — §),t € [%, To).

LiP,
In (22) and (23), go:—arctan%, Vo, =
S
P, 2 v, 2 ~ 7T(/JOL2LfPo
\/iwoLf\/(vs) + (UJoLf) and VCz = 2MV; :
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