13242

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 72, NO. 12, DECEMBER 2025 W

State-Plane-Based Frequency Domain
Analysis and Optimal Design for SS
Compensated IPT Systems

Yihan Wu
Minfan Fu

Abstract—When modeling series-series (SS) compensated
inductive power transfer (IPT) systems, conventional
frequency-domain methods focus on output characteristics
while neglecting the time-domain information of the current.
To improve the model accuracy, we propose a state-plane-
based frequency domain analysis method. It integrates both
time and frequency information, providing a more compre-
hensive analysis. By decoupling the coupling coil model,
two independent equivalent circuits and their corresponding
state-plane diagrams are developed. Hence, the amplitude
and phase of each harmonic component can be accurately
determined. Additionally, the proposed model allows for the
precise calculation of the switch turn-ofFF currents. The study
also depicts the zero-voltage-switching (ZVS) ranges under
various output conditions. An optimal modulation strategy is
developed to minimize the condition losses while ensuring
ZVS of all MOSFETs over the entire power range. A 400 W
laboratory prototype is built and tested. The experiment
results effectively validate the model’s accuracy. A 95.61%
peak efficiency is recorded with improved performance
throughout its operational power range.

Index Terms—Frequency domain, inductive power transfer
(IPT), modeling, series-series (SS) compensation, state-plane.

[. INTRODUCTION

NDUCTIVE power transfer (IPT) technology provides a

convenient solution to charge battery-powered devices. It
has the potential to revolutionize traditional energy utilization
across various applications, including mobile electronics devi-
ces [1], implanted devices [2], Internet of Things [3], electric
vehicles [4], and autonomous aerial vehicles [5], [6]. The IPT
system is essentially a resonant converter with a low-coupling
coefficient. Establishing the steady-state mathematical model
of the resonant converter or IPT system plays a critical role in
guiding efficiency optimization, parameter design, and perfor-
mance evaluation [7], [8].
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First-harmonic approximation (FHA) is a simple solution for
modeling resonant topologies, which only considers the funda-
mental components of voltage and current while all higher har-
monics are ignored. However, FHA exhibits low accuracy
under high-distortion operation, which usually occurs at light
load [9], [10]. Many techniques are proposed to improve the
accuracy of FHA modeling. In [11], the extended first harmonic
analysis is proposed. However, it is based on the assumption
that the current in the series resonant tank is sinusoidal, which is
invalid in some operating conditions of IPT systems. In [12] and
[13], a multiple harmonic analysis is proposed to quantitatively
analyze the harmonics. This method considers not only multiple
higher harmonics but also individual equivalent loads for each
harmonic component. However, the analysis is rather complex.

Time-domain analysis is also investigated to improve the
modeling accuracy [14], [15]. The time domain expressions of
state variables are obtained over one switching period by solving
the state-space equations in each subinterval. In [16] and [17],
an in-depth analysis of time-domain equations is conducted for
various resonance states, and the gain characteristics over the
entire switching frequency (f;) range are explored. In [18], the
time domain system behaviors are investigated when f; is lower
than the resonant frequency, with a focus on its gain characteris-
tics. However, most time-domain methods are not suitable for
deriving frequency responses. Additionally, these methods typi-
cally provide only numerical solutions, and the information
regarding resonant current and voltage is not intuitive.

State-plane analysis (SPA) is a more intuitive time-domain
method for the design and analysis of resonant converters [19],
[20]. In [21], a general SPA method is proposed for bidirectional
CLLC resonant converters. This approach decouples the high-
order CLLC resonant network into two independent SRC cir-
cuits for analysis. However, the process is relatively complex
and lacks universality. Due to the compensation networks
on both the transmitter (TX) and receiver (RX) sides in IPT
systems, the system order is often higher than third order. Con-
sequently, SPA for IPT systems has been rarely studied. More-
over, SPA only considers the steady-state operation, while it
does not consider the frequency response of the system. Table |
summarizes a detailed comparison between frequency- and
time-domain analysis.

In this article, a novel state-plane-based frequency domain
analysis method is proposed for series-series (SS) compensated
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TABLE |
COMPARISON OF DIFFERENT MODELING METHODS
Frequency-Domain Methods Time-Domain Methods
Category FHA Multiple Harmonics Analysis | Numerical Solutions State-Space Analysis
Complexity Simple Complex Complex Moderate
Accuracy Low High Highest High
Practicality Convenient Inconvenient Inconvenient Convenient
Generality High High High Low
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Fig. 1. Schematic of SS compensated IPT system. : : >
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IPT systems. Using mathematical methods, we decouple two
coupled resonant tanks within an SS compensation circuit into
two independent lower order resonant networks. Subsequently,
two decoupled equivalent circuits and their corresponding state-
plane diagrams are established. The Fourier series expansion of
decoupled currents enables accurate extraction of both ampli-
tude and phase information for each harmonic. This approach
significantly reduces the complexity of the SS compensation cir-
cuit, facilitating topology analysis through the SPA method,
which enhances both the accuracy and intuitiveness of the analy-
sis. Furthermore, the integration of frequency-domain analysis
streamlines the process of optimizing the circuit’s performance.

Subsequently, we utilize the aforementioned modeling and
analysis process to optimize the topology for improved perfor-
mance. The zero-voltage-switching (ZVS) range under various
phase shifts and frequency ratios is presented. An optimal mod-
ulation scheme is proposed, which reduces conduction losses
while ensuring ZVS turn-ON for all MOSFETs across the full
power range.

This article is organized as follows. Section II introduces the
SS compensated IPT systems. The detailed circuit modeling and
derivation are presented in Section III. In Section [V, the opti-
mal parameter design is presented. Section V demonstrates the
experimental results. Section VI compares other works in detail
and highlights the advantages of this work. Finally, this article
concludes in Section VII.

[I. SYSTEM DESCRIPTION

The schematic of the SS compensated IPT system is shown in
Fig. 1. S-S and S5—Ss are power switches on the primary and
secondary sides, respectively. Vi, is the dc-link voltage, V;, is
the battery voltage, v, and v, are the inverter voltages of TX and
RX sides, respectively. L; and L, are the self-inductances of TX
and RX coils, respectively. C; and C, are the corresponding
compensation capacitance. M is the mutual inductance between

Fig. 2. Voltage waveforms of v, and vs.

the TX and RX coils. M = k+/L;L,, where k is the coupling
coefficient.
The circuit parameters of the converter are defined as

1 1
woy = = , oy =2nf,=2n/T;
VLiC: LGy /
Wy Vi
L=vVLL. y=+Li/L. r=—, g=- ()
(O Vi

where g, ws,fs, and Ty are the angular resonant frequency,
angular switching frequency, switching frequency, and period.
L,y,r, and g are the characteristics inductance, characteristics
inductance ratio, frequency ratio, and voltage gain, respectively.

The modulation strategies of the IPT system can be divided
into phase shift modulation and variable frequency modulation.
Considering the influence of f; without increasing control com-
plexity, only single-phase shift modulation, where there is a
phase shift between the TX and RX sides, is considered in this
article. In most cases, variable frequency single-phase shift
modulation can realize the control target of the IPT systems.

Fig. 2 exhibits the steady-state waveforms of v, and v, in vari-
able frequency single phase shift modulation, 7§ is the switching
period, ¢ is the phase shift between v, and v,. Via maneuvering
¢ and Ty, the inverter voltage magnitude and phase are actively
adjusted to achieve the required power flow.

lIl.  MATHEMATICAL MODELING

To simplify the modeling, the following assumptions are made.

1) All passive components and active switches are ideal
with zero equivalent series resistance.

2) The voltages of the dc-link and the battery are constant.

3) The effects of dead time and the output voltage rise/drop
time of the full bridge are ignored.
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TABLE II
EQUIVALENT CIRCUIT PARAMETERS

(a) (b)

Fig. 3. Equivalent circuit: (a) SRC-P; and (b) SRC-N.

A. Decoupling Analysis

Inductor currents and capacitor voltages iy,i,v;, and v,
are defined as the state variables. Define u = [v,(1);v,()],
v =[vi(t);va(t)], and i = [i;(¢);i2()] as the input voltage vec-
tor, capacitor voltage vector, and current vector, respectively.
The circuit model can be established as

{Ri'+v:u
i=Cv

2

where R and C are the inductance matrix and capacitance matrix
and are defined as

L M G
R—[M LZ],C—[ Cz]' 3)
According to the matrix theory, nonsingular matrices k; and
k, satisfy the following equation:

Lp = k,Rk; ! @
Cp = kiCk;!
where LD = diag{Lp,LN}, CD = diag{Cp, CN} and
_ |t =1/ I I
w=) Vo=l T e
Using linear transformation ip =k;i, vp =kyv, and

up = kyu, the coupled state-space model in (2) can be
decoupled into two mutually independent equations

s/
L])lD +Vp =up
iD = CDV;)

(6)

where up = [up;uy], vp = [vp;vy|, and ip = [ip;iy] are the
input voltage vector, voltage vector, and current vector of the
decoupled model (6). Since matrices Ly and Cp are nonsingu-
lar, ip and iy are independent of each other.

B. SPA

As shown in Fig. 2, since v, and v, are piecewise constant, up
and uy are piecewise constant. Fig. 3(a) and 3(b) represents the
equivalent circuits described by (6), which are denoted by the
P-type series resonant converter (SRC-P) and the N-type series
resonant converter (SRC-N), respectively. The equivalent circuit
parameters are listed in Table II. It can be seen that the BIPT
system can be modeled by two independent series resonant
converters.

Lp Cp up Ly Cy uy
(1—k)L, Cy Vp = Vs (1+k)Ly C, Vp/V 4 Vs

ipN

(a) (b)
Fig. 4. State-plane diagram of the equivalent circuits: (a) SRC-P; and
(b) SRC-N.

The equivalent angular frequencies and characteristic impe-
dances of SRC-P and SRC-N are defined as

wp = s Zp = wpL
P LPCP P pLpP
1
Wy = . ZN = (L)NLN. (7)
VLNCy

The normalized equivalent voltage and current upy =

{Ven;Van},  von ={venivav}, and ipn = {ipy;iny} are
defined as

UpN = Vbase_luD

VDN = Viase ' VD

ipn = Inase D 3
where

_ Vin _ Vin/ZP
Viase = |: Vb:| s Ipase = |: Vb/ZN] . (9)
In mode I, v, is V;, and vy is —V},, the normalized equivalent
input voltage Vpy; = 1+ gy and Vyy; = 1/(gy) — 1. The solu-
tion is expressed by

{ ipy = pip Sin(@p — wpt)
vey = pip €08(@1p — wpt) + Veni
{ inv = pin sin(@y — on1)

VNN = PiN €0s(@ 1N — wnt) + Vi

(10)

where p;p and @p are the initial magnitude and phase for SRC-
P in mode I. The trajectory of SRC-P and SRC-N are arcs cen-
tered at (Vpy,0) and (Vywi,0), respectively.

In mode II, v, is Vi, and vy is Vy, the normalized resonant
voltage and current are the same as mode I, the only difference
is that the input voltage excitation is different, which results in a
different center of the circle.

From Table II and (8), the normalized input voltage excita-
tions are different for SRC-P and SRC-N in the same mode,
which means the center of the circle of trajectory curves is dif-
ferent. Fig. 4 shows the state-plane diagram of SRC-P and SRC-
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Fig. 5. Phasor diagrams of harmonic components: (a) /1 »; and (b) /2.5.
N. 0y (0)) and O, (0)) are the centers of modes I and II in
SRC-P (SRC-N), respectively.

C. Frequency Characteristics

According to (6) and Fig. 4, the coupled i; and i, are
decoupled into two independent equivalent currents ipy and iyy.
The frequency characteristics of the decoupled ipy are analyzed
first. The equivalent inductor current ipy over one switching
period is expressed as

pysin(p; —wpt), € (to,11)

. pasin(@, —apt),  tE€(t,12)
IpN = (11)

p38in(p; — wpt), € (tr,13)

pasin(@y — wpt), tE€ (t3,14)

where p;, @;,i € {1,2,3,4} are the initial magnitude and phase
for different modes.
The Fourier series expansion of ipy is as follows:

%
ipn (1) = Z ay p cos(nwgt) + b, p sin(nwgt) (12)
n=2k—1
where
2wpay
anp= m [(Ven2 = Veni) cos @,
+(Venz + Veni))] (13)
bnp = 20p0; (Venz = Vewi) sing,

m(wp —n*w3)

where ¢, = n¢ is the phase shift of # times harmonic components.
As shown in (12) and (13), ipy is related to the voltage of
modes I and II and ¢. Similarly, the current of iyy in model
SRC-N can be obtained. Substitute ipy = [ipy;iny] into
i=k; 1, .eipn, the TX and RX coil currents are as follows:

o0
i = Z I, cos(nagt — @y,)

n=2k—1 (14)

ir = Z L, Cos(nwstj_(PZ.n)

n=2k-1

where o' = wgt — @, Iy, I, and @ ,,, @, , are the magnitude
and phase of harmonic components on the TX and RX sides,
respectively. The phasor diagrams of 1, , and I, are shown in
Fig. 5, a1, 1 4» 020, and f, ,, satisty the following:
{061 2= (1=n*r?)o,Vin/y {sz.n = (1=n*r*)loVs (15)
B = kn*r*ly,, Vs " By, = kn*r oy, Vi

2 I T

¥ * Cal.
— 18 X Sim
=
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Fig. 6. Calculated and simulated results of harmonic components of TX
and RX coil currents.

wherer; = 1/v1—k,r, =1/+/1 +kand
2\/§r

(1=K (n2r2 = 1) (n2r2 — r})maoL

lon = (16)

From (15) and (16) oy 4, f;,, and o2, f3,,, are independent of
phase shift ¢ and determined by the frequency ratio r. In the
special case of r = r| 5, the system is unstable. 5, , and f3,, are
negative at r € (r1,r2) and positive in other cases.

Define the output power (P,) as the power transmitted from

the dc link to the battery, the power transfer direction is forward
if P, > 0 while backward if P, < 0

. 2V2V; . 22V
Po= > W, V2, an)
w1 M n=2k1 T
The switches turn-OFF currents are as follows:
Is,, = i1(t0) Zfaln
n=2k—1
Is, = ix(1) Z V2ay . (18)
n=2k—1

According to (17) and (18) and Fig. 5, by, and b,, corre-
spond to the output power, while a; , and a,, correspond to the
turn-OFF current.

Fig. 6 shows the calculation and simulation results of har-
monic components of TX and RX side currents with r =2, ¢ =
7/3 condition. As shown, the calculated results match well with
simulation results for all harmonic components, which validate
the model’s accuracy.

Fig. 7 illustrates the comparison between simulation and cal-
culation results for switch current ig; and resonant capacitor cur-
rent igs under different f, values. In the figure, the blue line
represents the calculation results from the FHA method, the red
line represents the calculation results from our proposed SPA
model, and the red pentagram markers represent simulation
results. The figure clearly shows that under full-phase-shift con-
ditions, the SPA model’s calculation results exhibit higher con-
sistency with simulation results.
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Fig. 7. FHA versus SPA calculation results, and simulation results for ig

and iss under different f,, values.

IV. OPTIMAL DESIGN
A. Power Characteristics

From (17), the output power is the sum of the power of each
harmonic component. The output power of each harmonic is
maximum at ¢, = 7/2. Defined maximal third harmonic power
ratio k3 as
Kon — bi3/3  3(1 - k)t —6rr +3

BT 81(1—-R2)A— 182+ 1

ki3 versus r with different k are shown in Fig. 8, as shown, k
has little impact on k;3 in low- and high-frequency bands. More-
over, the third harmonic power accounts for a relatively large
proportion in the low-frequency band and cannot be ignored. k3
is lower than 5% when r > 0.75, in which case the third har-
monic is negligible. Therefore, only the case of » > 0.75 is con-
sidered, which simplifies the analysis by considering only the
fundamental power.

The output power is approximately the fundamental power

2\/§Vm 2\/zvin .
7 Tﬁ].l sin(¢).

When r € (r1,r2), 5 | is negative, P, > 0,¢ < 0 and P, < 0,
¢ > 0. In other cases, f§; | is positive, P, >0,¢ >0 and P, <
0, ¢ < 0. The output power reaches its maximum at ¢ = *7/2.

19)

P, ~

by = (20)

B. ZVS Analysis

The switches turn-OFF current directly affects the ZVS condition.
Since the third harmonic power can be ignored, only the fundamen-
tal harmonic component of the turn-OFF current is considered to
simplify analysis. In most cases, the condition of ZVS turn-ON is
that there is a negative turn-OFF current for ease of analysis.
According to (18) and Fig. 5, the ZVS turn-ON is achieved when
the current falls in the left half plane of current phasor diagrams.

Define g, = gy, the relationship of o 1 (z.1) and B, ; (f,)
satisfy the following:

{|<x1_1| <|pil=1//1+gk<r<l1/\/1-gk

(21)
loa1] < |Boil <= 1/\/1+k/g, <r<1/y/1-k/g,.

(22)

1/\/1+gk<r <1/\/1+k/g,
1/\/1-k/g,<r,<1/y/1—gk.

According to (21) and (22), there are six different frequency
ranges for both TX and RX sides, and each range corresponds to
a phase diagram. The current phasor diagrams for different r
conditions are shown in Fig. 9. As shown, since f3, , and f3, , are
negative in the range of r € (ry,r;), the shift in the phasor dia-
gram in that range should increase by 7. Note that for all r con-
ditions, as ¢ increases, i; rotates clockwise while i, rotates
counterclockwise.

As shown in Fig. 9, the ZVS range for TX and RX sides is
symmetric at the origin, and only the ZVS range of r € [0, 7] is
considered to simplify the analysis. The ZVS ranges of TX and
RX sides are summarized as

0, if r<l/\/l1+gk
(T=@up1>m), if re(1/\/1+gkn)
o7 =10, 1= @u), if re(r,n)
(M= @ap1s7), if 7€ (r2,1/1/1=g)k)
0,m), if r>1/\/1—g.k
0, if r<n
(0,n), if re(n,1/\/1+k/g,)
Pr = (O’TC_ (PabZ)’ if re (1/\/1 +k/g/7 1/\/1 _k/gv)
0, if re(1/\/1-k/gy,r2)
(0,7[), lf r>r2
(23)
where
1/r =1 1/rr -1
P up) = ATCCOS —————, (1o = AICCOS . (24)
" gk ” k/g,

For g, < 1, the ZVS range is the same as g, > 1 condition.
In summary, the full ZVS range is summarized as

(o1 —mm—qy), if re(r,l)
B (pr—mm—,), if re(1,1/y/1—-gok)
PP~ —m) U —op.m), if re (m1/\/T=k/g)
(=m,m) if r>1//1-k/go.

(25)
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(a) (b
Fig. 9. Current phasor diagrams for different r with g, > 1 condition: (a) /1; and (b) /.
her n I follows:
where go, @, and ¢, are as follows m ]Im
1/1"2— 1 P11 N
. (| = arccos ———— -0
2 = {g«/, if g, <1 k/go (26) /m//‘ ! Re Ad Re
l/g”y” if gyZ 1 0 _arccosl/r2—1 __ |
2 gok re(r,l) re(l,l/dl—gok)
The full ZVS range is related to gy and r; there are two differ-
ent sets of g, with the same ZVS range. Fig. 12 shows the full / h /Im P 7\,\[‘“1
. . . / .
ZVS range versus r with different go. As shown, with the p%(ﬂ ‘ WA
increase of go, the non-ZVS range squeezes, and the ZVS range o Re ) Re
expands. All MOSFETs realize full range ZVS turn ON when

r>1/v/1-k/go.

C. Minimize Current Stress

Fig. 10 shows the phasor diagrams of /; ; over the full ZVS
range with different . As shown, two different phase shifts cor-
respond to the same output power in many cases. To minimize
the current stress, the phase shift with the real part of the phasor
diagram near the origin is selected.

For r € (ry, 1), there are the same output power range for ¢ €
(¢,,m/2) and (n/2,m— @), but I; ; of ¢ € (n/2,1— @) less
than when ¢ € (¢,,n/2). Therefore, the optimized phase shift
range for minimize /; | with r € (1/v/1+k, 1) is ¢ € (0,0,)J
(n/2.n—y).

For other r cases, the optimized phase shift range is similar to
the above and shown in the blue curve in Fig. 10.

To improve the system efficiency, an optimized modulation
scheme is proposed to reduce the conduction loss. The total rms
current I, is defined as

I = \/ 112.1 +I§.1-

The relationship between I, ¢, and r is illustrated in
Fig. 11, where the curves represent the contours at different
power levels. The 2-D projection of I, in the ¢-r plane is
shown in Fig. 12. As shown in Fig. 12(a), there are two points
Py and P} outputs 100 W with ZVS implemented. According to
Fig. 12(a), at the same frequency condition, the current stress at
P, is lower than P'. With the increase of P,,, the frequency range

27

re(rz,l/m) I’E(l/m,JrOO)

Fig. 10.  Phasor diagrams of /1 1 over full ZVS range with different r.
10
8
6
E
N
4
2.
0=~
0.8 1
Fig. 11, Ims Surface with power contours versusrand ¢ (g = 1).

decreases. The frequency range is very narrow at 500 W output
condition, the maximal output is set to 400 W.

Fig. 13 shows I, versus r with different P, over full ZVS
conditions. As shown, different g and P, correspond to different
ZVS ranges and different r and ¢. With the increase of P,, the
frequency range decreases. In the special case of r =1, Iy is
independent of P,,.

As shown in Fig. 13, different P, and g correspond to differ-
ent minimum /., points (r and ¢). The minimum /;,,s points for
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Fig. 12. Curves of ¢ versus r with different P, and g: (a) g=1;
(b)g=1.2;and (c) g =0.8.

different P, are marked in Fig. 13 and listed in Table III. As
shown, r and I, decrease as P, increases.

D. Discussion on the Rising/Dropping Time Effect

Practically, due to the rise/drop time of the voltage, v, and vy
are not ideal square waves. The dead time may affect the phase
of v, and vy. The rise/drop times of the voltage are determined
by the turn-OFF current. Fig. 14 shows the voltage transition sce-
narios in the dead time. As shown, ¢, is the control phase shift,
and ¢ is the actual phase shift. There is an error ¢,. = @ — ¢,
tq1 and tq, are determined by the turn-OFF resistor of the driver
and are approximately equal. #.¢; and 7o are determined by the
turn-OFF current of MOSFETs and output capacitors Ceyss Of
MOSFETSs

2Coss Vb

28
Is., (28)

Toff2 =

10 T T
\ —— P,=400W
8 Loss ZViS ~ Pe=300W
Co } —— P,=200W
<6 e e P,=100W |
= \3 | v *  Opt. point
5 .
0 |
0.9 1 1.1 1.2 1.3 1.4 1.5 1.6
r
(@
10y ‘ ‘
\ —— P,=400W
8 — P,=300W [
\ —— P,=200W
<6 \ = - P,=100W |
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E, NS Losslzvs ™1
N~ — \./ / A
, o
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(W]
‘ ;
— P,=400W
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Loss ZVS L —— P,=200W
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©
Fig. 13.  Ims versus r with different P, and g: (a) g =1; (b) g = 1.2; and
(c)g=0.8.
and
0, = Tofft — Toff2
er 2Ts

= [8/155,3 - 1/151,4] 7Coss Vinfo- (29)

The actual ¢ is @ = ¢q + @,,. From (28), ¢,, is related to the
turn-OFF current, voltage ratio g, and switching frequency ratio
r.

V. EXPERIMENTAL VALIDATIONS

A prototype of the SS compensated IPT system is shown in
Fig. 15. The switching transistors and driver chips are Infineon’s
BSC220N20NSFD and 2EDS8265H, respectively. The control-
ler model is TMS320F28335. Since this article focuses primar-
ily on the modeling and analysis of IPT systems, a single set of
controllers is shared by the TX and RX sides to simplify the
complexity of control. The detailed parameters of the coil
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TABLE Il
OPTIMAL PARAMETERS WITH MINIMAL /rms
g=038 g=10 g=12
Py [W]
r Y Iins [A] r @ I [A] r Y I [A}
100 1.33 0.144n 2.81 1.40 0.195n 2.76 1.50 0.2697 2.88
200 1.11 —0.1327 4.38 1.28 0.145n 4.45 1.34 0.2257 4.70
300 1.05 —0.3367m 5.44 1.10 —0.182n 5.26 1.09 —0.161xn 5.54
400 0.94 —0.636m 7.13 1.02 —0.4507 6.28 1.06 —0.272n 6.26
Vgs2 Fvgsl
~— - ,
v R | v
A N
L | P t
Lo L — Vs
e Vo |
e 333 4
o P
P - Fig. 16.  Coil structure.
. , ! d t
lgs2l(3 lgsGW
tdlw ‘ 2% vl;(250 V/div) ,;’gs4 (10 V/div)
Fig. 14.  Voltage transition scenarios in the dead time "‘"‘J_L""“';f 250 Vi I [ i -
. ‘ Y. i} r—— 1 Vo (100 Vidiv) (ZVS )
: Vess (12.5 V/div)
iy (5 A/div I I {\*“'
Auxiliary '\/-\‘)\—/ Vasg (100 V/div) 7ZVS
ﬁ}‘)ower su})ply '\/W\l@ 2 psdiv
" i - i R SN SRR SN D S
(b)
Fig. 17.  Experimental steady-state waveforms with g = 1.0, P, = 100W:
(@) vp, Vs, i1 andiz; and (b) Vgsa, Vasa, Vgss, Vass-
ﬁ s v | Fps 10 Vi)
3 1V
o= s i \ ! [ r’ﬁﬂ \w
. Vs (250 V/div) ) ,
) e ~— Vs (100 V dn)vg s Vidio)
Fig. 15.  Experimental prototype of SS compensated IPT systems. 15 Al [ i [ |
iv -
- ' Vasg (100 V/div)"ZVS_
TABLE IV 15 (5 A/div) 3
CoIL PARAMETERS o TN e T TPl 2 usidiv
Coil Parameters TX Coil RX Coil (b)
Number of Turns 30 27 Fig. 18.  Experimental steady-state waveforms with g = 1.0, P, = 400W:
Litz Wire Diameter (mm) 2 2 (a) Vp, Vs, i1 and ip; and (b) Vgsa, Vdsa, Vgss, Vdss-
Outer Diameter of Coil (mm) 192 174
Inner Diameter of Coil (mm) 60 60 L2 =94.1 ,uH, C1 =212 IIF, C2 =269 l’lF, and £k =0.3. All
Coil Self-Inductance (1H) 119.3 941 experimental modulation parameters are summarized in Table 11
Coil Parasitic Resistance (Q) 0.15 0.13 (where f, =f5/fo)- .
Air Gap Distance (mm) 8 glfgo I\Z/ and 18 show tileo steady-sFate1 Wzvef;)lnns w1t.hh1(l)10
Coupling Coefficient 03 an outputs at g = 1.0, respectively. As shown, with the

structure are shown in Table [V, and its appearance is shown in
Fig. 16.

A 400 W prototype with 100 V input is designed. The key
experimental parameters are: fy =100 kHz, L; =119.3 uH,

increase of P,, r increases, and the phase shift ¢ changes from
leading to lagging. Both TX and RX sides achieve ZVS turn-ON.

The waveforms with different P, at g = 1.2 and g = 0.8 are
shown in Figs. 19 and 20 and Figs. 21 and 22. As shown, the
proposed method achieves ZVS on both sides in all output
conditions.
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Fig. 19.  Experimental steady-state waveforms with g = 1.2, P, = 100W:
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Fig. 20.  Experimental steady-state waveforms with g = 1.2, P, = 400W:
() vp, Vs, i1 and iz; and (b) Vgsa, Vdsa, Vgss, Vass-
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Fig. 21.  Experimental steady-state waveforms with g = 0.8, P, = 100W:
() vp, vs, i1 and iz; and (b) Vgsa, Vasa, Vgss, Vass-
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Experimental steady-state waveforms with g = 0.8, P, = 300W:
(a) Vp, Vs, i1 and ip; and (b) Vgsa, Vasa, Vgss, Vass-

Fig. 22.

The calculated and experimental results on the rms current of
TX and RX sides at g = 1.0 are shown in Fig. 23. As shown,
experimental results agree well with the results predicted by our
proposed method.

The efficiency with different modulation schemes is mea-
sured and plotted in Fig. 24. The conventional is the experimen-
tal results of a single phase shift at » =1.0. As shown, the
prototype demonstrates good efficiency performance over the
wide output power range. The peak efficiency reaches 95.61%
at full load. The proposed method has a better efficiency

5
A
4.5
—_ /// Zz
< ¢ .
g, A== -~
o .
2 o9 7 e
3 / —h— Cal.Ili
E 3 7 —*—- Exp. [
I~ 7 —— Cal. L,
2.5 o
Y = “«-- Exp. ],
2 7
-
el
100 150 200 250 300 350 400

Output Power [W]

Fig. 23.  Calculated and experimental results on rms current of TX and
RX sidesatg =1.0.

10
9 —
w77 [ %
20 Pl S i
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Fig. 24.
schemes.

Measured efficiency versus P, with different modulation

Peyy
3.73%
0.993 W

Peit
52.91%
14.09 W

Peona
13.47%
3.588 W

Por
68.46%
314 W

(a) (b)

Fig. 25.  Power loss distribution of system: (a) after optimization (total
loss 4.591 W); and (b) before optimization (total loss 26.63 W).

Post
29.90%
7.963 W

performance compared with conventional fixed-frequency mod-
ulation schemes. Where g = 1.0, the loss distribution of power
100 W is shown in Fig. 25, this is mainly due to the reduced rms
current and turn-OFF current. Thus, the conduction loss and
switching loss are reduced, and the system efficiency is
improved.

VI. COMPARISON WITH EXISTING WORK

To highlight the uniqueness and advantages of our state-
plane-based frequency domain analysis for SS-compensated
wireless power transfer, we compare it with four representative
works [10], [21], [22], [23], addressing different modeling strat-
egies and scenarios. A comprehensive comparison of the dis-
cussed methods is presented in Table V.
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TABLE V
COMPARISON AMONG REPRESENTATIVE WORKS AND THIS ARTICLE

Reference Method Accuracy Expandability Complexity
Mohamed et al. [10] Harmonic Medium Low Low
Wang et al. [22] Time-domain High Low High
Jiao et al. [23] Time-domain High Low High
Rezayati et al. [21] State-plane High Low Medium
This Work State-plane + Fourier High High Low

A. Method Perspective

Mohamed et al. [10] use a steady-state analytical model com-
bined with harmonic analysis to study active/reactive power flow
in EV WPT systems. However, their approach lacks detailed
time-domain analysis, especially concerning switching stresses.

Wang et al. [22] focus on multimode time-domain analysis and
synchronous rectification (SR) strategies for CLLC converters
under light-load conditions, accurately determining SR turn-ON
timing. Despite the high accuracy for specific topologies and con-
ditions, this method is less applicable to generalized networks.

Jiao et al. [23] apply the superposition harmonic method to
analyze CLLC converters, considering multiple operating modes
like ARFM and BRFM. This achieves precise ZVS ranges and
switching stress calculations but relies heavily on piecewise
time-domain modeling and focuses specifically on the CLLC
topology.

Rezayati et al. [21] propose a generalized state-plane analy-
sis (GSPA), decomposing the fourth-order CLLC system into
two second-order subsystems. It provides high precision in
CCM/DCM boundaries and ZVS conditions yet remains
focused on the CLLC structure.

Our methodology combines state-plane decoupling with Fou-
rier series expansion, facilitating simultaneous time-domain tra-
jectory acquisition and harmonic amplitude/phase extraction.
This dual approach enables accurate determination of switch
turn-OFF currents and ZVS ranges, suitable for comprehensive
IPT system analysis across various loads and frequencies.

B. Method Accuracy

Compared to conventional FHA methods [10], existing tech-
niques improve prediction accuracy but still face challenges
with light-load distortion or significant harmonics. Works [22],
[23] achieve high-experimental accuracy through detailed piece-
wise time-domain derivations for specific conditions.

Our SPA with Fourier decomposition allows precise determi-
nation of harmonic currents/voltages’ amplitude and phase,
maintaining high accuracy across diverse operating conditions
and predicting switching current waveforms and ZVS ranges,
validated by experimental results.

C. Method Expandability

While Mohamed et al. [10] focus on EV WPT systems with
fixed topologies, the authors [21], [22], [23] investigate CLLC
converters requiring modifications for different compensation
structures.

Our proposed method can be universally applied as long as
the coupling matrix is diagonalizable. Thus, the original coupled

network can be decomposed into multiple SRC equivalent sub-
networks. This characteristic enables analysis of various IPT
scenarios, including SS/SP/PS/LCC compensation.

D. Method Complexity

Time-domain methods [22], [23] are accurate but involve
extensive piecewise differential equations. Decoupling transfor-
mations [21] simplify CLLC analysis but use complex decou-
pling methods. Our method constructs a system matrix that,
after linear transformation and decoupling, uses state-plane
descriptions with Fourier series expansion to obtain harmonic
parameters and switching conditions without additional piece-
wise integration, offering more compact and intuitive formulas.

In summary, the proposed method combines high-modeling
accuracy and harmonic analysis capability with enhanced gener-
ality and reduced analytical complexity. The experimental
results in Section V validate its effectiveness and precision. This
approach offers a unified, efficient framework for modeling,
analyzing, and optimizing design across a broad spectrum of
IPT system applications.

VIl. CONCLUSION

In this article, a novel state-plane-based frequency domain
method is proposed for SS-compensated IPT systems. Through
a series of matrix calculations, the coupled current on the TX
and RX sides are decoupled into two independent components.
Two decoupled equivalent circuits and corresponding state
planes are established. The amplitude and phase information of
each harmonics is obtained by the Fourier series expansion of
current. The ZVS range is analyzed quantitatively. The effi-
ciency is improved by optimizing the parameter design to
reduce the rms values while ensuring ZVS is achieved. A
400 W-rated prototype is designed to verify its effectiveness and
feasibility. The peak efficiency is measured as 95.61%. All
switches achieve ZVS turn-ON at the full load range.
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