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Dynamic Modeling Methodologies for
Inductive Power Transfer Systems:
A Comparative Review
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Abstract—Inductive power transfer (IPT) systems feature
dynamic behaviors due to high-quality-factor resonant tanks,
nonlinear rectifier behavior, and both fast switching and
slow envelope dynamics, making accurate dynamic model-
ing challenging. Although numerous modeling techniques
have been proposed, their dynamic characteristics, applica-
bility, and limitations have not been systematically com-
pared. To bridge this gap, this paper presents a unified
benchmark comparison of three representative dynamic
modeling approaches for series—series compensated IPT
systems: the Extended Describing Function (EDF), General-
ized State-Space Averaging (GSSA), and Rotating Reference
Frame (RRF) models. Moving beyond a conventional narra-
tive review, this study establishes clear evaluation metrics—
including transient response accuracy, settling-time predic-
tion, stability margins, and structural complexity—to deliver
a definitive model-selection guidance for control-oriented
IPT analysis. The detailed quantitative evaluation is confined
to the SS-IPT topology, which serves as a representative res-
onant structure for fundamental-frequency modeling. Within
this framework, the models are compared in terms of tran-
sient response accuracy, settling-time prediction, structural
complexity, and cross-coupling behavior, with particular
emphasis on their applicability under load, frequency, and
coupling variations. Furthermore, simulation-based compari-
sons are performed to assess their dynamic fidelity, includ-
ing the critical effects of rectifier-capacitor dynamics on
envelope tracking. The results highlight the mathematical
and computational trade-offs among the three modeling
techniques, establishing a unified benchmarking framework
that provides systematic guidance for selecting an appropri-
ate model according to the required level of fidelity and appli-
cation needs.

Index Terms—Inductive power transfer system, dynamic
modeling, extended describing function, generalized state-
space averaging, rotating reference frame.
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[. INTRODUCTION

NDUCTIVE power transfer (IPT) systems have gained

increasing prominence in applications such as consumer
electronics, industrial and electric transportation systems due to
their electrical isolation, mechanical robustness, and conve-
nience [1], [2], [3], [4], [5], [6], [7]. Unlike wired converters,
IPT systems rely on magnetically coupled resonant tanks whose
characteristics are strongly influenced by mutual inductance,
coil alignment, load conditions, and operating frequency. Such
dependencies introduce dynamic behaviors that cannot be cap-
tured by steady-state analysis alone. As a result, transient
responses become especially important as IPT systems advance
toward high-power and safety-critical domains, where undesir-
able dynamic excursions may cause voltage overshoot, current
stress, or loss of soft switching [8], [9], [10]. Consequently,
dynamic-domain modeling has become an essential tool for
ensuring stable and predictable operation under practical operat-
ing conditions.

Historically, research on IPT systems has primarily focused
on hardware-level enhancements—such as compensation-
network topologies, magnetic-coupling improvement, and coil
design optimization—to increase efficiency and widen the oper-
ating range (2], [11], [12], [13], [14]. Although these develop-
ments have significantly advanced performance under steady-
state conditions, they provide limited insight into the transient
phenomena that arise during rapid variations in coupling, load,
or excitation.

Correspondingly, the modeling of IPT systems has evolved
from steady-state phasor-domain representations to increasingly
dynamic and control-oriented frameworks. Early phasor-based
models facilitated efficient evaluation of power-transfer charac-
teristics and compensation behavior but were unable to describe
large-signal or switching-induced transients [15], [16], [17],
[18]. To improve fidelity beyond steady-state representations,
time-domain differential-equation models were introduced to
capture the full dynamics of the coupled resonant tanks [19],
[20], [21]. However, directly simulating these switching-
waveform—based models incurs substantial computational bur-
den, limiting their practicality for analysis and control design.

To mitigate this challenge, the Extended Describing Function
(EDF) method was later employed to approximate the nonlinear
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inverter switching action in the harmonic domain, thereby
retaining essential switching effects while yielding a more trac-
table dynamic model for resonant systems [22], [23], [24], [25],
[26], [27]. However, EDF models retain substantial structural
complexity, which makes analytical manipulation and control-
oriented simplification challenging. This motivated the develop-
ment of reduced-order techniques such as generalized state-
space averaging (GSSA), which incorporate switching effects
through harmonic balancing and averaging to produce a simpler
representation of the resonant dynamics [28], [29], [30], [31],
[32], [33], [34]. Nevertheless, GSSA remains in the stationary
reference frame, so the carrier-frequency—induced cross-cou-
pling inherent to sinusoidal basis functions persists. To address
this limitation, rotating-reference-frame (RRF) models were
introduced to eliminate these frequency-dependent coupling
terms and yield low-frequency equivalents more suitable for
control-oriented analysis [35], [36], [37], [38], [39], [40]. Col-
lectively, these developments reflect the field’s transition from
steady-state, circuit-centric approaches toward dynamic,
frequency-aware modeling techniques capable of describing the
increasingly demanding transient behavior of modern IPT
systems.

Beyond these physics-based modeling approaches, recent
work has explored artificial intelligence and neural-
network—based system identification for IPT systems, wherein
nonlinear dynamics are learned directly from data rather than
derived from analytical circuit formulations [41], [42], [43],
[44]. Such data-driven models—including feedforward architec-
tures and recurrent networks—have demonstrated potential in
capturing switching nonlinearities, frequency-dependent cou-
pling effects, and misalignment-induced parameter variations.
More recently, hybrid and physics-informed learning frame-
works have been proposed to incorporate physical constraints
into data-driven architectures, suggesting promising directions
for integrating analytical structure with learning-based methods.
However, because these approaches rely on algorithmic training
rather than first-principles derivation and remain at a relatively
early stage with limited analytical interpretability, they fall out-
side the scope of this review, which focuses instead on estab-
lished analytical modeling approaches that explicitly describe
resonant dynamics through circuit-derived formulations.

Despite significant analytical developments, the dynamic
behavior of IPT systems—and the modeling frameworks used
to analyze them—has not been comprehensively compared in
existing review papers [45], [46], [47], [48], [49]. To address
these limitations, this paper presents a unified benchmark study
of the EDF, GSSA, and RRF methodologies for SS-IPT sys-
tems, tracing their evolutionary trajectory from steady-state
approximations to full dynamic models. Each approach is rigor-
ously evaluated based on transient accuracy, settling-time pre-
diction, structural complexity, and cross-coupling behavior,
providing  systematic, control-oriented = model-selection
guidance.

The remainder of this paper is organized as follows. Section II
presents unified derivations and formulation principles for the
EDF, GSSA, and RRF dynamic models. Section Il presents a
comprehensive comparison of the three models, including their

IS+

-— -
Rex iy iy

RT’X ]:

Fig. 1. Anequivalent circuit of series-series tuned IPT system.

transient and steady-state accuracy, dynamic fidelity, structural
complexity, generality under varying operating conditions, and
applicability for control-oriented analysis. Section [V summa-
rizes the key insights and outlines potential directions for future
research.

II. UNIFIED DYNAMIC MODELING OF SS-IPT SYSTEMS

This section introduces the EDF, GSSA, and RRF models of
the SS-IPT system. Fig. | illustrates the equivalent circuit of the
SS-IPT system. The full-bridge inverter converts the DC voltage
into a high-frequency AC voltage, driving a high-frequency cur-
rent through the transmitter coil. This induces a voltage in the
magnetically coupled receiver coil, which generates a high-
frequency AC current according to the load, and the rectifier
converts it into a DC output supplied to the load. Although the
inverter output voltage is a square waveform, all three models
assume high-quality-factor resonant tanks, allowing the applica-
tion of the fundamental harmonic approximation (FHA). Under
this assumption, only the first harmonic component of the
inverter output voltage is considered, while all higher-order har-
monics are neglected. The inverter is assumed to operate as a
full-bridge converter under duty-ratio modulation, generating a
three-level square-wave voltage v, (f) as shown in Fig. 3. The
duty ratio D determines the effective pulse width within each
switching period. Under the FHA, only the first harmonic com-
ponent of this square waveform is retained, whose amplitude is
given by 4Vpcsin(nD)/ as expressed in (1).

4Vpe

sin(nD) sin(wot) (1)

Vix,1 (t) ==

where Vp¢ denotes the DC-link voltage of the inverter and wg
represents the operating frequency.

To clarify the mathematical notations used in the subsequent
sections, the subscripts for the state variables in each dynamic
model are defined based on their respective orthogonal compo-
nents. Specifically, subscripts ‘s’ and ‘c’ denote the sine and
cosine components in the EDF model, ‘t’ and ‘i’ represent the
real and imaginary parts in the GSSA model, and ‘d’ and ‘q’
correspond to the d- and g-axis variables in the RRF model.

A. Extended Describing Function (EDF)

EDF modeling uses harmonic-balance-based fundamental
approximation to replace the nonlinear switching behavior with
an equivalent fundamental-frequency representation, enabling
large-signal and small-signal dynamic modeling with high fidel-
ity. Z. U. Zahid presented the modeling procedure for the EDF
model of the SS-IPT system [22]. However, the referenced
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tVetx = Ly — M

Lix—M + Verx —

T-equivalent model of the series-series tuned IPT system.

/ Utx(t) ( )
Ppesilih
Vbe ] - tx,1 o7
- \\ 5 /
t
_VDC o \/

Inverter output voltage and fundamental waveform.

15 work does not incorporate the transmitter and receiver winding
186 resistances R;, and R,,. In this study, these winding resistances
187 are explicitly included not only to improve the model accuracy
188 but also to ensure a consistent basis for comparison with the
189 other dynamic modeling approaches. Fig. shows the
190 T-equivalent model; the transformer turns ratio is 1:1. vy
191 denotes the fundamental component of the receiver coil voltage
192 obtained by applying the FHA, and i,.. represents the rectified
103 current after the full-wave rectifier. By applying Kirchhoff’s
194 voltage law (KVL) to the transmitter and receiver coils in the
195 circuit of Fig. 2, the following equations can be derived.

di . diy

Vix = Verr + th 7? + Rtxltx -M d;\ (2)
di . di

Vix = Verx + er?;x + Rrxlrx » M?;X (3)

196 The differential equations for i, and i,, can be derived using
197 (2)—(3) and are expressed as follows.

dipe Ly M
E = X [Vtx - Vclx] + K [er - Vcrx}
L, . M .
- XRtxltx * ZRrxlrx (4)
dip, Ly
dt = X [er - Vcrx] + X [vfx - Vctx}
L, . .
- _thxlr‘x - _Rlxltx (5)

A A

198 where A represents the coupling condition; (A > 0) ensures the
199 magnetic energy of the system remains positive. A is defined as
200 Ly L. — M?. In these equations, the first and second terms rep-
201 resent the voltages across the coils and tuning capacitors, while
202 the third and fourth terms correspond to the voltage drops
203 caused by the coil winding resistances. By applying Kirchh-
204 off’s current law (KCL) to the rectifier equivalent circuit in
20s Fig. 2, the expressions for the rectifier capacitor voltage and the
206 output voltage can be derived as follows.

R\ dVy Vi
Lee=Cr(1+2L -
“ f( +RL> i R,

(6)

Ry
RL+R;

Ver (N
where V,; denotes the voltage across the rectifier capacitor. Ry
denotes the equivalent series resistance (ESR) of the rectifier
output capacitor Cy. It is introduced to provide a more refined
representation of the capacitor dynamics; however, it is not
essential to the fundamental modeling framework and may be
neglected without affecting the core formulation. R;, represents
the equivalent load resistance. /,.. denotes the rectifier output
current, and V, represents the output voltage. Since all AC vol-
tages and currents in the SS-IPT system are assumed to contain
only the fundamental components, they can be generally
expressed as the sum of sine and cosine terms through Fourier
series expansion. However, by assuming the input voltage v, |
as the reference for all voltage and current components, it can
be represented as having only a sine component, as expressed
in (1). Due to the rectifier operation, the receiver coil voltage
becomes +V, when i,, is positive and —V,, when i, is negative.
Assuming R. < Ry, such that the voltage drop caused by the
rectifier capacitor ESR is negligible, v,, can be expressed
through Fourier expansion as given in (8). Since the v,, has a
phase difference with the input voltage v, it contains both sine
and cosine terms.

v =t Y i sin(wof) + inecos(@of)]

s i2 i2
Lixs + Lixe

®

It should be noted that the subscripts ‘s’ and ‘c’ denote the sine
and cosine terms of the time-varying envelope, respectively.
These variables characterize the dynamic response of the current
by capturing the slow modulation of its amplitude and phase.
The expression written as the sum of sine and cosine terms con-
stitutes the standard state equation of the EDF model. Similarly,
by decomposing the voltages and currents of the SS-IPT
system into their fundamental sine and cosine components
based on (1)—(8), the following dynamic equations can be
derived.

% _ % (Ve = Vetns) — % (Vixs + Verxs)
_% Rucines — %Rmim,s + i ©)
% = % (Ve = Verns) — % (Vixs + Verxs)

- %Rmiw - %Rrxiw + Wi (10)
%Z%"‘wovcmc an
dv:;"s = lgr; + WoVerxe (12)

o "

rX,s rx,c
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di L M
LZ:C = - f Vex,e — K (er,c + vcrx,c)
Ly . M. .
- XRtxltx,c - ZRrxlrx,c — W0ly,s (14)
di M L
(;;’C = A A Verxe — Alx (erc + Vcrxc)
M L . .
A —Rixipye — erxlrx,c — Wolyy,s (15)
AVere e
=== — WV 16
dt Cz); 0Verx,s ( )
dv i
;;X’C = g,c — WoVerx,s (17)
4 .
Ve = e Vg (18)
T + 2

rxs rx,c

233 where V, is defined as 4Vpc - sin(nD)/n. Using .. ~2/n

230 £/ 2 s +z%xc, the rectifier capacitor voltage V,r and the out-
240 put voltage V, can be expressed as follows:

A% 12 R
—F= R, Ve (19)
dt Cf an + Ry, ’ ’ Rf—|—RL
2 RR, p
=——r V, 20
an+RL rxs+rxc+R +R cf ( )

241 Equations (9)—(20) represent a dynamic model that accurately
242 tracks the voltage and current envelopes of the SS-IPT system,
243 enabling precise characterization of both transient and steady-
244 state response.
245 If the nonlinear terms are to be eliminated and the modeling
26 simplified, the full-wave rectifier as seen from the receiver coil
247 can be represented by an equivalent resistance. The load resis-
24 tance Ry in Fig. | and the equivalent resistance of the rectifier as
249 seen from the receiver coil can be expressed as (2 1).
8
RLeq = _ZRL (21)
T
250 With this assumption, the equivalent circuit of the SS-IPT
251 system can be expressed as shown in Fig. 4 [50]. In this case, the
252 expressions in (V), (10), (14), and (15) are modified as follows.

dipgs Ly M
== —= (Ve — Vers) — = Verns
di A (Ve Vo) =g Ve
Ly . M . .
- XRtxltx,s - K (Rrx + RLeq)lrx,s + Wolgx,c (22)
dips M Lix
== — (Ve — Verrs) — = Verxs
di A Ve Vams) =y Ve
M . Ly,
- KRtxllx,s - At (Rrx + RLeq)lrxs + Dol (23)

— M T Verx —

+ Vetx — th - M er

Fig. 4. T-equivalent model of the series-series tuned IPT system using
the rectifier equivalent circuit.

ditx,c _ er L gy . % v
dt A cix,c A crx,c
L, M . y
Ar Riyiee — X (Rrx + RLeq)lrx,(: — Woly,s (24)
dine _ M Ly
dt A Vetx,e A crx,c
M L .
— Ry — = (Rrx + RLeq)lrxc — Wolyy,s (25)
A A
Assuming an ideal full-wave rectifier and a sufficiently large recti-
fier capacitor, the output voltage V,, can be expressed as (26).
T /. .
Vo = ZRLeq l%x,x + l%x,c (26)

Therefore, the model can be simplified to an 8th-order system,
which is one order lower than the model that includes the recti-
fier dynamics. The EDF formulation is well suited for resonant
WPT systems, where power transfer is predominantly governed
by the fundamental harmonic due to the high-quality-factor of
the resonant tanks. Because higher-order harmonics are signifi-
cantly attenuated by the resonant network, retaining only the
dominant harmonic components enables EDF to accurately cap-
ture the essential energy-transfer dynamics.

B. Generalized State-Space Averaging (GSSA)

The key concept of the GSSA modeling technique is based on
the assumption that voltage and current variations within a switch-
ing period are negligible, enabling model simplification through
period averaging. Specifically, the GSSA method decomposes the
voltages and currents of the SS-IPT system into their fundamental
and harmonic components, averages out all higher-order harmon-
ics except the fundamental, and thereby derives a slow-time-scale
state-space model. The main difference between the EDF and
GSSA methods is that the EDF models the system’s fundamental-
frequency dynamics using harmonic envelopes, whereas the
GSSA represents the averaged behavior over a switching period
under the assumption of a high switching frequency. By averaging
out the harmonic components, a slow dynamic state-space model
is obtained in which high-frequency terms are eliminated, thereby
achieving an effect equivalent to that of applying the FHA, similar
to the EDF method.

The full-wave rectifier, as seen from the receiver coil, is rep-
resented by an equivalent resistance as shown in Fig. 4. All vol-
tages and currents in the SS-IPT system can be expressed in the
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284 form of a Fourier series as follows. dip; 1[v, . )
00 - dt = - L_tx 7 + Rtxltx,[ + Verx,i — wOerx,r
x(t) = Y Xy(t)e"™ (27)
n=-00 — o, (36)
255 where x(¢) represents the actual state variable in the time dv
286 domain, and the index n indicates the harmonic order. X, (¢) CZX’V = C—itx,r + D Veri (37)
287 denotes the complex coefficient of the n-th Fourier series term o
233 obtained by expanding x(z) in the frequency domain, corre- dvei 1,
289 sponding to the envelope of the state variable. By differentiating dr C_,xltx’i — WoVerer (38)
200 (27), the expression in (28) can be obtained, which represents
2091 the form of the differential equation. d";rx,r == ey + DoVersi (39)
de S (dX, . o
—=) <— + anoxn> et (28) ’
d — dt dvcrx,l 1 .
=—00 dr = C_rxlrx,i — WoVerx,r (40)
292 Building on this representation, the GSSA framework proceeds
203 by extracting the slowly varying envelopes X, (¢) through a pro- dine, 1 , ,
204 jection of (28) onto the corresponding harmonic subspaces. This L, [@oMigi + Verer & (Rre + Ruegirr]
295 projection is performed using the generalized averaging operator
206 shown in (29). + @0l (41)
1 To ; dinxi 1 . .
<x(t)>k = T()/ x(t)e_fk“"”dt 29) dl, — L—rx [(UOMltx,r — Verxi — (Rrx + RLeq)lrx,i]
0
297 This operator isolates the k-th harmonic component by exploit- — 00l r (42)

208 ing the orthogonality of the exponential basis functions over one
299 switching period. Applying this operator to (28) filters out all
300 but the k-th harmonic term, yielding the standard GSSA state

301 equation in (30).
dx dX,
<—> = L jkanX, (30)
k

dt dt
302 It should be noted that X(¢) and X (¢) represent the DC compo-
303 nent and the complex amplitude of the fundamental component,
s respectively, while higher-order harmonics are neglected due to
305 their minimal contribution to the low-frequency dynamics. There-
306 fore, the complex coefficients of the fundamental components of
307 the currents and voltages in Fig. 4 can be defined as follows.

Do = Gy +Jini (1)
L= iryr +Jipi (32)
Ve = Ve +JVerni (33)
Vere =Verxr +Veri (34)

308 I, and /.. denote the fundamental complex coefficients of the
300 transmitter and receiver coil currents, respectively. Vi, and V.
310 represent the fundamental complex coefficients of the tuning
311 capacitor voltages in the transmitter and receiver coils, respec-
312 tively. The subscript ‘7’ and ‘i’ denote the real and imaginary
313 coefficient of the time-varying envelope, respectively. By apply-
314 ing KVL to the equivalent circuit in Fig. 4 and separating the
315 real and imaginary parts using (31)—(34), the GSSA model of
316 the SS-IPT system can be obtained as follows.
digr 1

- [Rtxitx,r + Vetx,r + wOMirx,i] + wOitx,i

35
dt L, (3

In the GSSA model, each state variable corresponds to a
dynamic phasor rather than an instantaneous waveform. There-
fore, to obtain the continuous-time envelope representing the
peak value of the fundamental component, the following recon-
struction equation is used.

_ _ /12 2
Xk,peak = 2|Xk| =2 'xk,r + xk,i

C. Rotational Reference Frame (RRF)

(43)

The dq RRF modeling approach represents IPT systems in a

synchronous RRF aligned with the fundamental excitation. By :
transforming the time-domain voltages and currents into orthog- 3

onal d- and g-axis components, the RRF model converts sinusoi-
dal state variables into slowly varying or nearly DC state
waveforms. Unlike GSSA approaches, the RRF model does not
rely on averaging-based simplifications. Instead, it preserves the
original system dynamics and represents them in an RRF, yield-
ing a full-order model that captures the mutual and cross-

coupled interactions of the resonant tanks without modifying the :

underlying differential equations.
S. Lee detailed the design procedure of the RRF model for
the SS-IPT system [35]. The dq transformation of a three-phase

system into the RRF is performed by first converting the three- :
phase state variables into two-phase signals in a stationary refer- s

ence frame (SRF) with a 90° phase difference using the Clarke
transformation and then applying the Park transformation to
obtain the RRF signals. However, because the IPT system in
Fig. | is a single-phase system, the dq transformation used in
three-phase systems cannot be directly applied. To achieve this,
virtual signals with a 90° phase shift relative to the actual
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344 waveforms are artificially generated, producing an effect equiv-
345 alent to the Clarke transformation in a three-phase system. This
346 process yields a two-phase representation of the SS-IPT system
347 in the SRF. By removing the time-varying rotational compo-
a3 nent, all voltages and currents of the SS-IPT system can be rep-
340 resented in the RRF.

350 The voltages and currents in Fig. 4 can be expressed as
351 (44)—(46). These are the actual voltages and currents applied to
352 the circuit, and they are defined as the d-axis components.

Viea = Ve cos(mot) (44)
bpeg = Iix cos(wot — ) (45)
fyea = e cos(wot — &,,) (46)

353 The subscript ‘d’ and ‘g’ represent the d- and g-axis components
354 of the state variables. The superscript ‘s’ indicates that the vari-
355 able is expressed in the SRF. The virtual voltage and current sig-
356 nals with a 90° phase shift can be expressed as follows, and
357 these are defined as the g-axis components.

Vi g =Ve sin(wot) A7
ing = lusin(wot — ¢y,) (48)
iix,q = I sin(wot — ¢,,) (49)

358 By multiplying (48)—(51) by the unit imaginary number j and
350 applying Euler’s formula together with (52), the voltage equa-
360 tions of the SS-IPT system in the SRF can be expressed as (50)
361 and (51). The superscript ‘e’ indicates that the variable is
362 expressed in the RRF. By multiplying (50) and (51) by e 7' to
363 eliminate the time-varying rotational component, the SS-IPT
364 System voltage equations in the RRF can be obtained as (52) and
365 (53). The subscript ‘dg’ denotes the complex form composed of
366 the d- and g-axis components (e.g., Iy, ,, = Ii, 4 + 17, )

1 )dlgdq

V e/(uot e
wiCy) dt

Rulf, gy + (L +

(50)

1 .
j Ly—— I MI¢ ol
4 (wo "W Clx) wdq —JOOMIy g 1

ohtrt, 0 = | (Lot L\ Dosts g e
-] 0 1 dg * (Uocrx dt X“rx,dg
. 1 e e/'wgt
i @oLee = o [+ Rillay
(5D
1 dr;, g

. 1 ¢
+j ((}JOLm — M) Itx,dq ]CO()MI’,X dq‘| (52)

]cquItx dq =

1 dlfx ,dg
(1 ) T

. 1 e

By separating the real and imaginary parts of the voltages and 367
currents, the differential equations for the d-axis and q-axis cur- 363

rents can be derived as follows. 369
Ba _ L1y R +{ oL L Ve
e X w x A~ ‘
dt L’ el 0 0 Cye )
—woMI?, q] 54
dry, | 1 .
dt L’ Rnl,x q oLy — m I,x d
+w0MIfx’ d] (55)
dlfx d 1 e
dl L/ Cl)()MI ( rx + RL‘-"I)Irx,d
1 e
{0k = =) g (56)
dlf g 1 e
dt L/ CO()MI (R"x + RL&"])Irx .q
1 (4
— | woLx — OCrx I, 57
where L) and L represent L, +1/ (w% Ctx) and 370

Ly+1/ (w(z)Crx), respectively. Assuming zero initial condi- 371
tions for all states and applying the Laplace transform, 37
Laplace-domain models for the d-axis and g-axis currents 373
can be obtained as shown in (58)—(61). 374

1 [ 1
r,=—-—-:1, woLy ——— | I¢
1x,d SL;X 4 Rtx I e + < 051x wOClx) x,q

—awoMI,,, (58)
I L _ L, ! I
= ——— —_ w —_——
t,q s L;x + Rtx I 0Ltx o Ctx ,d
+ooMIC,, (59)
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~

1 1
,=— | wly——— I
md SL/rx + Rrx + RLeq |:( 0% wOCrx) red

7600M ¢

tx,q

(60)

1 1
fr =— |- L ———|I¢
x,q SL/rx+Rrx +RLeq l: <CL)0 x wOCrx) rx,q

376

+woMIfx,d] 61)
In the RRF model, the tuning capacitors are transformed into
equivalent inductors with inductances of 1/(wjCy) and
9 1/(w3C,,) during the modeling process. Consequently, the
380 capacitor states cannot remain as independent state variables in
the RRF.

In single-phase IPT systems, the quadrature component
383 required for dq transformation is not physically available and
334 must therefore be synthetically generated. In practical imple-
mentations, this can be achieved using digital phase-shifting
386 techniques applied to the sampled waveform, producing a 90°
337 phase-shifted virtual signal. The RRF formulation assumes a
388 known operating frequency for the synchronous transformation.
339 When frequency control is employed, the transformation can be
390 updated according to the instantaneous inverter operating fre-
391 quency, ensuring synchronization between the rotating reference
392 frame and the system dynamics.

33 The RRF formulation is derived under the FHA and assumes
304 dominance of the fundamental component. Because the RRF
model represents the system in terms of fundamental phasor
quantities in a synchronous reference frame and eliminates
7 oscillatory carrier components, its accuracy may degrade under
s operating conditions where higher-order harmonics become sig-
nificant, such as hard-switching operation or severe waveform
400 distortion.

401 It should be noted that this limitation originates from the fun-
402 damental harmonic approximation itself. Accordingly, all three
3 modeling approaches rely on the FHA and sufficiently high-
quality-factor operation to ensure dominance of the fundamental
component. Their accuracy may be affected under conditions
such as significant detuning from resonance, low-quality-factor
behavior with increased harmonic distortion, or rapid parameter
variations relative to the envelope dynamics.
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409 [ll. STRUCTURAL COMPARISON OF DYNAMIC MODELS

410 The previous section presented the modeling procedures of
41t the SS-IPT system based on the EDF, GSSA, and RRF
412 approaches and derived their corresponding dynamic models.
413 This section provides a comparative analysis of these three
414 modeling frameworks. The structural comparisons are derived
415 from the SS-IPT topology considered in this study. While the
416 qualitative insights regarding modeling trade-offs may extend to
417 other resonant compensation networks under similar fundamen-
418 tal harmonic assumptions, the quantitative results are specific to
419 the SS configuration analyzed here. Although EDF, GSSA, and
420 RRF are derived using different mathematical formulations, the

TABLE |
RRF MODEL OF THE PASSIVE COMPONENTS

Component Model d-axis g-axis
LI wLI§,
Vol iy o1 N KT 9
oltage _NVV\_®_ _m_@
source + vy Y- + vy -
Inductor |16 Vi
+ +
1 %47 1 %41
rren e —— ___ YaL e L 1 V&
CSSurecet Vi = o ol Vab = 71 wl
1l 1 ’”‘—2
e — e —
Voltage la¢ wr¢ o« lic wzc %
source O
+ Vic - + quC -
Capacitor Vise Vg
+ +
Current V= ¢ |/
source _ wCVe _ wCVie
Igr R IR R
. —_—
Resistor —=AAN— —\\N—
+ Vi — + Vi —

comparison is conducted based on a unified SS-IPT equivalent
circuit, identical system parameters, and consistent rectifier
approximations to ensure a fair evaluation framework.

A. Generality

IPT systems incorporate a variety of compensation structures,
including the series—series (SS) topology as well as series—parallel
(SP), parallel-series (PS), LCCL-S, and LCL-LCL configura-
tions. Therefore, it is important to have a modeling approach that
is applicable to a wide range of resonant topologies under the fun-
damental harmonic assumption. Because the EDF, GSSA, and
RRF models are all formulated directly from the voltage equations
of the inductors and capacitors, they can be readily applied to any
converter system in which the FHA is valid. In other words, these
modeling approaches are applicable not only to unidirectional IPT
systems but also to resonant converters and bidirectional IPT sys-
tems in which higher-order harmonics are not dominant relative to
the fundamental component.

As the number of capacitors and inductors in the resonant net-
work increases, the overall system order becomes higher,
thereby increasing the mathematical complexity of the model.
To simplify the modeling process, S. Lee generalized the RRF
formulation by decomposing the system into passive
component-level submodels as shown in Table I [51]. In this
table, the voltage-source and current-source forms of the RRF
models are expressed as dependent voltage and current sources,
respectively. The two forms are equivalent and can be corre-
sponding passive-component RRF models listed in Table I, the
d- and g-axis RRF models of the IPT system can be converted
into each other using standard source transformation. By
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replacing the inductors and capacitors in the circuit with the sys-
tematically constructed. This modular formulation enables
straightforward extension of the RRF modeling approach to a
wide range of resonant IPT topologies.

B. Block Diagram

A block-diagram representation provides an intuitive visuali-
zation of the model structure and the mutual interactions
between the state variables. Fig. 4 illustrates the block diagrams
of the SS-IPT system derived from the EDF, GSSA, and RRF
models. In all three cases, the mutual inductance M is explicitly
retained and appears as a mutual-coupled path between the
transmitter and receiver resonant tanks, reflecting the underlying
electromagnetic interaction.

However, in both the EDF and GSSA models, the cross-
coupling terms explicitly appear as constant gains of *wj. This
occurs because these models remain in the SRF, where the reso-
nant states are represented using sinusoidal basis functions.
Although the transformation separates the resonant tank dynam-
ics into orthogonal components, it does not remove the underly-
ing carrier. Consequently, the time-derivative operators
inherently generate wg-scaled coupling terms.

In contrast, the RRF model eliminates the explicit wg cou-
pling through a synchronous transformation into the rotating
dg-frame. As a result, the sinusoidal carrier is completely
removed, and the stored energy transfer between the d- and
g-axes is governed not by basis-function derivatives but by the
net reactive impedance imbalance of the resonant tanks. When
the system is perfectly tuned for both the transmitter and
receiver (i.e., WLy = 1/(woCy) and wyL,, = 1/(00C,y)), the
d- and g-axes become fully decoupled. Under this condition, the
RRF model clearly reveals that the dominant power transfer
occurs through the d-axis transmitter to g-axis receiver.

C. Control-Oriented Interpretati

From a control-design standpoint, the block diagrams of all
three models clearly highlight the feedback and feedforward
pathways, making them applicable for controller development.
The EDF model, however, represents the full system dynamics
directly in the time domain and therefore exhibits the highest
structural complexity. This makes EDF particularly suitable for
detailed time-domain simulation rather than analytical controller
synthesis.

The GSSA model reduces the complexity through an averag-
ing process, yet its block diagram still preserves the separated
capacitor and inductor dynamics within the SRF. Consequently,
the plant remains cross-coupled, and its control-design complex-
ity is still relatively high.

In contrast, the RRF model leverages the RRF transformation,
in which the capacitive dynamics are not removed but are
absorbed into the modified inductive terms of the plant and into
the net reactive impedance that governs cross-axis coupling. As
a result, this model yields the simplest block-diagram represen-
tation among the three approaches, where the plant effectively
behaves as a series LR circuit in steady-state operation. There-
fore, from a structural and representation standpoint, the RRF

TABLE I
CIRCUIT PARAMETERS OF THE SS-IPT SYSTEM

Parameter Value Parameter Value
Operating frequency 85 kHz Ly, 45 uH
VDC 210 V Crx 90 nF
L, 34 uH R, 64 mQ
Cue 126 nF Cr 50 uF
Ry« 66 mQ Ry 1 mQ

k 0.2 Rr (Rieg) 403240

model offers advantages for controller-oriented analysis by
eliminating oscillatory carrier dynamics and reducing the system
to a lower-order real-axis plant. However, the present study
does not include explicit controller implementation or robust-
ness analysis, and the suitability assessment is based on struc-
tural characteristics rather than closed-loop performance
validation.

It should be noted that the apparent reduction in model order
observed in the RRF formulation results from the absorption of
capacitor dynamics into modified inductive terms through the
synchronous reference-frame transformation. In contrast, EDF
and GSSA retain explicit capacitor state variables in the station-
ary reference frame. Therefore, the relative simplicity of the
RRF model from a control-design perspective does not arise
from the removal of physical dynamics, but rather from differ-
ences in state representation. In other words, the control-
oriented structural simplicity stems from the level of modeling
abstraction rather than a reduction in underlying system
dynamics.

Under detuned operation, the predictive fidelity of all three
models may be affected as the dominance of the fundamental
component weakens and higher-order harmonic effects become
more pronounced. In the EDF and GSSA formulations, this may
manifest as increased envelope deviation due to reduced validity
of the fundamental harmonic approximation. In the RRF formu-
lation, detuning additionally increases the reactive imbalance
term, leading to stronger cross-axis coupling and reduced struc-
tural decoupling. Thus, while all models remain structurally
valid, both their transient envelope accuracy and control-
oriented simplicity may diminish as the system deviates from
resonance.

IV. SIMULATION-BASED PERFORMANCE EVALUATION
In this section, the performance of the EDF, GSSA, and RRF

models is compared using PLECS simulations. The circuit s

parameters of the SS-IPT system used in the simulations are
listed in Table II. To ensure a fair baseline for comparing the
numerical fidelity of the EDF, GSSA, and RRF methodologies,
the system parameters are selected to represent typical high-

efficiency operating conditions. The circuit design criteria focus s

on high-quality-factor resonant tanks operating under near-zero-
voltage-switching conditions with a slight detuning margin. A
simulation model was constructed based on the equations of the
three models presented in Section II and the block diagrams
shown in Fig. 5.
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s48 D. Full-Wave Rectifier Resistive Approximatio

s49  When the rectifier is approximated as a purely resistive load,
sso the dynamic behavior of the DC-link cannot be accurately repre-
ss1 sented. Such a resistive approximation neglects the nonlinear
2 switching behavior of the rectifier, the conduction interval of the
ss3 diodes, and the charging and discharging overshoot, and the var-
4 iation of the rectifier input impedance under load and coupling
sss changes—are not captured. To address these modeling needs, a
ss6 two-step analysis is employed. First, the EDF model is validated
557 against switching simulations to capture high-fidelity rectifier
sss dynamics. Second, a full-wave resistive rectifier approximation
559 is adopted as a common baseline to ensure a consistent compari-
seo son of the EDF, GSSA, and RRF models, focusing strictly on
se1 their dynamic tracking capabilities.

Regarding the second step, using the FHA for the rectifier
s63 input while explicitly modeling the rectifier capacitor Cr and its
s+ ESR Ry in Fig. | provides a more balanced representation.
ses Although the square-wave nature of the rectifier input voltage is
s66 simplified to a sinusoid through the FHA, the inclusion of Cy
sz and Ry preserves the essential energy-storage and damping
ses dynamics of the DC-link. This approach significantly improves
seo transient fidelity while maintaining a tractable model structure,
s70 making it highly suitable for dynamic performance prediction.
snt Fig. 6 shows the full receiver-current dynamics of the SS-IPT
s72 system along with the envelope predicted by the EDF model
573 when the load resistance R; is changed from 12 Q to 4 Q. The
s74 EDF model is constructed using (9)—(18), where the rectifier
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Block diagrams of the SS-IPT system: (a) EDF, (b) GSSA, and (c) RRF models.
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Fig. 6. Dynamic responses of the receiver current and the EDF model

envelope under a load change from 12 Q to 4 Q.
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Fig. 7. Comparison of EDF-model envelopes obtained with rectifier-
capacitor modeling and with a resistive rectifier approximation.

capacitor Cy is incorporated. It should be noted that the EDF
model incorporating the rectifier-capacitor dynamics closely
tracks the nonlinear envelope response of the SS-IPT system,
indicating that the dominant nonlinear effects introduced by the
rectifier are well approximated.
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Fig. 8. Transient response of the receiver current envelopes of the EDF,

GSSA, and RRF models under a step change in R;¢, from 9.72 Q to 3.24
Q: (a) Full dynamics; (b), (c) zoomed-in transient response; (d) pre-
transition steady state; (e) post-transition steady state.

Fig. 7 compares the receiver-current envelope predicted by
the EDF model when the rectifier is approximated as an equiva-
lent resistance with the envelopes obtained when the rectifier
capacitor Cy is explicitly included. The equivalent load resis-
tance Ry, is changed from 9.72 Q to 3.24 Q, corresponding to a
load change from 12 Q to 4 Q according to (21). The blue line
represents the receiver current of the SS-IPT system, while the
orange line shows the EDF envelope under the resistive rectifier
approximation. The yellow, purple, green, and cyan lines corre-
spond to the EDF envelopes obtained with Cr =1 uF, 50 uF,
100 uF, and 200 uF, respectively.

It can be observed that the steady-state envelope values
remain identical regardless of whether the rectifier capacitor is
included. However, as Cr increases, the transient response
becomes slower, leading to increased settling-time deviation
between the actual rectifier-capacitor system and the resistive
approximation. This result highlights the influence of the
rectifier-capacitor dynamics on transient behavior and clarifies
the limitations of the equivalent resistive approximation.

Having established in Fig. 6 that the EDF formulation accu-
rately captures the nonlinear envelope behavior when the recti-
fier capacitor is included, Fig. 7 further examines the effect of
simplifying the rectifier to an equivalent resistance. This inter-
mediate analysis provides a basis for the subsequent cross-
model comparison, which is conducted under the resistive recti-
fier approximation to ensure a consistent evaluation framework.
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Fig. 9. Transient response of the receiver current envelopes of the EDF,

GSSA, and RRF models under a step change in k from 0.2 to 0.3: (a) Full
dynamics; (b), (c) zoomed-in transient response; (d) pre-transition steady
state; (e) post-transition steady state.

This analysis highlights the influence of rectifier representa-
tion on transient response. To ensure consistency in cross-model
comparison, the equivalent resistive approximation is uniformly
applied across all three modeling approaches. The inclusion of
rectifier-capacitor dynamics in the EDF formulation is therefore
presented as a complementary analysis to demonstrate its
extended modeling capability rather than to bias the comparative
evaluation.

E. Transient Response

The transient performance of the three models was evaluated
for the following two cases: when Ry, stepped from 9.72 Q to
3.24 Q, and when k stepped from 0.2 to 0.3. The inverter duty
cycle was fixed at 0.5. Fig. 8(a) shows the full transient dynam-
ics of the receiver current envelope for the three models under
the load-change condition, and Fig. &(b) and Fig. 8(c) present
the corresponding zoomed-in view. The blue line shows the
receiver current, while the orange, yellow, and purple lines rep-
resent the corresponding current envelopes predicted by the
EDF, GSSA, and RRF models, respectively.

Although all three models are derived under the same FHA
assumptions, a small 2w ripple is observed in the EDF and
GSSA models, whereas it is not observed in the RRF model.
This difference arises from the way each model represents the
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TABLE 1lI
COMPARISON OF DYNAMIC MODEL CHARACTERISTICS

Attribute EDF GSSA RRF
Model type Full dynamic model Averaged dynamic model Phasor-based dynamic model
Harmonic representation Fundamental only Fundamental only Fundamental only
Transient accuracy High Medium Low
Steady-state accuracy High High High
Dynamic mutual coupling Fully preserved Partially smoothed Replaced by steady-state coupling
2wy ripple in envelope Present Present Removed
Computational burden High Medium Low
Control-oriented suitability Medium High Very high
Intended use High-fidelity analysis Control-oriented dynamic analysis Control design and real-time implementation

629 fundamental waveform. In the EDF and GSSA models, the sys-  least accurate transient prediction among the three, especially 674
30 tem is formulated in the SRF, where the sinusoidal current is ~ when the transient interaction between the coils changes rapidly. 675
631 expressed using two orthogonal time-domain components (e.g.,

632 sine—cosine or cosine—sine pairs). When a sinusoidal waveform F. Steady-State Respons 676
633 1s represented using orthogonal time-domain components, the
634 representation inherently preserves the positive- and negative-
6.

Fig. 8(d) and 8(e) illustrate the steady-state responses before 677
. e and after the load transition, respectively. In both operating con- 78
s frequency spectral components that any real time-domain signal ditions, the EDF, GSSA. and RRF models converge to the same 679
636 contains. Consequently, these paired components emerge in the steady-state value, yielding deviations of 0.36% and 0.31% es
o7 onhogqnal state variables as 2 DC-like term e.md a small 29 from the actual receiver current amplitude. These discrepancies esi
638 oscillation, although the physical current contains only the fun- rimarily arise from the modeline of the inverter outout voltage
630 damental component. In contrast, the RRF model employs a P 3 & e P ge. o
. ’ . In the actual system, the transmitter coil is driven by a square- 6s3
640 phasor-based representation of the fundamental component, in wave uffge containing non-negligible harmonic components, sss
o ;vhwh onlty .the dp%s;tlve-frequerg:.y term Otf thef sinusoidal wave- whereas all analytical models employ the FHA, representing the ss
o orr? s retaine ’.bl e;corresgon. lngt }I: eg2a 1vet— requencE/ :ompo— inverter output solely by its fundamental component. Conse- ss6
643 nent— Tesponsivle 0T procucing e ~wo fef in siationary- quently, the deviation between the analytical predictions and the 63

frame representations—is removed during the modeling pro- . .
o P . & EP actual system depends on the harmonic content of the inverter oss
645 cess. As a result, the RRF state variables evolve smoothly with- . . . ..
output voltage and varies according to its spectral composition. 6s9

46 out t.h e 2y ripple observed in the EDF o@GSSA moggs. The Furthermore, when a rectifier is included in the system, addi- e
647 maximum envelope error rates of the EDF, GSSA, and RRF . . . .
tional harmonic components are introduced, which can further o1

s models during the transient were 0.247Rqgll 2gpand 7.31 7% influence the steady-state deviation depending on the rectifier oo

o respectively. topology and operating conditions 693
Fig. 9(a) sh he full transi ics of th i - . . ) )
00 ig. 9(a) shows the full transient dynamics of the receiver cur Fig. 9(d) and (e) illustrate the steady-state responses before 694

651 rent under a step change in k from 0.2 to 0.3, while Fig. “(b) and o . .
. . . . . . and after the k transition, respectively. The steady-state behavior eos
e6s2 Fig. 9(c) provide zoomed-in views. The transient behavior is . . . - _
is similar to that observed in the load-variation case. In both e

imil h S in the load- . The EDF . ..
652 stmilar {0 that 0b9§ryed \ 'V g s.tep casy ¢ and operating conditions, the EDF, GSSA, and RRF models con- 67
6s4 GSSA models exhibit a small 2wy ripple, whereas the RRF . R
verge to the same steady-state value, yielding deviations of s

655 model remains ripple-free. The maximum envelope error rates . .
e of the EDF, GSSA, and RRF models during the transient are 0.36% and 0.86% from the actual receiver current amplitude. 699

651 1.24%,2.19%, and 4.82%, respectively.

ess  Therefore, EDF provides the highest transient envelope accu-
659 racy under the examined load-step conditions because it pre- Table [11 summarizes the principal characteristics and perfor- 701
o0 serves the full fundamental-frequency envelope dynamics of the ~ mance of the EDF, GSSA, and RRF models. The EDF model 702
661 coupled system. As a result, EDF more accurately captures the — represents the full time-domain dynamics of the system, pre- 703
662 transient envelope behavior associated with rapid variations in  serving complete mutual-inductance coupling and providing the 704
663 coil currents, while steady-state predictions remain comparable  highest transient accuracy. However, this fidelity limits its suit- 705
664 across the three models. GSSA maintains the same structural  ability for control-oriented implementation. 706
665 form as EDF but applies a periodic averaging operation that par- The GSSA model uses an averaged dynamic formulation that 707
666 tially smooths the system dynamics. Although the overall cou- reduces high-frequency artifacts while preserving the dominant 70s
667 pling behavior is preserved, the averaging process attenuates fundamental dynamics. Consequently, it offers moderate tran- 700
668 certain fast transient components, leading to moderately lower  sient accuracy with substantially lower mathematical complex- 710
609 accuracy compared to EDF. In contrast, the RRF model relies ity. The GSSA model also maintains high steady-state accuracy, 711
670 on a phasor-based approximation that represents the system in  making it well suited for control-oriented dynamic analysis that 712
e71 terms of slowly varying fundamental components. This phasor  requires a balance between fidelity and efficiency. 713
672 formulation removes the dynamic cross-coupling introduced by The RRF model adopts a phasor-based dynamic representa- 714
673 the mutual inductance. Consequently, the RRF model offers the  tion that describes the system through slowly varying 7
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fundamental components. This formulation provides the highest
suitability for control design and real-time implementation.
However, the simplified treatment of dynamic mutual coupling
reduces its transient accuracy, even though its steady-state accu-
racy remains high.

From a computational standpoint, structural differences
among the models influence numerical efficiency. The EDF for-
mulation retains coupled envelope states and nonlinear interac-
tions, which may increase solver effort and reduce Jacobian
sparsity during transient simulation. The GSSA model benefits
from averaging, mitigating high-frequency effects and improv-
ing numerical conditioning. In contrast, the RRF model elimi-
nates explicit oscillatory carrier components, typically resulting
in a lower apparent model order and faster simulation. These
aspects may be relevant when computational constraints are
considered.

V. CONCLUSION

This review examined three representative dynamic modeling
approaches for series—series compensated IPT systems: the
EDF, GSSA, and RRF models. All three models were formu-
lated on a common FHA-based equivalent circuit, providing a
consistent basis for analyzing their dynamic characteristics and
the modeling assumptions embedded in each approach.

Based on this formulation, a comparative evaluation was per-
formed to assess their ability to represent the transient and
steady-state behaviors of the IPT system. The EDF model,
which retains the full time-domain dynamics, demonstrated the
highest transient envelope fidelity under the examined operating
conditions. The GSSA model preserved the dominant funda-
mental behavior through its averaged formulation and yielded
moderately accurate transient responses. The RRF model, for-
mulated in the synchronous reference frame, may facilitate
control-oriented analysis from a structural standpoint, although
it exhibits reduced transient envelope accuracy due to its
phasor-based simplification. Simulation results under load-
transition conditions confirmed these distinctions and showed
that the small steady-state deviations observed across all three
models originate from the FHA representation of the inverter
output and the omission of rectifier-induced harmonics rather
than from limitations of the modeling frameworks themselves.

Overall, the analysis presented in this paper clarifies the
essential trade-offs among the EDF, GSSA, and RRF dynamic
models and offers practical guidance for selecting an appropriate
modeling approach according to the required level of dynamic
fidelity and control-design objectives.
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