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

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

45I. INTRODUCTION

46INDUCTIVE power transfer (IPT) systems have gained
47increasing prominence in applications such as consumer
48electronics, industrial and electric transportation systems due to
49their electrical isolation, mechanical robustness, and conve-
50nience [1], [2], [3], [4], [5], [6], [7]. Unlike wired converters,
51IPT systems rely on magnetically coupled resonant tanks whose
52characteristics are strongly influenced by mutual inductance,
53coil alignment, load conditions, and operating frequency. Such
54dependencies introduce dynamic behaviors that cannot be cap-
55tured by steady-state analysis alone. As a result, transient
56responses become especially important as IPT systems advance
57toward high-power and safety-critical domains, where undesir-
58able dynamic excursions may cause voltage overshoot, current
59stress, or loss of soft switching [8], [9], [10]. Consequently,
60dynamic-domain modeling has become an essential tool for
61ensuring stable and predictable operation under practical operat-
62ing conditions.
63Historically, research on IPT systems has primarily focused
64on hardware-level enhancements—such as compensation-
65network topologies, magnetic-coupling improvement, and coil
66design optimization—to increase efficiency and widen the oper-
67ating range [2], [11], [12], [13], [14]. Although these develop-
68ments have significantly advanced performance under steady-
69state conditions, they provide limited insight into the transient
70phenomena that arise during rapid variations in coupling, load,
71or excitation.
72Correspondingly, the modeling of IPT systems has evolved
73from steady-state phasor-domain representations to increasingly
74dynamic and control-oriented frameworks. Early phasor-based
75models facilitated efficient evaluation of power-transfer charac-
76teristics and compensation behavior but were unable to describe
77large-signal or switching-induced transients [15], [16], [17],
78[18]. To improve fidelity beyond steady-state representations,
79time-domain differential-equation models were introduced to
80capture the full dynamics of the coupled resonant tanks [19],
81[20], [21]. However, directly simulating these switching-
82waveform–based models incurs substantial computational bur-
83den, limiting their practicality for analysis and control design.
84To mitigate this challenge, the Extended Describing Function
85(EDF) method was later employed to approximate the nonlinear
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86 inverter switching action in the harmonic domain, thereby
87 retaining essential switching effects while yielding a more trac-
88 table dynamic model for resonant systems [22], [23], [24], [25],
89 [26], [27]. However, EDF models retain substantial structural
90 complexity, which makes analytical manipulation and control-
91 oriented simplification challenging. This motivated the develop-
92 ment of reduced-order techniques such as generalized state-
93 space averaging (GSSA), which incorporate switching effects
94 through harmonic balancing and averaging to produce a simpler
95 representation of the resonant dynamics [28], [29], [30], [31],
96 [32], [33], [34]. Nevertheless, GSSA remains in the stationary
97 reference frame, so the carrier-frequency–induced cross-cou-
98 pling inherent to sinusoidal basis functions persists. To address
99 this limitation, rotating-reference-frame (RRF) models were
100 introduced to eliminate these frequency-dependent coupling
101 terms and yield low-frequency equivalents more suitable for
102 control-oriented analysis [35], [36], [37], [38], [39], [40]. Col-
103 lectively, these developments reflect the field’s transition from
104 steady-state, circuit-centric approaches toward dynamic,
105 frequency-aware modeling techniques capable of describing the
106 increasingly demanding transient behavior of modern IPT
107 systems.
108 Beyond these physics-based modeling approaches, recent
109 work has explored artificial intelligence and neural-
110 network–based system identification for IPT systems, wherein
111 nonlinear dynamics are learned directly from data rather than
112 derived from analytical circuit formulations [41], [42], [43],
113 [44]. Such data-driven models—including feedforward architec-
114 tures and recurrent networks—have demonstrated potential in
115 capturing switching nonlinearities, frequency-dependent cou-
116 pling effects, and misalignment-induced parameter variations.
117 More recently, hybrid and physics-informed learning frame-
118 works have been proposed to incorporate physical constraints
119 into data-driven architectures, suggesting promising directions
120 for integrating analytical structure with learning-based methods.
121 However, because these approaches rely on algorithmic training
122 rather than first-principles derivation and remain at a relatively
123 early stage with limited analytical interpretability, they fall out-
124 side the scope of this review, which focuses instead on estab-
125 lished analytical modeling approaches that explicitly describe
126 resonant dynamics through circuit-derived formulations.
127 Despite significant analytical developments, the dynamic
128 behavior of IPT systems—and the modeling frameworks used
129 to analyze them—has not been comprehensively compared in
130 existing review papers [45], [46], [47], [48], [49]. To address
131 these limitations, this paper presents a unified benchmark study
132 of the EDF, GSSA, and RRF methodologies for SS-IPT sys-
133 tems, tracing their evolutionary trajectory from steady-state
134 approximations to full dynamic models. Each approach is rigor-
135 ously evaluated based on transient accuracy, settling-time pre-
136 diction, structural complexity, and cross-coupling behavior,
137 providing systematic, control-oriented model-selection
138 guidance.
139 The remainder of this paper is organized as follows. Section II
140 presents unified derivations and formulation principles for the
141 EDF, GSSA, and RRF dynamic models. Section III presents a
142 comprehensive comparison of the three models, including their

143transient and steady-state accuracy, dynamic fidelity, structural
144complexity, generality under varying operating conditions, and
145applicability for control-oriented analysis. Section IV summa-
146rizes the key insights and outlines potential directions for future
147research.

148II. UNIFIED DYNAMIC MODELING OF SS-IPT SYSTEMS

149This section introduces the EDF, GSSA, and RRF models of
150the SS-IPT system. Fig. 1 illustrates the equivalent circuit of the
151SS-IPT system. The full-bridge inverter converts the DC voltage
152into a high-frequency AC voltage, driving a high-frequency cur-
153rent through the transmitter coil. This induces a voltage in the
154magnetically coupled receiver coil, which generates a high-
155frequency AC current according to the load, and the rectifier
156converts it into a DC output supplied to the load. Although the
157inverter output voltage is a square waveform, all three models
158assume high-quality-factor resonant tanks, allowing the applica-
159tion of the fundamental harmonic approximation (FHA). Under
160this assumption, only the first harmonic component of the
161inverter output voltage is considered, while all higher-order har-
162monics are neglected. The inverter is assumed to operate as a
163full-bridge converter under duty-ratio modulation, generating a
164three-level square-wave voltage vtx tð Þ as shown in Fig. 3. The
165duty ratio D determines the effective pulse width within each
166switching period. Under the FHA, only the first harmonic com-
167ponent of this square waveform is retained, whose amplitude is
168given by 4VDC sin pDð Þ=p as expressed in (1).

vtx,1 tð Þ ¼ 4VDC

p
sin pDð Þ sin x0tð Þ (1)

169where VDC denotes the DC-link voltage of the inverter and x0

170represents the operating frequency.
171To clarify the mathematical notations used in the subsequent
172sections, the subscripts for the state variables in each dynamic
173model are defined based on their respective orthogonal compo-
174nents. Specifically, subscripts ‘s’ and ‘c’ denote the sine and
175cosine components in the EDF model, ‘r’ and ‘i’ represent the
176real and imaginary parts in the GSSA model, and ‘d’ and ‘q’
177correspond to the d- and q-axis variables in the RRF model.

178A. Extended Describing Function (EDF)

179EDF modeling uses harmonic-balance–based fundamental
180approximation to replace the nonlinear switching behavior with
181an equivalent fundamental-frequency representation, enabling
182large-signal and small-signal dynamic modeling with high fidel-
183ity. Z. U. Zahid presented the modeling procedure for the EDF
184model of the SS-IPT system [22]. However, the referenced

Fig. 1. An equivalent circuit of series-series tuned IPT system.
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185 work does not incorporate the transmitter and receiver winding
186 resistances Rtx and Rrx. 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. 2 shows the
190 T-equivalent model; the transformer turns ratio is 1:1. vrx
191 denotes the fundamental component of the receiver coil voltage
192 obtained by applying the FHA, and irec represents the rectified
193 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.

vtx ¼ vctx þ Ltx
ditx
dt

þRtxitx �M
dirx
dt

(2)

vrx ¼ vcrx þ Lrx
dirx
dt

þRrxirx �M
ditx
dt

(3)

196 The differential equations for itx and irx can be derived using
197 (2)–(3) and are expressed as follows.

ditx
dt

¼ Lrx
D

vtx � vctx½ � þM
D

vrx � vcrx½ �

�Lrx
D

Rtxitx �M
D
Rrxirx (4)

dirx
dt

¼ Ltx
D

vrx � vcrx½ � þM
D

vtx � vctx½ �

�Ltx
D

Rrxirx �M
D
Rtxitx (5)

198 where D represents the coupling condition; (D> 0) ensures the
199 magnetic energy of the system remains positive. D is defined as
200 LtxLrx �M2. 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
205 Fig. 2, the expressions for the rectifier capacitor voltage and the
206 output voltage can be derived as follows.

Irec ¼ Cf 1þ Rf

RL

� �
dVcf

dt
þVcf

RL
(6)

Vo ¼ RfRL

Rf þRL
Irec þ RL

RL þRf
Vcf (7)

207where Vcf denotes the voltage across the rectifier capacitor. Rf

208denotes the equivalent series resistance (ESR) of the rectifier
209output capacitor Cf . It is introduced to provide a more refined
210representation of the capacitor dynamics; however, it is not
211essential to the fundamental modeling framework and may be
212neglected without affecting the core formulation. RL represents
213the equivalent load resistance. Irec denotes the rectifier output
214current, and Vo represents the output voltage. Since all AC vol-
215tages and currents in the SS-IPT system are assumed to contain
216only the fundamental components, they can be generally
217expressed as the sum of sine and cosine terms through Fourier
218series expansion. However, by assuming the input voltage vtx,1
219as the reference for all voltage and current components, it can
220be represented as having only a sine component, as expressed
221in (1). Due to the rectifier operation, the receiver coil voltage
222becomesþVo when irx is positive and�Vo when irx is negative.
223Assuming Rc � RL, such that the voltage drop caused by the
224rectifier capacitor ESR is negligible, vrx can be expressed
225through Fourier expansion as given in (8). Since the vrx has a
226phase difference with the input voltage vtx, it contains both sine
227and cosine terms.

vrx ¼ 4
p

VCfffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
i2rx,s þ i2rx,c

q irx,ssin x0tð Þ þ irx,ccos x0tð Þ½ � (8)

228It should be noted that the subscripts ‘s’ and ‘c’ denote the sine
229and cosine terms of the time-varying envelope, respectively.
230These variables characterize the dynamic response of the current
231by capturing the slow modulation of its amplitude and phase.
232The expression written as the sum of sine and cosine terms con-
233stitutes the standard state equation of the EDF model. Similarly,
234by decomposing the voltages and currents of the SS-IPT
235system into their fundamental sine and cosine components
236based on (1)–(8), the following dynamic equations can be
237derived.

ditx,s
dt

¼ Lrx
D

Ve � vctx,sð Þ �M
D

vrx,s þ vcrx,sð Þ

� Lrx
D

Rtxitx,s �M
D
Rrxirx,s þ x0itx,c (9)

dirx,s
dt

¼ M
D

Ve � vctx,sð Þ � Ltx
D

vrx,s þ vcrx,sð Þ

�M
D
Rtxitx,s � Ltx

D
Rrxirx,s þ x0irx,c (10)

dvctx,s
dt

¼ itx,s
Ctx

þ x0vctx,c (11)

dvcrx,s
dt

¼ irx,s
Crx

þ x0vcrx,c (12)

vrx,s ¼ 4
p

irx,sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
i2rx,s þ i2rx,c

q VCf (13)

Fig. 3. Inverter output voltage and fundamental waveform.

Fig. 2. T-equivalent model of the series-series tuned IPT system.
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ditx,c
dt

¼ � Lrx
D

vctx,c �M
D

vrx,c þ vcrx,cð Þ

� Lrx
D

Rtxitx,c �M
D
Rrxirx,c � x0itx,s (14)

dirx,c
dt

¼ �M
D
vctx,c � Ltx

D
vrx,c þ vcrx,cð Þ

�M
D
Rtxitx,c � Ltx

D
Rrxirx,c � x0irx,s (15)

dvctx,c
dt

¼ itx,c
Ctx

� x0vctx,s (16)

dvcrx,c
dt

¼ irx,c
Crx

� x0vcrx,s (17)

vrx,c ¼ 4
p

irx,cffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
i2rx,s þ i2rx,c

q VCf (18)

238 where Ve is defined as 4VDC � sin pDð Þ=p. Using Irec � 2=p�
239

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
i2rx,s þ i2rx,c

q
, the rectifier capacitor voltage Vcf and the out-

240 put voltage Vo can be expressed as follows:

dVCf

dt
¼ 1
Cf

2
p

RL

Rf þRL

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
i2rx,s þ i2rx,c

q
� 1
Rf þRL

VCf

� �
(19)

Vo ¼ 2
p

Rf RL

Rf þRL

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
i2rx,s þ i2rx,c

q
þ RL

Rf þRL
VCf (20)

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
246 simplified, the full-wave rectifier as seen from the receiver coil
247 can be represented by an equivalent resistance. The load resis-
248 tance RL in Fig. 1 and the equivalent resistance of the rectifier as
249 seen from the receiver coil can be expressed as (21).

RLeq ¼ 8
p2

RL (21)

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 (9), (10), (14), and (15) are modified as follows.

ditx,s
dt

¼ Lrx
D

Ve � vctx,sð Þ �M
D
vcrx,s

� Lrx
D

Rtxitx,s �M
D

Rrx þ RLeqð Þirx,s þ x0itx,c (22)

dirx,s
dt

¼ M
D

Ve � vctx,sð Þ � Ltx
D

vcrx,s

�M
D
Rtxitx,s � Ltx

D
Rrx þ RLeqð Þirx,s þ x0irx,c (23)

ditx,c
dt

¼ � Lrx
D

vctx,c �M
D
vcrx,c

� Lrx
D

Rtxitx,c �M
D

Rrx þ RLeqð Þirx,c � x0itx,s (24)

dirx,c
dt

¼ �M
D
vctx,c � Ltx

D
vcrx,c

�M
D
Rtxitx,c � Ltx

D
Rrx þ RLeqð Þirx,c � x0irx,s (25)

253Assuming an ideal full-wave rectifier and a sufficiently large recti-
254fier capacitor, the output voltageVo can be expressed as (26).

Vo ¼ p
4
RLeq

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
i2rx,s þ i2rx,c

q
(26)

255Therefore, the model can be simplified to an 8th-order system,
256which is one order lower than the model that includes the recti-
257fier dynamics. The EDF formulation is well suited for resonant
258WPT systems, where power transfer is predominantly governed
259by the fundamental harmonic due to the high-quality-factor of
260the resonant tanks. Because higher-order harmonics are signifi-
261cantly attenuated by the resonant network, retaining only the
262dominant harmonic components enables EDF to accurately cap-
263ture the essential energy-transfer dynamics.

264B. Generalized State-Space Averaging (GSSA)

265The key concept of the GSSA modeling technique is based on
266the assumption that voltage and current variations within a switch-
267ing period are negligible, enabling model simplification through
268period averaging. Specifically, the GSSA method decomposes the
269voltages and currents of the SS-IPT system into their fundamental
270and harmonic components, averages out all higher-order harmon-
271ics except the fundamental, and thereby derives a slow-time-scale
272state-space model. The main difference between the EDF and
273GSSA methods is that the EDF models the system’s fundamental-
274frequency dynamics using harmonic envelopes, whereas the
275GSSA represents the averaged behavior over a switching period
276under the assumption of a high switching frequency. By averaging
277out the harmonic components, a slow dynamic state-space model
278is obtained in which high-frequency terms are eliminated, thereby
279achieving an effect equivalent to that of applying the FHA, similar
280to the EDF method.
281The full-wave rectifier, as seen from the receiver coil, is rep-
282resented by an equivalent resistance as shown in Fig. 4. All vol-
283tages and currents in the SS-IPT system can be expressed in the

Fig. 4. T-equivalent model of the series-series tuned IPT system using
the rectifier equivalent circuit.
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284 form of a Fourier series as follows.

x tð Þ ¼
X1
n¼�1

Xn tð Þejnx0t (27)

285 where xðtÞ represents the actual state variable in the time
286 domain, and the index n indicates the harmonic order. XnðtÞ
287 denotes the complex coefficient of the n-th Fourier series term
288 obtained by expanding xðtÞ in the frequency domain, corre-
289 sponding to the envelope of the state variable. By differentiating
290 (27), the expression in (28) can be obtained, which represents
291 the form of the differential equation.

dx
dt

¼
X1
n¼�1

dXn

dt
þ jnx0Xn

� �
ejnx0t (28)

292 Building on this representation, the GSSA framework proceeds
293 by extracting the slowly varying envelopes XnðtÞ through a pro-
294 jection of (28) onto the corresponding harmonic subspaces. This
295 projection is performed using the generalized averaging operator
296 shown in (29).

x tð Þ� �
k ¼

1
T0

Z T0

0
x tð Þe�jkx0tdt (29)

297 This operator isolates the k-th harmonic component by exploit-
298 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
dt

	 

k
¼ dXk

dt
þ jkx0Xk (30)

302 It should be noted that X0ðtÞ and X1ðtÞ represent the DC compo-
303 nent and the complex amplitude of the fundamental component,
304 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.

Itx ¼ itx,r þ jitx,i (31)

Irx ¼ irx,r þ jirx,i (32)

Vctx ¼ vctx,r þ jvctx,i (33)

Vcrx ¼ vcrx,r þ jvcrx,i (34)

308 Itx and Irx denote the fundamental complex coefficients of the
309 transmitter and receiver coil currents, respectively. Vctx and Vcrx

310 represent the fundamental complex coefficients of the tuning
311 capacitor voltages in the transmitter and receiver coils, respec-
312 tively. The subscript ‘r’ 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.

ditx,r
dt

¼� 1
Ltx

Rtxitx,r þ vctx,r þx0Mirx,i½ � þx0itx,i (35)

ditx,i
dt

¼� 1
Ltx

Ve

2
þRtxitx,i þ vctx,i �x0Mirx,r

� �

�x0itx,r (36)

dvctx,r
dt

¼ 1
Ctx

itx,r þx0vctx,i (37)

dvctx,i
dt

¼ 1
Ctx

itx,i �x0vctx,r (38)

dvcrx,r
dt

¼ 1
Crx

irx,r þx0vcrx,i (39)

dvcrx,i
dt

¼ 1
Crx

irx,i �x0vcrx,r (40)

dirx,r
dt

¼� 1
Lrx

x0Mitx,i þ vcrx,r þ Rrx þRLeqð Þirx,r½ �

þx0irx,i (41)

dirx,i
dt

¼ 1
Lrx

x0Mitx,r � vcrx,i � Rrx þRLeqð Þirx,i½ �

�x0irx,r (42)

317In the GSSA model, each state variable corresponds to a
318dynamic phasor rather than an instantaneous waveform. There-
319fore, to obtain the continuous-time envelope representing the
320peak value of the fundamental component, the following recon-
321struction equation is used.

xk,peak ¼ 2 Xkj j ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2k,r þ x2k,i

q
(43)

322C. Rotational Reference Frame (RRF)

323The dq RRF modeling approach represents IPT systems in a
324synchronous RRF aligned with the fundamental excitation. By
325transforming the time-domain voltages and currents into orthog-
326onal d- and q-axis components, the RRFmodel converts sinusoi-
327dal state variables into slowly varying or nearly DC state
328waveforms. Unlike GSSA approaches, the RRF model does not
329rely on averaging-based simplifications. Instead, it preserves the
330original system dynamics and represents them in an RRF, yield-
331ing a full-order model that captures the mutual and cross-
332coupled interactions of the resonant tanks without modifying the
333underlying differential equations.
334S. Lee detailed the design procedure of the RRF model for
335the SS-IPT system [35]. The dq transformation of a three-phase
336system into the RRF is performed by first converting the three-
337phase state variables into two-phase signals in a stationary refer-
338ence frame (SRF) with a 90� phase difference using the Clarke
339transformation and then applying the Park transformation to
340obtain the RRF signals. However, because the IPT system in
341Fig. 1 is a single-phase system, the dq transformation used in
342three-phase systems cannot be directly applied. To achieve this,
343virtual 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-
348 nent, all voltages and currents of the SS-IPT system can be rep-
349 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.

vstx,d ¼ Ve cos x0tð Þ (44)

istx,d ¼ Itx cos x0t � /txð Þ (45)

isrx,d ¼ Irx cos x0t � /rxð Þ (46)

353 The subscript ‘d’ and ‘q’ represent the d- and q-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 q-axis components.

vstx,q ¼ Ve sin x0tð Þ (47)

istx,q ¼ Itx sin x0t � /txð Þ (48)

isrx,q ¼ Irx sin x0t � /rxð Þ (49)

358 By multiplying (48)–(51) by the unit imaginary number j and
359 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�jx0t 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 ‘dq’ denotes the complex form composed of
366 the d- and q-axis components (e.g., Ietx,dq ¼ Ietx,d þ jIetx,q).

Vee
jx0t ¼ RtxI

e
tx,dq þ Ltx þ 1

x2
0Ctx

� �dIetx,dq
dt

"

þj x0Ltx � 1
x0Ctx

� �
Ietx,dq � jx0MIerx,dq

#
ejx0t (50)

jx0MIetx,dqe
jx0t ¼ Lrx þ 1

x2
0Crx

� �dIerx,dq
dt

þRrxI
e
rx,dq

"

þj x0Lrx � 1
x0Crx

� �
Ierx,dq þRLI

e
rx,dq

#
ejx0t

(51)

Ve ¼ RtxI
e
tx,dq þ Ltx þ 1

x2
0Ctx

� �dIetx,dq
dt

"

þj x0Ltx � 1
x0Ctx

� �
Ietx,dq � jx0MIerx,dq

#
(52)

jx0MIetx,dq ¼ Lrx þ 1
x2

0Crx

� �dIerx,dq
dt

þRrxI
e
rx,dq

"

þj x0Lrx � 1
x0Crx

� �
Ierx,dq þRLI

e
rx,dq

#
(53)

367By separating the real and imaginary parts of the voltages and
368currents, the differential equations for the d-axis and q-axis cur-
369rents can be derived as follows.

dIetx,d
dt

¼ 1
L0tx

Ve �RtxI
e
tx,d þ x0Ltx � 1

x0Ctx

� �
Ietx,q

�

�x0MIerx,q

#
(54)

dIetx,q
dt

¼ 1
L0tx

�RtxI
e
tx,q � x0Ltx � 1

x0Ctx

� �
Ietx,d

�

þx0MIerx,d

#
(55)

dIerx,d
dt

¼ 1
L0rx

"
�x0MIetx,q � Rrx þRLeqð ÞIerx,d

þ x0Lrx � 1
x0Crx

� �
Ierx,q

#
(56)

dIerx,q
dt

¼ 1
L0rx

"
x0MIetx,d � Rrx þRLeqð ÞIerx,q

� x0Lrx � 1
x0Crx

� �
Ierx,q

#
(57)

370where L0tx and L0rx represent Ltx þ 1= x2
0Ctx

� �
and

371Lrx þ 1= x2
0Crx

� �
, respectively. Assuming zero initial condi-

372tions for all states and applying the Laplace transform,
373Laplace-domain models for the d-axis and q-axis currents
374can be obtained as shown in (58)–(61).

Ietx,d ¼
1

sL0tx þRtx
Ve þ x0Ltx � 1

x0Ctx

� �
Ietx,q

�

�x0MIerx,q

#
(58)

Ietx,q ¼
1

sL0tx þRtx
� x0Ltx � 1

x0Ctx

� �
Ietx,d

�

þx0MIerx,d

#
(59)
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Ierx,d ¼
1

sL0rx þRrx þRLeq
x0Lrx � 1

x0Crx

� �
Ierx,q

�

�x0MIetx,q

#
(60)

Ierx,q ¼
1

sL0rx þRrx þRLeq
� x0Lrx � 1

x0Crx

� �
Ierx,q

�

375376 þx0MIetx,d

�
(61)

377 In the RRF model, the tuning capacitors are transformed into
378 equivalent inductors with inductances of 1=ðx2

0CtxÞ and
379 1=ðx2

0CrxÞ during the modeling process. Consequently, the
380 capacitor states cannot remain as independent state variables in
381 the RRF.
382 In single-phase IPT systems, the quadrature component
383 required for dq transformation is not physically available and
384 must therefore be synthetically generated. In practical imple-
385 mentations, this can be achieved using digital phase-shifting
386 techniques applied to the sampled waveform, producing a 90�

387 phase-shifted virtual signal. The RRF formulation assumes a
388 known operating frequency for the synchronous transformation.
389 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.
393 The RRF formulation is derived under the FHA and assumes
394 dominance of the fundamental component. Because the RRF
395 model represents the system in terms of fundamental phasor
396 quantities in a synchronous reference frame and eliminates
397 oscillatory carrier components, its accuracy may degrade under
398 operating conditions where higher-order harmonics become sig-
399 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
403 modeling approaches rely on the FHA and sufficiently high-
404 quality-factor operation to ensure dominance of the fundamental
405 component. Their accuracy may be affected under conditions
406 such as significant detuning from resonance, low-quality-factor
407 behavior with increased harmonic distortion, or rapid parameter
408 variations relative to the envelope dynamics.

409 III. STRUCTURAL COMPARISON OF DYNAMIC MODELS

410 The previous section presented the modeling procedures of
411 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

421comparison is conducted based on a unified SS-IPT equivalent
422circuit, identical system parameters, and consistent rectifier
423approximations to ensure a fair evaluation framework.

424A. Generality

425IPT systems incorporate a variety of compensation structures,
426including the series–series (SS) topology as well as series–parallel
427(SP), parallel–series (PS), LCCL–S, and LCL–LCL configura-
428tions. Therefore, it is important to have a modeling approach that
429is applicable to a wide range of resonant topologies under the fun-
430damental harmonic assumption. Because the EDF, GSSA, and
431RRF models are all formulated directly from the voltage equations
432of the inductors and capacitors, they can be readily applied to any
433converter system in which the FHA is valid. In other words, these
434modeling approaches are applicable not only to unidirectional IPT
435systems but also to resonant converters and bidirectional IPT sys-
436tems in which higher-order harmonics are not dominant relative to
437the fundamental component.
438As the number of capacitors and inductors in the resonant net-
439work increases, the overall system order becomes higher,
440thereby increasing the mathematical complexity of the model.
441To simplify the modeling process, S. Lee generalized the RRF
442formulation by decomposing the system into passive
443component-level submodels as shown in Table I [51]. In this
444table, the voltage-source and current-source forms of the RRF
445models are expressed as dependent voltage and current sources,
446respectively. The two forms are equivalent and can be corre-
447sponding passive-component RRF models listed in Table I, the
448d- and q-axis RRF models of the IPT system can be converted
449into each other using standard source transformation. By

TABLE I
RRF MODEL OF THE PASSIVE COMPONENTS

Component Model d-axis q-axis

Inductor

Voltage
source

Current
source

Capacitor

Voltage
source

Current
source

Resistor
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450 replacing the inductors and capacitors in the circuit with the sys-
451 tematically constructed. This modular formulation enables
452 straightforward extension of the RRF modeling approach to a
453 wide range of resonant IPT topologies.

454 B. Block Diagram

455 A block-diagram representation provides an intuitive visuali-
456 zation of the model structure and the mutual interactions
457 between the state variables. Fig. 4 illustrates the block diagrams
458 of the SS-IPT system derived from the EDF, GSSA, and RRF
459 models. In all three cases, the mutual inductance M is explicitly
460 retained and appears as a mutual-coupled path between the
461 transmitter and receiver resonant tanks, reflecting the underlying
462 electromagnetic interaction.
463 However, in both the EDF and GSSA models, the cross-
464 coupling terms explicitly appear as constant gains of6x0. This
465 occurs because these models remain in the SRF, where the reso-
466 nant states are represented using sinusoidal basis functions.
467 Although the transformation separates the resonant tank dynam-
468 ics into orthogonal components, it does not remove the underly-
469 ing carrier. Consequently, the time-derivative operators
470 inherently generatex0-scaled coupling terms.
471 In contrast, the RRF model eliminates the explicit x0 cou-
472 pling through a synchronous transformation into the rotating
473 dq-frame. As a result, the sinusoidal carrier is completely
474 removed, and the stored energy transfer between the d- and
475 q-axes is governed not by basis-function derivatives but by the
476 net reactive impedance imbalance of the resonant tanks. When
477 the system is perfectly tuned for both the transmitter and
478 receiver (i.e., x0Ltx ¼ 1= x0Ctxð Þ and x0Lrx ¼ 1= x0Crxð Þ), the
479 d- and q-axes become fully decoupled. Under this condition, the
480 RRF model clearly reveals that the dominant power transfer
481 occurs through the d-axis transmitter to q-axis receiver.

482 C. Control-Oriented Interpretation

483 From a control-design standpoint, the block diagrams of all
484 three models clearly highlight the feedback and feedforward
485 pathways, making them applicable for controller development.
486 The EDF model, however, represents the full system dynamics
487 directly in the time domain and therefore exhibits the highest
488 structural complexity. This makes EDF particularly suitable for
489 detailed time-domain simulation rather than analytical controller
490 synthesis.
491 The GSSA model reduces the complexity through an averag-
492 ing process, yet its block diagram still preserves the separated
493 capacitor and inductor dynamics within the SRF. Consequently,
494 the plant remains cross-coupled, and its control-design complex-
495 ity is still relatively high.
496 In contrast, the RRF model leverages the RRF transformation,
497 in which the capacitive dynamics are not removed but are
498 absorbed into the modified inductive terms of the plant and into
499 the net reactive impedance that governs cross-axis coupling. As
500 a result, this model yields the simplest block-diagram represen-
501 tation among the three approaches, where the plant effectively
502 behaves as a series LR circuit in steady-state operation. There-
503 fore, from a structural and representation standpoint, the RRF

504model offers advantages for controller-oriented analysis by
505eliminating oscillatory carrier dynamics and reducing the system
506to a lower-order real-axis plant. However, the present study
507does not include explicit controller implementation or robust-
508ness analysis, and the suitability assessment is based on struc-
509tural characteristics rather than closed-loop performance
510validation.
511It should be noted that the apparent reduction in model order
512observed in the RRF formulation results from the absorption of
513capacitor dynamics into modified inductive terms through the
514synchronous reference-frame transformation. In contrast, EDF
515and GSSA retain explicit capacitor state variables in the station-
516ary reference frame. Therefore, the relative simplicity of the
517RRF model from a control-design perspective does not arise
518from the removal of physical dynamics, but rather from differ-
519ences in state representation. In other words, the control-
520oriented structural simplicity stems from the level of modeling
521abstraction rather than a reduction in underlying system
522dynamics.
523Under detuned operation, the predictive fidelity of all three
524models may be affected as the dominance of the fundamental
525component weakens and higher-order harmonic effects become
526more pronounced. In the EDF and GSSA formulations, this may
527manifest as increased envelope deviation due to reduced validity
528of the fundamental harmonic approximation. In the RRF formu-
529lation, detuning additionally increases the reactive imbalance
530term, leading to stronger cross-axis coupling and reduced struc-
531tural decoupling. Thus, while all models remain structurally
532valid, both their transient envelope accuracy and control-
533oriented simplicity may diminish as the system deviates from
534resonance.

535IV. SIMULATION-BASED PERFORMANCE EVALUATION

536In this section, the performance of the EDF, GSSA, and RRF
537models is compared using PLECS simulations. The circuit
538parameters of the SS-IPT system used in the simulations are
539listed in Table II. To ensure a fair baseline for comparing the
540numerical fidelity of the EDF, GSSA, and RRF methodologies,
541the system parameters are selected to represent typical high-
542efficiency operating conditions. The circuit design criteria focus
543on high-quality-factor resonant tanks operating under near-zero-
544voltage-switching conditions with a slight detuning margin. A
545simulation model was constructed based on the equations of the
546three models presented in Section II and the block diagrams
547shown in Fig. 5.

TABLE II
CIRCUIT PARAMETERS OF THE SS-IPT SYSTEM

Parameter Value Parameter Value
Operating frequency 85 kHz Lrx 45 lH

VDC 210 V Crx 90 nF
Ltx 34 lH Rrx 64 mX
Ctx 126 nF Cf 50 lF
Rtx 66 mX Rf 1 mX
k 0.2 RL (RLeq) 4 X (3.24 X)
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548 D. Full-Wave Rectifier Resistive Approximation

549 When the rectifier is approximated as a purely resistive load,
550 the dynamic behavior of the DC-link cannot be accurately repre-
551 sented. Such a resistive approximation neglects the nonlinear
552 switching behavior of the rectifier, the conduction interval of the
553 diodes, and the charging and discharging overshoot, and the var-
554 iation of the rectifier input impedance under load and coupling
555 changes—are not captured. To address these modeling needs, a
556 two-step analysis is employed. First, the EDF model is validated
557 against switching simulations to capture high-fidelity rectifier
558 dynamics. Second, a full-wave resistive rectifier approximation
559 is adopted as a common baseline to ensure a consistent compari-
560 son of the EDF, GSSA, and RRF models, focusing strictly on
561 their dynamic tracking capabilities.
562 Regarding the second step, using the FHA for the rectifier
563 input while explicitly modeling the rectifier capacitor Cf and its
564 ESR Rf in Fig. 1 provides a more balanced representation.
565 Although the square-wave nature of the rectifier input voltage is
566 simplified to a sinusoid through the FHA, the inclusion of Cf

567 and Rf preserves the essential energy-storage and damping
568 dynamics of the DC-link. This approach significantly improves
569 transient fidelity while maintaining a tractable model structure,
570 making it highly suitable for dynamic performance prediction.
571 Fig. 6 shows the full receiver-current dynamics of the SS-IPT
572 system along with the envelope predicted by the EDF model
573 when the load resistance RL is changed from 12 X to 4 X. The
574 EDF model is constructed using (9)–(18), where the rectifier

575capacitor Cf is incorporated. It should be noted that the EDF
576model incorporating the rectifier-capacitor dynamics closely
577tracks the nonlinear envelope response of the SS-IPT system,
578indicating that the dominant nonlinear effects introduced by the
579rectifier are well approximated.

Fig. 5. Block diagrams of the SS-IPT system: (a) EDF, (b) GSSA, and (c) RRF models.

Fig. 6. Dynamic responses of the receiver current and the EDF model
envelope under a load change from 12X to 4X.

Fig. 7. Comparison of EDF-model envelopes obtained with rectifier-
capacitor modeling and with a resistive rectifier approximation.
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580 Fig. 7 compares the receiver-current envelope predicted by
581 the EDF model when the rectifier is approximated as an equiva-
582 lent resistance with the envelopes obtained when the rectifier
583 capacitor Cf is explicitly included. The equivalent load resis-
584 tance RLeq is changed from 9.72 X to 3.24 X, corresponding to a
585 load change from 12 X to 4 X according to (21). The blue line
586 represents the receiver current of the SS-IPT system, while the
587 orange line shows the EDF envelope under the resistive rectifier
588 approximation. The yellow, purple, green, and cyan lines corre-
589 spond to the EDF envelopes obtained with Cf ¼ 1 lF, 50 lF,
590 100 lF, and 200 lF, respectively.
591 It can be observed that the steady-state envelope values
592 remain identical regardless of whether the rectifier capacitor is
593 included. However, as Cf increases, the transient response
594 becomes slower, leading to increased settling-time deviation
595 between the actual rectifier-capacitor system and the resistive
596 approximation. This result highlights the influence of the
597 rectifier-capacitor dynamics on transient behavior and clarifies
598 the limitations of the equivalent resistive approximation.
599 Having established in Fig. 6 that the EDF formulation accu-
600 rately captures the nonlinear envelope behavior when the recti-
601 fier capacitor is included, Fig. 7 further examines the effect of
602 simplifying the rectifier to an equivalent resistance. This inter-
603 mediate analysis provides a basis for the subsequent cross-
604 model comparison, which is conducted under the resistive recti-
605 fier approximation to ensure a consistent evaluation framework.

606This analysis highlights the influence of rectifier representa-
607tion on transient response. To ensure consistency in cross-model
608comparison, the equivalent resistive approximation is uniformly
609applied across all three modeling approaches. The inclusion of
610rectifier-capacitor dynamics in the EDF formulation is therefore
611presented as a complementary analysis to demonstrate its
612extended modeling capability rather than to bias the comparative
613evaluation.

614E. Transient Response

615The transient performance of the three models was evaluated
616for the following two cases: when RLeq stepped from 9.72 X to
6173.24 X, and when k stepped from 0.2 to 0.3. The inverter duty
618cycle was fixed at 0.5. Fig. 8(a) shows the full transient dynam-
619ics of the receiver current envelope for the three models under
620the load-change condition, and Fig. 8(b) and Fig. 8(c) present
621the corresponding zoomed-in view. The blue line shows the
622receiver current, while the orange, yellow, and purple lines rep-
623resent the corresponding current envelopes predicted by the
624EDF, GSSA, and RRF models, respectively.
625Although all three models are derived under the same FHA
626assumptions, a small 2x0 ripple is observed in the EDF and
627GSSA models, whereas it is not observed in the RRF model.
628This difference arises from the way each model represents the

Fig. 8. Transient response of the receiver current envelopes of the EDF,
GSSA, and RRF models under a step change in RLeq from 9.72 X to 3.24
X: (a) Full dynamics; (b), (c) zoomed-in transient response; (d) pre-
transition steady state; (e) post-transition steady state.

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.
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629 fundamental waveform. In the EDF and GSSA models, the sys-
630 tem is formulated in the SRF, where the sinusoidal current is
631 expressed using two orthogonal time-domain components (e.g.,
632 sine–cosine or cosine–sine pairs). When a sinusoidal waveform
633 is represented using orthogonal time-domain components, the
634 representation inherently preserves the positive- and negative-
635 frequency spectral components that any real time-domain signal
636 contains. Consequently, these paired components emerge in the
637 orthogonal state variables as a DC-like term and a small 2x0

638 oscillation, although the physical current contains only the fun-
639 damental component. In contrast, the RRF model employs a
640 phasor-based representation of the fundamental component, in
641 which only the positive-frequency term of the sinusoidal wave-
642 form is retained. The corresponding negative-frequency compo-
643 nent— responsible for producing the 2x0 term in stationary-
644 frame representations—is removed during the modeling pro-
645 cess. As a result, the RRF state variables evolve smoothly with-
646 out the 2x0 ripple observed in the EDF and GSSA models. The
647 maximum envelope error rates of the EDF, GSSA, and RRF
648 models during the transient were 0.24%, 4.12%, and 7.31%,
649 respectively.
650 Fig. 9(a) shows the full transient dynamics of the receiver cur-
651 rent under a step change in k from 0.2 to 0.3, while Fig. 9(b) and
652 Fig. 9(c) provide zoomed-in views. The transient behavior is
653 similar to that observed in the load-step case. The EDF and
654 GSSA models exhibit a small 2x0 ripple, whereas the RRF
655 model remains ripple-free. The maximum envelope error rates
656 of the EDF, GSSA, and RRF models during the transient are
657 1.24%, 2.19%, and 4.82%, respectively.
658 Therefore, EDF provides the highest transient envelope accu-
659 racy under the examined load-step conditions because it pre-
660 serves the full fundamental-frequency envelope dynamics of the
661 coupled system. As a result, EDF more accurately captures the
662 transient envelope behavior associated with rapid variations in
663 coil currents, while steady-state predictions remain comparable
664 across the three models. GSSA maintains the same structural
665 form as EDF but applies a periodic averaging operation that par-
666 tially smooths the system dynamics. Although the overall cou-
667 pling behavior is preserved, the averaging process attenuates
668 certain fast transient components, leading to moderately lower
669 accuracy compared to EDF. In contrast, the RRF model relies
670 on a phasor-based approximation that represents the system in
671 terms of slowly varying fundamental components. This phasor
672 formulation removes the dynamic cross-coupling introduced by
673 the mutual inductance. Consequently, the RRF model offers the

674least accurate transient prediction among the three, especially
675when the transient interaction between the coils changes rapidly.

676F. Steady-State Response

677Fig. 8(d) and 8(e) illustrate the steady-state responses before
678and after the load transition, respectively. In both operating con-
679ditions, the EDF, GSSA, and RRF models converge to the same
680steady-state value, yielding deviations of 0.36% and 0.31%
681from the actual receiver current amplitude. These discrepancies
682primarily arise from the modeling of the inverter output voltage.
683In the actual system, the transmitter coil is driven by a square-
684wave voltage containing non-negligible harmonic components,
685whereas all analytical models employ the FHA, representing the
686inverter output solely by its fundamental component. Conse-
687quently, the deviation between the analytical predictions and the
688actual system depends on the harmonic content of the inverter
689output voltage and varies according to its spectral composition.
690Furthermore, when a rectifier is included in the system, addi-
691tional harmonic components are introduced, which can further
692influence the steady-state deviation depending on the rectifier
693topology and operating conditions.
694Fig. 9(d) and (e) illustrate the steady-state responses before
695and after the k transition, respectively. The steady-state behavior
696is similar to that observed in the load-variation case. In both
697operating conditions, the EDF, GSSA, and RRF models con-
698verge to the same steady-state value, yielding deviations of
6990.36% and 0.86% from the actual receiver current amplitude.

700G. Comparative Summary of Model Performance

701Table III summarizes the principal characteristics and perfor-
702mance of the EDF, GSSA, and RRF models. The EDF model
703represents the full time-domain dynamics of the system, pre-
704serving complete mutual-inductance coupling and providing the
705highest transient accuracy. However, this fidelity limits its suit-
706ability for control-oriented implementation.
707The GSSA model uses an averaged dynamic formulation that
708reduces high-frequency artifacts while preserving the dominant
709fundamental dynamics. Consequently, it offers moderate tran-
710sient accuracy with substantially lower mathematical complex-
711ity. The GSSA model also maintains high steady-state accuracy,
712making it well suited for control-oriented dynamic analysis that
713requires a balance between fidelity and efficiency.
714The RRF model adopts a phasor-based dynamic representa-
715tion that describes the system through slowly varying

TABLE III
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
2x0 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
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716 fundamental components. This formulation provides the highest
717 suitability for control design and real-time implementation.
718 However, the simplified treatment of dynamic mutual coupling
719 reduces its transient accuracy, even though its steady-state accu-
720 racy remains high.
721 From a computational standpoint, structural differences
722 among the models influence numerical efficiency. The EDF for-
723 mulation retains coupled envelope states and nonlinear interac-
724 tions, which may increase solver effort and reduce Jacobian
725 sparsity during transient simulation. The GSSA model benefits
726 from averaging, mitigating high-frequency effects and improv-
727 ing numerical conditioning. In contrast, the RRF model elimi-
728 nates explicit oscillatory carrier components, typically resulting
729 in a lower apparent model order and faster simulation. These
730 aspects may be relevant when computational constraints are
731 considered.

732 V. CONCLUSION

733 This review examined three representative dynamic modeling
734 approaches for series–series compensated IPT systems: the
735 EDF, GSSA, and RRF models. All three models were formu-
736 lated on a common FHA-based equivalent circuit, providing a
737 consistent basis for analyzing their dynamic characteristics and
738 the modeling assumptions embedded in each approach.
739 Based on this formulation, a comparative evaluation was per-
740 formed to assess their ability to represent the transient and
741 steady-state behaviors of the IPT system. The EDF model,
742 which retains the full time-domain dynamics, demonstrated the
743 highest transient envelope fidelity under the examined operating
744 conditions. The GSSA model preserved the dominant funda-
745 mental behavior through its averaged formulation and yielded
746 moderately accurate transient responses. The RRF model, for-
747 mulated in the synchronous reference frame, may facilitate
748 control-oriented analysis from a structural standpoint, although
749 it exhibits reduced transient envelope accuracy due to its
750 phasor-based simplification. Simulation results under load-
751 transition conditions confirmed these distinctions and showed
752 that the small steady-state deviations observed across all three
753 models originate from the FHA representation of the inverter
754 output and the omission of rectifier-induced harmonics rather
755 than from limitations of the modeling frameworks themselves.
756 Overall, the analysis presented in this paper clarifies the
757 essential trade-offs among the EDF, GSSA, and RRF dynamic
758 models and offers practical guidance for selecting an appropriate
759 modeling approach according to the required level of dynamic
760 fidelity and control-design objectives.
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