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Abstract

In wireless power transfer (WPT) systems, magnetically coupled wireless power transfer
has become a major research focus due to its advantages such as long transmission distance,
strong tolerance to misalignment, and high power transfer capability. It is also widely
applied in vehicle wireless power transfer systems. From the perspective of practical engi-
neering applications, this paper investigates the problem of system parameter variations
caused by changes in inductance and load, in combination with magnetically coupled
structures. During actual system operation, misalignment of the coupling mechanism leads
to variations in mutual inductance, while the load resistance may also fluctuate. These
parameter changes result in alterations to the overall output characteristics of the system,
which are detrimental to stable system operation. Moreover, adopting a dual-side commu-
nication control strategy is susceptible to interference from the system’s power circuitry.
To address these issues, this paper proposes a novel state variable modeling method and
designs a state observer based on the extended Kalman filter (EKF) algorithm to estimate
the secondary-side parameters, thereby enabling observation of the voltage across the load
at the receiver side. The state observer is configured with two operating modes to monitor
variations in mutual inductance and load resistance. The observer outputs are compared
with the actual load-side voltage, and the effectiveness of the proposed state observer
is verified.

Keywords: radio energy transmission; coupled mutual inductance changes; load changes;
state variable modeling; state

1. Introduction

Wireless power transfer (WPT) technology, benefiting from its contactless operation,
high degree of automation, and superior safety, has become a major research focus in
energy replenishment systems for electric vehicles (EVs) and mobile robots [1]. Among
various resonant compensation topologies, the LCC-S (primary-side LCC and secondary-
side series) compensation network has been widely adopted in medium- and high-power
wireless charging systems due to its constant-current output characteristic at the transmitter
side, soft-switching capability over the entire load range, and strong robustness against
coupling misalignment [2,3].

However, a WPT system is inherently a high-order, strongly nonlinear, and time-
varying system. During long-term operation, key components in the compensation
network—particularly the tuning inductors L—are prone to parameter drift caused by
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ambient temperature variations, magnetic core aging, and saturation effects. Such drift
leads to resonant frequency deviation, which in turn degrades power transfer efficiency or
induces excessive voltage stress on power devices [4]. In addition, the battery load (Load)
exhibits significant nonlinear variation with respect to the state of charge (SOC) during the
charging process and is susceptible to external disturbances [5]. To ensure efficient and
stable system operation and enable accurate closed-loop control, it is of great engineering
significance to achieve real-time online identification of key circuit parameters and load
conditions in the LCC-S system without introducing additional sensor hardware costs [6].

Establishing an accurate mathematical model suitable for digital implementation is
the foundation of state observer design. For resonant systems such as the LCC-S topol-
ogy operating at resonance, the conventional state-space averaging (5SA) method, which
neglects AC ripple components, is no longer applicable. The generalized state-space aver-
aging (GSSA) method proposed by Sanders et al. retains selected harmonic components
through Fourier series expansion and has become a mainstream theoretical tool for mod-
eling resonant converters [7]. To date, several studies have employed GSSA to develop
dynamic models of LCC topologies and applied them to steady-state analysis and control
design [8,9].

Despite its theoretical accuracy in capturing system dynamics, GSSA faces significant
challenges in practical engineering applications. The standard GSSA framework is based
on complex frequency-domain modeling and inherently introduces the imaginary unit
j. Consequently, the system state equations involve complex-valued coefficient matrices,
and state variables—such as inductor current and capacitor voltage envelopes—are rep-
resented as complex quantities. However, existing industrial digital signal processors
(DSPs) and microcontroller units (MCUs) are primarily optimized for real number com-
putations. Directly handling complex-valued differential equations in embedded systems
not only substantially increases computational burden and memory consumption, but also
introduces numerical compatibility issues during data type conversion, thereby severely
limiting the practical feasibility of this modeling approach [10]. Therefore, breaking the
constraints of complex-domain modeling and establishing a hybrid-domain control model
that better aligns with practical engineering requirements has become an urgent problem
to be addressed.

In the field of parameter identification, the Kalman filter (KF) and its extended form
(EKF) are widely used for parameter monitoring in WPT systems due to their optimal state
estimation capability in the presence of random noise [11]. For example, Ref. [12] utilized
EKEF to estimate mutual inductance variations in a WPT system online, while Ref. [13]
explored a load identification strategy based on a Kalman observer.

However, existing KF-based observer designs are often limited by the form of the
underlying model. When directly using the complex-domain GSSA model, the filter
algorithm must derive the Jacobian matrix in the complex domain, which is computationally
complex and prone to convergence issues. On the other hand, simplified approximate
models often neglect the coupling relationships between variables, leading to accuracy
degradation. Therefore, there is an urgent need for an improved method that can project
the complex-state variables of GSSA into the real domain while preserving the integrity of
the model, thus enabling seamless integration with the Kalman filter algorithm.

To address the challenges of “complex models being difficult to digitize” and “real-
time parameter observation”, this paper proposes a state observer design method for the
LCC-S system based on an improved generalized state-space averaging modeling approach.

First, this paper improves and reconstructs the traditional GSSA method. To over-
come the limitations of the complex domain, a state variable complex-to-real decoupling
transformation strategy is proposed. This method separates the real and imaginary parts
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of the complex variables, eliminating the imaginary unit in the state equations, and fully
reconstructing the original complex-domain model into a system of higher-order differ-
ential equations in the real domain. This real-valued reconstruction not only eliminates
numerical compatibility barriers in controller algorithm development but also retains the
original model’s complete description of system dynamics.

Second, based on the improved real-domain model, an extended Kalman filter (EKF)
state observer is designed. Thanks to the real-valued transformation and high accuracy
of the model, this observer can run with low computational cost on digital processors,
enabling real-time, decoupled observation of LCC-S system inductor parameter drift and
load changes. The simulation and experimental results validate the superiority of the
proposed method across a wide range of operating conditions.

2. Analytic Model

The core idea of the generalized state-space averaging (GSSA) method lies in em-
ploying Fourier series to decompose periodic nonsinusoidal signals in power electronic
converters into multiple frequency components, enabling separate modeling of the dynamic
characteristics of the fundamental and harmonic components. Specifically, time-varying
waveforms are expanded into a set of linear equations with Fourier coefficients as state
variables, thereby transforming the nonlinear time-varying system induced by switch-
ing actions into multiple linear time-invariant subsystems. By retaining key harmonic
information, this method overcomes the limitations of conventional averaging techniques
in high-frequency dynamic analysis and provides an effective framework for frequency-
domain control design of nonlinear systems.

2.1. Generalized State-Space Averaging Modeling of LCC-S Systems

The equivalent circuit diagram of the system is shown in Figure 1.

L
M
I 2N
Cl C2
L, L, Req

Figure 1. Equivalent circuit diagram of LCC-S system.

From the KVL and KCL theorems, the system of equations for the primary and
secondary sides of the LCC-S circuit system can be listed as follows.

dhy,

dr T f
L (t)Upc — Uc
du,
Cigrt = I, —h
du
Cr—grt =

Ll% = qu - UC] +]CUM12

L3k = jwMI — Uc, — hReq

duc
C—g* =D

In Equation (1), Ir ¢ is the compensation inductor current at the transmitter end, Uy
is the voltage at both ends of the compensation capacitor at the transmitter end, Uc; is
the voltage at both ends of the compensation capacitor of the transmitter coil, 1; is the
coil current at the transmitter end, I, is the coil current at the receiver end, and U is the
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voltage at both ends of the compensation capacitor of the receiver coil. 5(t) is the switching

function of the full-bridge resonant converter and can be expressed as
1, nT<t<(2n+1)%

S(t) = T( )2 )

~L,en+ DI <t<(m+1)T

where n is a positive integer.

The generalized state-space averaging (GSSA) method represents a given variable
over a specified time interval as an approximation with the desired accuracy by means of a
Fourier series expansion. Since the time interval varies dynamically, the complex Fourier
coefficients can be regarded as time-varying functions. Accordingly, the k-th complex
Fourier coefficient can be expressed as

() (1) = % /OT x(t— T+ 7)e H=THdr 3)
Equation (3) gives the Fourier coefficient function in the actual waveform with T as
the time length, from which the state-space model with this equation as the state variable
can be obtained.
The Fourier kth coefficient expressed in Equation (3) is differentiated with respect to
time as shown in the following equation:

500 = (%) 0 = koloy(o) @

In the dynamic modeling analysis of magnetically coupled resonant wireless energy
transmission systems, the Fourier coefficient averaging method provides a key theoretical
support for solving the circuit characterization under time-varying frequency conditions.
Especially in the topology design of resonant power converters, the dynamic time-varying
characteristics of the system angular frequency significantly affect the energy transfer
efficiency and frequency stability. Aiming at the time-varying operating modes of resonant
converters in magnetically coupled wireless energy transmission technology, the mod-
eling method effectively solves the technical bottleneck that the traditional steady-state
model cannot accurately describe the dynamic harmonic characteristics through the time—
frequency domain parameter equivalent conversion mechanism. This modeling strategy
based on the cycle averaging principle not only improves the accuracy of system parameter
identification but also provides an important basis for the optimal design of resonant
networks under complex operating conditions.

2.2. Improved Generalized State-Space Averaging Modeling

In the applied research of the generalized state-space averaging method based on the
complex frequency-domain modeling theory, the characteristic of imaginary units must be
introduced into its mathematical architecture, which makes the method produce significant
limitations in the digital control of power electronic energy conversion devices, and directly
undermines the feasibility of this modeling strategy in engineering practice. Therefore, it is
necessary to convert the model state variables from complex to real quantities to realize the
fully realized reconstruction of the dynamic system equations. This variable decoupling
method not only eliminates the numerical compatibility obstacle in the development of
controller algorithms but also provides a basis for establishing a mixed-domain control
model that meets the actual engineering requirements.
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Put the Equation (3) into the form shown below:
(X)p =a+jb (5)
Equation (5) has the following properties:

(x) = (x)g=a—jb (6)

where * denotes the conjugate operation, and a and b are the real and imaginary parts of
(), respectively.

In a modeling study of a wireless energy transmission system with LCC-S topology,
theoretical derivations and experimental data show that the steady-state resonant charac-
teristics of the system in the rated frequency domain are mainly reflected in the dynamic
response of the fundamental frequency component. The Fourier fundamental frequency de-
composition method proposed in this study successfully constructs an equivalent dynamic
model of the system by extracting the parameters of the DC and fundamental frequency
components. The method combines the filtering and attenuation properties of the resonant
network for higher harmonics, and achieves an effective balance between the efficiency and
accuracy of the model computation while eliminating the interference of high-frequency
components in the modeling of transient processes. This modeling strategy not only allows
the high-frequency harmonic energy on the system dynamics to be ignored but also pro-
vides a reliable mathematical model basis for the design of real-time control algorithms
under complex working conditions. That is, the actual state variables of the system can be
expressed as

x(t) = (x)1/“" + (x) e 4 (x), 7)

Fourier coefficient decomposition of the key variables I; ¢, Ucs, Ucy, 1, I, and Uy
of the resonant network is required to model the system dynamics using the generalized
state-space averaging method. By using a joint modeling approach of the DC component
and the fundamental wave component Fourier coefficients, each electrical variable can
be separately characterized in the form of the following Equation (8), where the real and
imaginary parts of the solving process will result in three independent state quantities.
Therefore, the 6 state variables are processed by the fundamental wave approximation to
construct a reduced order model containing 18 state variables.

If); = x1 + jx2
Uct)y = X3+ jxa
Uc1), = x5+ jxe
IL1), = x7 + jxg
Iin) = x9 + jx10

C2)1 = X11 + jX12

(
(
(
(
(
E ®
(
(
(
(
(

-

ILf)o = X13

Uct)g = X14

<

c1)o = X15
IL1)y = x16

L)y = x17

Ucz)g = x18
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From Equation (6) there is
(Ie)y = (ILe)
(Ucg)r = (Ucr) 4
(Uc1), = (Uct1) 4
_ ©9)
(I1); = (I1) 4
(I2); = (I2) 4
(Uc2)y = (Uca) 4

The Fourier coefficient operation on the switching function of the full-bridge inverter
of Equation (2) has

{ (5(6))0 =0 W

iy
(5(t)) = - E]
According to the transformation of Equation (1) by the GSSA method, the state-space

equations for the coupling of the dc component to the fundamental wave component can
be obtained.

(11)

The 18 state variables are divided into two groups to represent the state components
corresponding to order 0 and order 1, which can be expressed as

T

(x)o = [xla X14 X15 X1 X17 x18] (12)
A T
(x); = {xl Xp X3 X4 X5 X¢ X7 Xg X9 X0 X11 xlz} (13)
vector 6 and matrix B and matrices A;~A4 respectively:
B:[O—%OOOOOOOOOO} (14)
[0 £ 0 0 0 0 ]
1 1
(o 0 0 - 0 0
0 0 & 0 0
A = 1 1 ! jwM (15)
Oz z 0 T~ 0
jwM R, 1
o 0 0 = -7 -g
0 0 0 0 & 0
Ay =A3=0 (16)
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Matrix Ay is
[0 w -4 0 0 0 0 0 0 0 0 0]
—w 0 —Llf 0 0 0 0 0 0 0 0
& 0 w 0 0 —¢& 0 0 0 0 0
0 c% —w 0 0 0 0 —c% 0 0 0 0
0 0 0 0 0 w & 0 0 0 0 0
0 0 0 0 —w 0 0 o 0 0 0 0
0 0 £ 0 £ o0 0 w o - 0 o0 (17)
0o 0 0 £ 0 - —w 0 -9 0 0 0
0 0 0 0 -4 o0 o0 -¢M Jao 4 0 0
0 0 0 0 0 -4 M o o -f1 0 o
0 0 0 0 0 0 0 0 & 0 0 w
0 0 0 0 0 0 0 0 0 & —w 0

Equation (11) above shows the GSSA models for the voltage-based MCR-WPT system.
Based on Equation (7) the expression for the actual state variables of the system can be
obtained as
I, = 2x1 cos wt — 2xp sinwt + x13
Uc, = 2x3 cos wt — 2x4 sin wt + x14
Uc, = 2x5cos wt — 2xg sin wt + Xx15 a8)
[ = 2x7 cos wt — 2xg sin wt + x1¢

I = 2x9 cos wt — 2x1p sin wt + x17

Uc, = 2x11 cos wt — 2x1p sinwt + X1

Since the dynamic mathematical model constructed above is up to the 18th order,
which will greatly increase the difficulty of solving the system, Equation (11) is downgraded
by using selective modal analysis.

In Equation (11), the Oth-order averaging model represents the state-space averaging
model of the system, while the 1st-order averaging model represents the fundamental-wave
component dynamics model of the system, and the coupling between the Oth-order model
and the 1st-order model can be obtained from Equation (11) as shown in Figure 2.

*)o

> 1/s

y
S
N>y

[ 4l
2]

Unc

@)
,A_L /s [«

Figure 2. Diagram showing Oth-order and 1st-order system coupling.

Ml le
P >

According to the theory of selective modal analysis method, the dynamic model of
the fundamental wave components can be directly decoupled from the Oth-order average
model. In addition, the DC model represented by the Oth-order averaging model has little
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relationship with the dynamic characteristics in the converter, while the fundamental wave
characteristics of the system can be directly represented by the 1st-order system. The system
dynamic model can thus be down-ordered to Equation (19):

d

a(x)l = A4(X)1 + BUpc (19)

The system model after decoupling can be simplified as

I, = 2x1 cos wt — 2xp sinwt
Uc, = 2x3 cos wt — 2xy sin wt
Uc, = 2x5 cos wt — 2xg sin wt
. (20)
I, = 2xy cos wt — 2xg sin wt

I = 2x9 cos wt — 2x1p sin wt

Uc, = 2x11 cos wt — 2x1 sinwt

3. Design of the State Observer

In the study of magnetically coupled resonant wireless energy transmission systems,
the real-time accurate acquisition of the receiving side parameters is a technical difficulty
in realizing the closed-loop control. Aiming at the problem of the difficulty in measuring
the electrical quantity of the secondary side due to the non-contact structure, this study
proposes to use the extended Kalman filter algorithm to construct the state observer.

Not only can the algorithm effectively reconstruct the undetectable state quantities
of the system by fusing the system dynamics equations with the statistical characteristics
of noise, but it also possesses the unique advantages of suppressing the high-frequency
switching noise and sensor measurement errors. Based on the easy-to-detect characteristics
of the transmitter coil current signal Iy, its amplitude is selected as the input quantity of
the observer model, and combined with the system state-space expression established
by Equation (20), the parameter observation model applicable to the magnetically cou-
pled wireless energy transmission system is constructed, which provides a reliable state
estimation basis for the closed-loop power control. where the amplitude of I is

|h| = 2v/x7% + xg? 1)

Combining Equations (19) and (21), the 12th-order dynamic model of the magnet-
ically coupled wireless energy transmission system can be expressed in the following
structural form:

Xe = Agxe + BU (22)

y=2v x72 4 x82 (23)

where X, = Xy; U represents the DC bus voltage input to the full-bridge inverter circuit.

During the design of the state observer for the MCR-WPT system, although
Equation (22) presents linear characteristics, the nonlinear nature of Equation (23) leads to
the fact that the traditional linear Kalman filter algorithm is no longer applicable. To meet
the state estimation requirements of this nonlinear system, an extended Kalman filtering
method applicable to nonlinear systems is required for observer construction.

Since the extended Kalman filtering algorithm is built in the framework of discrete
systems, Equations (22) and (23) must be discretized and transformed into the Gauss—
Markov model structure of Equation (24). This discretization transformation not only
meets the basic requirements of the algorithm implementation but also provides a rigorous
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mathematical basis for the statistical characterization of the system noise, thus ensuring
that the state estimation process meets the optimal filtering criterion for dynamic systems.

Ye(k+1) = Fxe(k) + GU(K) + w(k) = f[xe(k), U(K)] + w(k) (24)
y(k) = H(k)xe (k) +v(k) = y[xe(k)] + v(k) (25)
F=eMTs (26)

G=( /O " eAsss) 27)

Ts is the system sampling period. Equations (26) and (27) can be used to approximate
F(k) and G(k) by

T AT ALTS
7,[«72‘/0 eMSds = IT, + 42!S + 43!5 + ... (28)
ALTS?
Fa I+ AsTs + 42'5 (29)
AT
G =B~ (IT, + 42!5 )B (30)

When improving the system modeling accuracy requirements, the approximation
accuracy can be improved by increasing the number of Taylor series expansion terms. To
address the uncertainties in the dynamic equations of the system, a noise statistical model
is required: where both the process noise w(k) and the measurement noise v(k) belong to
mutually uncorrelated zero-mean white noise processes.

The mathematical description of this noise model can be expressed in the form of a
combination of mean and covariance equations, where the mean equation is specified as

Efw(k)} = E{o(k)} =0 (31)

The covariance matrix of the systematic error is defined as

E{w(k)w(k)T} -0 (32)
The covariance matrix of the measurement noise is defined as

E{v(k)v(k)T} =S (33)

where Q is the constant matrix size 12 x 12 and S is the constant matrix size 1 x 1.
The initial value vector x¢(0) of the state variable can be represented by its mean and
covariance matrix:

%¢(0) = E{x.(0)} (34)
P(0) = {[x(0) = £:(0)][x:(0) — 2:(0)]" } (35)

H(k) is the gradient of Equation (23) with respect to the vector x,, and this gradient is
time-varying. In the modeling of voltage-based magnetically coupled resonant systems,
the quasi-linear model established by Equation (22) provides the basis for state estimation,
but its essence still belongs to the category of approximate estimation. Figure 1 illustrates
the observer architecture based on extended Kalman filtering, and the core requirement
for the implementation of this algorithm lies in the completion of real-time sampling of
the primary winding current I; before each discretized recursive computation step. By
constructing a system observable measurement containing the amplitude of I, the observer
can dynamically solve the unmeasurable parameters such as the secondary-side current I,
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with the capacitor voltage Uc, and the load terminal voltages Uout. These estimated values
will be used as key inputs to the closed-loop control strategy, and the precise control of the
system power transfer characteristics will be finally realized by dynamically adjusting the
operation frequency and modulation strategy of the primary-side resonant converter.

The EKF algorithm can be divided into two components, prediction and correction,
and combined with the dynamic system model equation. Based on Equations (24) and (25)
discussed earlier, the EKF algorithm can be expressed as follows:

Step 1: Prediction

Rek+1/k = fi(Rerc/i Ux) (36)
Pii1/x = BPicEBT +Q (37)
Step 2: Calibration
Rek1/k+1 = Lekt1/k + Ki[Vicp1 — Hicp1 (Rekr1/1)] (38)
1
Kics1 = Pr1/xHy 1 [HiPr1/xHy g + S) (39)
P11 = Pesi/x — Keg1 Hir1 Pt /x (40)

Among them,

Hk—‘rl = ay/axE‘xe (41)

“Xek+1/k

In the covariance matrix system of the Kalman filtering algorithm, P characterizes the
uncertainty of the state estimation error, Q reflects the statistical properties of the process
noise, and S characterizes the distribution of the measurement noise. The Kalman gain ma-
trix Ky, serves as the key correction coefficient for minimizing the state estimation error.

% represents the optimal estimation value, k/k denotes the filtering update based on
all the observation information at k moments, and k + 1/k refers to the a priori prediction
of k + 1 states based on the information at k moments. This recursive estimation process
effectively integrates the dynamic model of the system and the real-time observation
data through step-by-step iterations in the time domain, and finally achieves the optimal
estimation of the state vector.

In Figure 3, K4 is the transformation matrix between the state vector x, in the GSSA
model and the actual system state vector, which can be expressed by Equation (42):

Exi1 =2coswtyiq

o O ©O o o =
o O ©O o©O o O
o O O O = O
o O ©O O o O
o O O = O O
o O O ©O o O
S O = O O O
o O ©O O o o
S =, O O O O
o O O o o O
= O O O o O
o O ©O O o o

(42)

o O O o o o
o O ©O o o -
o O © O o o
o O © O ~, O
o O O o o o
S O O = O O
o O ©O O o o
S O = O O O
o O O o o o
S =, O O O O
o O ©O O o O
= O O O O O

where ti,; denotes the k + 1st sampling moment and w is the operating angular frequency
of the MCR-WPT system.
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Figure 3. Block diagram of EKF theory-based observer in WPT system.

Since the state quantities in the GSSA model are not the operational state quantities
of the actual system, the output of the EKF algorithm must be processed by Ey,; before it
can be used as the actual state observations of the system. The processing is performed
as follows:

Zy 11 = Exp1feri1/x1 (43)

Among them,

Zk:[ILf(k) Uce(k) Uci(k) Li(k) I(k) Ucz(k)}T (44)

At this point the magnitude Mg, of the observation vector Zy; can be expressed
as follows:

. - ]
2\/xlk+1/k+l T X241 /K41
o2 )
2\/x3k+1/k+1 T X1 /041
) )
2\/x5k+1/k+1 T X641 /K41

52 52
2\/x7k+1/k+1 T XG4 /K41

(45)

Mg 1 =

22 22
2\/x9k+1/k+1 T Xoks1/k+1

52 52
_2\/xllk+1/k+l T Mok /K41

In this study, we propose a receiver-side parameter identification method based on
extended Kalman filtering for the state observation problem of wireless energy transmission
systems. Theoretical derivation and simulation verification show that the algorithm can
accurately reconstruct the state parameters of the system.

Compared with the traditional dual-closed-loop control architecture, this unilateral
observation scheme successfully avoids the need for sensor configuration at the receiver
side by establishing a dynamic error correction model. This single-side parameter reconfig-
uration strategy not only simplifies the system topology but also fundamentally eliminates
the signal delay and electromagnetic interference problems caused by the wireless commu-
nication module, providing an innovative solution for engineering applications.

4. Experimental Verification and Simulation

Since the system contains many energy storage elements, the initial state of the system
is unknown. In addition, due to the symmetry of the resonant converter output, the average
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value of its output is zero, so the initial value of the EKF algorithm is set near the average
value as follows:

T
Xe0/0 = 05 05 05 05 05 05 05 05 05 05 05 05 (46)
Set the covariance matrix of the estimation error to a relatively high value, i.e.,
Py/o = 101 (47)

where I is the unit matrix of 12 x 12; this setting method indicates that the initial value of
xe 0/0 set is not trusted, and it is hoped that the EKF algorithm will quickly converge to
the value of the true system.

In the extended Kalman filtering algorithm, the configuration of the system error
covariance matrix Q directly affects the state estimation performance.

It is shown that the numerical setting of the diagonal elements of the Q-matrix reflects
a quantitative assessment of the model uncertainty: increasing the element values enhances
the filtering gain and thus speeds up the dynamic response, but it needs to be balanced
against its effect on noise sensitivity.

In this study, for the property that the observation equations of the wireless en-
ergy transmission system are only related to the primary-side currents, it is found that
all the elements in the Q matrix except for the 7th and 8th diagonal elements have no
significant effect on the state update process by combining numerical simulation and
experimental validation.

Based on this, the 7th and 8th diagonal elements are used as the main adjustment
parameters, and the iterative calibration of the matrix parameters is achieved by combining
parameter sensitivity analysis and multi-objective optimization.

The experimental results show that the method can effectively compensate the system
model bias and verify the correlation properties between the dimension of the observation
equation and the effective parameters of the Q matrix. The system error covariance matrix
is set as

Q= diag{O 0 00 0 0 0.0001 00001 0 0 O 0} (48)

To reduce the additional cost caused by secondary-side measurements, a method for
identifying secondary-side parameters based on primary-side parameter measurements is
proposed, and the corresponding equivalent circuit is shown in Figure 4. By measuring
the voltage across the compensation capacitor Cy and the transmitter-side current I; using
voltage and current sensors, the mutual inductance and load parameters can be identified.
The specific process flowchart is shown in Figure 5.

——
Ues @O L g%h “ Req

R] R2

L

Figure 4. Equivalent circuit diagram for parameter identification.
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Figure 5. Block diagram of state estimation.

In Figure 4, Uc, denotes the input voltage of the compensation capacitor Cy, I rep-
resents the transmitter-side current, and I, denotes the receiver-side current. Req is the
equivalent resistance of the system after equivalent transformation, while R; and R; are
the internal resistances of the transmitter and receiver coils, respectively.

According to Kirchhoff’s voltage law (KVL), the circuit shown in Figure 4 can be
expressed as follows:

U, = [Ry +j(whi = gk ) [+ joMB

. , (49)
0= jwMIL + {Rz +](sz _ w%z) 4 Req} L
where the relationship between Req and the actual load is given by
Req = 8 R 50
eq — ? 0 ( )
Define Zj, ¢ ;as the primary-side input impedance:
Uc
Zinc; = Tf (51)
By solving Equation (49), Equation (51) can be rewritten as Equation (52).
w*M?
Zin c; = Ry +j(wLy — + - (52)
in_C¢ 1 ]( 1 wcl) R2+Req+](WL2_wLCZ)

It can be seen from Equation (52) that Z;, ¢ ’ contains the mutual inductance informa-
tion. According to Equation (52), the real part Z;,, ¢ ;e and the imaginary part Z;, ¢ y im of
the input impedance can be expressed as Equation (53).

(wM)?(Ry+Req)
>2

2, (LyCw?-1
(Rz +Req) + W

2 2
(M0 IS l) 1 cyw?+1 (53)
(LyCw? 1)

Cy w2

ZinﬁCffim = = w(y

ZinﬁCffre =R+

Cp(Ry+Req)?+
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Based on Equation (53), the mutual inductance can be calculated as shown in

Equation (54).
’ - 1y (@?LyCy—1)
M Cl (Zm_Cf_lm (UL] + “"Cl ) Cl CZ (wCl Zi.n_Cf_i.m _szl Cl +1)
- w(wClzin_Cf_im—szlC1+1) (54)
C1(R1—Zin_c;_re—R1C20? Ly +Cow? Ly Zin ¢, re)
Req = - : t - Ry

Co—C1Cw?L1+C1CowZin ¢4 im

Two operating modes are designed to validate the observer. In mode 1, the load
resistance changes from 100 () to 50 () at 0.3 s. In mode 2, the mutual inductance of the
coupling mechanism changes from 5.8 puH to 8.5 uH at 0.5 s.

4.1. Mode 1 State Observer Output

Figure 6 below shows the state observer observation waveform for mode 1.

I I I I | Uout actual Waveforms

Uout observed Waveforms

300

200

100

100

200

300

0 0.5 1 1.5 2 2.5 3 35 4 4.5 5
%1073

Figure 6. Mode 1 state observer output waveform.

It can be seen from the Figure 7 that there is a large error between the observed value
of the observer and the true value of the system at the beginning of the observation. This
is due to the time lag link between the observer and the system at the very beginning of
the simulation.

250 | T T T T T T T T T =L
Uout actual Waveforms |

Uout observed Waveforms

e

200

150

100

50

-50

100

S PTPPPVBIBBURIN

-200 |- B

=250 [ ! i ! i 1 L i i ! =

Figure 7. Initial output waveform of mode 1 state observer.
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From Figure 8, it can be seen that the system is basically stabilized at 0.002 s. At this
time, the waveform of 0.0012-0.0026 s is intercepted, as shown in Figure 6, and at this time,
it can be seen that the system completes the tracking observation after experiencing a time
of about 0.0018 s. At this time, the amplitude of the output voltage of the observer and the
amplitude of the voltage at the two ends of the actual load are the same.

400 Uout actual Waveforms
Uout observed Waveforms
200 |- . N S
100
0
100
200
300
12 1.4 1.6 1.8 2 22

Figure 8. Mode 1 state observer 2 ms output waveforms.

From Figure 9, it can be seen that the observer output remains essentially constant
when the load is varied. This is due to the fact that the internal resistance of the transmitter
and receiver coils is neglected in the design of the system observer, at which point the
LCC-S system operates with a constant voltage output. The output voltage of the system is
only related to the mutual inductance value M and the compensation inductance value Lf.

250 Uout actual Waveforms
Uout observed Waveforms
200
150
100
50
0
-50
-100
—-150
-200
=250
1 3 3.1 3.2 3.3 3.4

Figure 9. Mode 1 state observer output waveform.

4.2. Mode 2 State Observer Output

The mode 2 state observer output waveform is shown in Figure 10.

From Figure 10, it can be seen that the waveform of mode 2 is the same as that of mode
1 before 0.005 s, but when the mutual inductance value of mode 2 is changed abruptly at
0.005 s at this time, the system voltage will continue to rise with the increase in the mutual
inductance value without constant voltage control, and at this time, the output voltage of
the system is positively proportional to the mutual inductance value.
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Figure 10. Mode 2 state observer output waveform.

As a result, when the mutual inductance value fluctuates greatly, the output voltage of
the system will produce a wide range of voltage fluctuations, and such voltage fluctuations
will produce voltage shocks on the components of the system, which is not conducive to
the stability of the system. From Figure 11, it can be seen that with the mutual inductance
of the sudden change in the system output voltage will continue to increase. Eventually it
stabilizes after 6.5 ms, at which time the output of the observer is as shown in Figure 11.

i I T Uout actual Waveforms
300 Uout observed Waveforms

!W' H'"WM’"WH”mw II‘N’HI"IIII | II'HI”' wmwmn I lllm I Wll”’l‘\ o f\H\'WlWlWH H H WUI
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I :|'|.' Hine !:I“”.. |.1 I“‘.‘h.w .‘Hn\l\_.il {1 \‘.H“f.l\il .\i\ ;‘I\|\.:|:.'|\.\|

300

Figure 11. Mode 1 state observer output waveform.

4.2.1. Statistical Performance Analysis

To quantitatively evaluate the robustness of the proposed GSSA-based EKF observer
against parameter mismatches and measurement noise, a Monte Carlo statistical analysis
was conducted. The simulation setup involved 100 independent trials. In each trial, the key
system parameters (mutual inductance M and load resistance R) were randomly varied
following a uniform distribution within £20% of their nominal values.

Figure 12 presents the statistical results. Figure 12a illustrates the distribution of the
Root Mean Square Error (RMSE) of the estimated current. It can be observed that the RMSE
follows a normal distribution centered at approximately 0.33 A, with a maximum deviation
below 0.35 A. Given the operating current level, this represents a high estimation accuracy.
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Figure 12. Statistical performance analysis: (a) RMSE distribution of 100 Monte Carlo runs; (b) average
convergence trajectory under parameter uncertainty.

Furthermore, Figure 12b depicts the average convergence trajectory of the estimation
error. The results demonstrate that the observer consistently exhibits a fast dynamic
response. The estimation error decays exponentially and settles into a steady state (within
the 5% error band) in approximately 2 ms. This performance strictly satisfies the design
requirement of converging within 2 ms, confirming the observer’s robustness even under
significant parameter uncertainties.

4.2.2. Discussion on Harmonics and Optimal Power Transfer

In tightly coupled WPT systems, the nonlinearity of the rectifier and strong magnetic
coupling can introduce harmonic components. However, the energy transfer in LCC-S
topologies is predominantly carried by the fundamental component. The proposed GSSA
modeling approach explicitly targets the fundamental frequency dynamics (k = 1).

Although high-order harmonics effectively act as unmodeled disturbances, the statisti-
cal analysis in Figure 12 confirms that the EKF observer maintains high tracking accuracy
(RMSE ~ 0.33 A) even in the presence of noise and uncertainty. By accurately estimating
the fundamental states, the controller can lock the system phase to the fundamental reso-
nant point. Since the fundamental component accounts for the vast majority of the total
power, ensuring fundamental resonance is practically equivalent to achieving the optimal
condition for maximum output power, despite minor harmonic distortions.

In summary, from mode 1 and mode 2, two parameter changes to the output of
the observer can be seen when the parameter fluctuates in the system; the observer can
complete the convergence within 2 ms, which shows that the convergence speed of the
observer is fast, with stable convergence ability and strong robustness, in line with the
design requirements.

5. Conclusions

This paper proposes an improved generalized state-space averaging (GSSA) modeling
approach for LCC-S wireless power transfer systems. By transforming state variables
from complex-valued to real-valued representations, a fully real-valued reconstruction of
the dynamic system equations is achieved. This variable decoupling method eliminates
numerical compatibility issues, providing a robust basis for hybrid-domain control models.

Based on this accurate model, an extended Kalman filter (EKF) state observer is de-
signed to estimate system states under variations in mutual inductance and load resistance.

Rigorous statistical analyses, including 100 Monte Carlo simulations, quantitatively
validate the observer’s performance. The results demonstrate that the estimation Root Mean
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Square Error (RMSE) follows a normal distribution centered at approximately 0.33 A, indi-
cating high precision. Furthermore, the observer consistently converges within 2 ms even
under significant parameter uncertainties. Finally, the analysis confirms that the observer
accurately tracks fundamental components, facilitating the optimal resonant condition for
maximum power transfer despite harmonic distortions in tightly coupled scenarios.
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