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ABSTRACT Parameters within wireless power transfer (WPT) systems could vary for different reasons.
On one hand, mutual inductances and load conditions could vary due to different operating points of the
WPT system. On the other hand, the values of capacitors within the WPT system could also vary due to
aging issues. Identifying those parameters is of great importance to ensure highly efficient, controllable,
and reliable operation for WPT systems. However, those parameters are strongly coupled within the system
and are quite challenging to be estimated at the same time. This paper proposes a model based method to
estimate all the parameters of interest, includingmutual inductances, load condition, and all the capacitances,
for multi-coil WPT systems with 2 transmitting coils (2TX) and 1 receiving coil (1RX). Specifically,
to overcome the challenge of estimating many parameters at the same time, the idea of ‘‘mode switching’’
is applied to greatly improve the redundancy of the parameter identification problem. Auxiliary standard
capacitors are introduced into the system to enable the switching of different operating modes. Afterward,
a mathematical model is established to describe the physical laws among all the interested parameters in each
mode, including the fundamental frequency and harmonic components. Finally, a standard solve procedure is
introduced to solve the nonlinear model and calculate the parameters. The method only requires transmitter
side measurements, without any information from the receiver side. Experiments conducted on a prototype of
a 2TX-1RX LCC-SWPT system verified the effectiveness of the proposed parameter identification method.

INDEX TERMS Wireless power transfer (WPT), parameter identification, mutual inductances and load
tracking, capacitor monitoring.

I. INTRODUCTION
Wireless power transfer (WPT) is widely used in electric
vehicles, portable devices, implantable medical equipments,
and underwater robots because of its safety and conve-
nience [1], [2], [3], [4], [5]. Inductive WPT systems deliver
energy from transmitters to receivers via the magnetic field.
To track maximum energy transfer efficiency and realize con-
stant current/voltage controls of WPT systems, knowledge of
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parameters including mutual inductances, loads, and other
system parameters is crucial [6], [7], [8], [9], [10]. The
mutual inductance between transmitting coil and receiving
coil is subjected to the distance and orientation between coils.
The load condition can also change with different electrical
equipment. Also, during the operation ofWPT systems, other
circuit parameters such as the capacitances could vary due
to aging issues, which will affect not only control objectives
but also the reliable operation of the system [11], [12], [13].
As a result, monitoring the parameters is essential for WPT
systems.
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A. ESTIMATION OF MUTUAL INDUCTANCES AND LOADS
Wireless communication transmitting information (output
voltage, current, load, duty cycle) between the transmitter
and receiver is traditionally applied to monitor the mutual
inductance and realize the output/efficiency control [10].
It requires receiver information with sensors embedded in
the receiver side, which increases system complexity and
cost, and causes time delay. To avoid communication with
the receiver, researchers proposed estimation methods only
with transmitter side information. Energy injection methods
contain the energy injection phase and dissipation phase, and
detect load information by analyzing the amplitude decay rate
of the inductor current during the energy dissipation transient
process [14], [15]. They require the inductance, resistance,
and current signal. Impedance model based parameter iden-
tification methods are widely applied for WPT [16], [17],
[18]. Model based methods make full use of the system
topology and build the model containing state equations
or KCL/KVL equations to analyze the relationship among
the equivalent impedance, parameters of interest and system
measurements. Study [16] obtains the mutual inductance by
analyzing the relationship between the transfer function and
the parameters with only transmitter side information for
SS (series compensation for transmitter and receiver) WPT
system. Studies [17], [18] obtain the mutual inductance with
a differential equation model in time domain. To identify
the mutual inductance and load simultaneously, references
[19], [20] attached additional inverters/capacitors to the SS
system to provide more information related to parameters
by switching auxiliary components. Various references also
make full use of frequency information. In [21] and [22],
the frequency sweep method is applied to provide more
information for equivalent impedances, mutual inductances,
and loads in SS systems. Study [23] simplifies the system
with high order harmonic (5th) and calculates the mutual
inductance accurately only with transmitter current. In [24]
and [25], harmonics information including inter-harmonics
and high-order harmonics is applied to identify the mutual
inductance and load by generating sets of equations related
to impedances and parameters.

Compared to WPT systems containing one transmitting
coil and one receiving coil, multi-coil WPT systems are
proposed for larger charging areas and higher power appli-
cations. For multi-coil systems, the mutual couplings among
coils are more complex, resulting in more parameters to be
identified, such as multiple mutual inductances between each
transmitter and receiver, and cross coupling between two
transmitters or between two receivers. A very limited num-
ber of studies explore the estimation method for multi-coil
systems. In [26], the frequency sweep method and adaptive
algorithm are applied to monitor mutual inductances and
loads. In [27], [28], and [29], the mutual inductance ratio
is calculated with the reflected resistance and coil current.
With receiver side output, the mutual inductances can be
calculated and the maximum efficiency can be achieved for

multi-transmitter systems. Study [30] also utilizes the load
information and currents through coils to calculate the mutual
inductances and realize maximum efficiency control for the
multi-transmitter system. From the above literature, the chal-
lenge for the estimation method is to estimate more param-
eters accurately, with no feedback signal from the receiver,
andminimize the use of sensors and additional components as
possible. The key point is to improve information redundancy
and generate more sets of equations related to parameters.

B. ESTIMATION OF CAPACITANCES
Device aging and degradation usually occur in power elec-
tronic systems during long-time operation, affecting system
operational reliability and performance (output, efficiency,
and devices stress) [11], [12], [13]. What’s more, parameter
deviation could potentially cause large estimation errors for
the model based estimation method [25]. Among various
components of power electronic systems, the capacitor is one
of the most vulnerable devices [31]. As a result, monitoring
the values of capacitors is also crucial for WPT systems.
Capacitor monitoring methods can be mainly classified into
observer-based methods and parameter identification based
methods. Studies [32], [33] monitor the whole system’s
healthy condition including variations of inductances and
capacitances by checking the consistency between the model
and measurements. In [34], [35], and [36], the capacitor value
is calculated and the fault is detected by comparing the calcu-
lated value and the normal value. For WPT systems, param-
eter identification based methods could be adopted. The idea
is to add the capacitances as additional states to be identi-
fied and calculate the states including mutual inductances,
loads, and capacitances simultaneously. If the capacitances
have not been modeled, the variations of the capacitance
will not be considered in the model, and inaccuracies of
capacitances will propagate to the values of other parameters.
Frequency sweep based method could be used to generate
more equations about states during different frequencies [26],
[37]. However, it needs to sweep the operating frequency in
a reasonable range.

To sum up, to ensure highly efficient, controllable and reli-
able operation of WPT systems, estimation of mutual induc-
tances, load and capacitances at the same time is challenging.
Other parameters of the system such as the self-inductances
are assumed to be known constants since they typically do
not suffer from aging issues as capacitors. The number of
unknown parameters could even increase for multi-coil WPT
systems. This paper takes a two-transmitter-one-receiver
(2TX-1RX) LCC-S compensated system as an example,
which has 2 mutual inductances between TX and RX, a load
condition, and 5 unknown capacitances to be estimated.
To improve the redundancy of the parameter identification
problem, auxiliary standard capacitors with known values
of capacitances are added to the resonant tank, to formulate
various operational modes. What’s more, in each mode, the
physical laws at the fundamental frequency and high-order
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FIGURE 1. Equivalent circuit of 2TX-1RX LCC-S WPT system.

FIGURE 2. Square wave equivalence of the rectifier and load.

harmonics are considered to further improve redundancy.
With the overall model of the system with interested param-
eters as unknowns, a nonlinear state estimator is applied to
solve the parameters. The primary contributions of the paper
are summarized below,

1) It only requires voltage measurements at the trans-
mitter side, without the requirement of any current
sensors or receiver side information to minimize sys-
tem complexity;

2) Only two auxiliary capacitors are required to generate
various operational modes; it does not require addi-
tional hardware or frequency sweeping of the system;

3) Extensive experimental results prove that the proposed
method can accurately estimate the full package of
parameters of interest, including mutual inductances,
load condition, and 5 unknown capacitances at the same
time, with various operating conditions of the system.

The rest of the paper is arranged as follows. Section II
derives the model of the 2TX-1RX LCC-S WPT system with
all unknown parameters as states of the system. Section III
adopts a nonlinear state estimator to obtain unknown param-
eters. Section IV presents hardware experiments to validate
the proposed method under various scenarios. Section V adds
a discussion. Section VI draws a conclusion.

II. MODEL DERIVATION FOR PARAMETER
IDENTIFICATION
A. CHARACTERISTICS OF 2TX-1RX LCC-S WPT SYSTEM
Fig.1 shows the topology of a 2TX-1RX LCC-S WPT sys-
tem, containing two transmitting coils and one receiving
coil. The system contains inverter circuits converting dc to
ac, transmitting/receiving coils and compensated capacitors
delivering power, and rectifier circuit converting ac to dc.

TABLE 1. Mode generation with auxiliary capacitors.

Vd1 and Vd2 are the dc power supplies. S1, S2, S3, and
S4 are MOSFET switches for the two half-bridge inverters.
Ltx1, Ltx2, and Lrx are self-inductances of coils. L1 and L2
are compensation inductors. C1, C2 and Ctx1, Ctx2, Crx are
compensation capacitors.M1 andM2 are mutual inductances
between each transmitting coil and receiving coil. M12 is
the cross coupling between transmitting coils. R is the load.
vin1, vin2 and iin1, iin2 are input voltages and currents of two
transmitters, respectively. vC1 and vC2 are voltages across
capacitorsC1 andC2, respectively. vCtx1 and vCtx2 are voltages
across the capacitors Ctx1 and Ctx2, respectively. vLtx1 , vLtx2
and itx1, itx2 are voltages across and currents flowing through
the transmitting coils, respectively. u and irx are the input
voltage and current of the rectifier, respectively. Fig.2 shows
the equivalent circuit of rectifier and the load. It is simplified
as a pure square wave voltage source with an amplitude
equals to the DC output voltage Vout .

For the design of the ideal parameters of the WPT system,
the transmitters and receiver are both fully resonant at ω0,

ω0L1 = 1/ (ω0C1) , ω0L2 = 1/ (ω0C2) ,

ω0Lrx = 1/ (ω0Crx)

ω0Ltx1 =
1

ω0Ctx1
+

1
ω0C1

, ω0Ltx2=
1

ω0Ctx2
+

1
ω0C2

(1)

where ω0 = 2π f0, and f0 is the resonant frequency. Note that
(1) describes the relationship among ideal parameters of the
system. During the operation of the system, due to the aging
of capacitors, the true values of C1, C2, Ctx1, Ctx2, and Crx of
the system could deviate from the ideal values. Also, unlike
the capacitors within the system, since the inductors do not
quite suffer from aging, the values of self-inductances within
the system are typically assumed to be known constants.

To generate different operating modes of the WPT system,
here two auxiliary capacitors 1Ctx1 and 1Ctx2 are added to
the system as standard components, as shown in Fig. 1.1Ctx1
and 1Ctx2 are connected in parallel with two compensation
capacitors Ctx1 and Ctx2, respectively. Switches Sp and Sq are
connected to capacitors 1Ctx1 and 1Ctx2 to provide more
operating modes by switching on/off. With the two auxiliary
capacitors, here three example operating modes are gener-
ated in Table 1. Note that the 4th operating mode with both
switches on is not adopted in the paper since the redundancy
is sufficient to estimate all the interested parameters.

In mode 1, switches Sp and Sq are off. The system works
in normal conditions. In mode 2, the switch Sp is on and Sq is
off; the parameterCtx1 will change fromCtx1 toCtx1+1Ctx1.
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In mode 3, the switch Sq is on and Sp is off; the parameterCtx2
will change from Ctx2 to Ctx2 + 1Ctx2.

B. SYSTEM MODEL FOR EACH OPERATING MODE
The mathematical model for each operating mode is derived
as follows.

1) MODE 1
In this mode, the system operates in normal condition. The
modeling procedure is to describe the physical laws (includ-
ing KCL, KVL, and characteristics of each component) that
the system should obey. Since the output of the inverter vin1,
vin2, and the input of the rectifier u are regulated as nearly
square wave signals, there exists some high-order harmonics
in the circuit even after resonant filtering. The equation set
(2) shows the KCL and KVL laws of the coils for the nth

harmonic in the frequency domain, where n ≥ 1 is an integer.

Ṽ nth
in1

= jnωL1 Ĩn
th

in1
+ Ṽ nth

C1
, Ṽ nth

in2
= jnωL2 Ĩn

th

in2
+ Ṽ nth

C2

Ĩn
th

in1
= Ĩn

th

tx1

+ jnωC1Ṽ nth
C1

, Ĩn
th

in2
= Ĩn

th

tx2
+ jnωC2Ṽ nth

C2

Ṽ nth
C1

= (1/(jnωCtx1) + jnωLtx1 + rtx1)Ĩn
th

tx1
− jnωM1 Ĩn

th

rx

+ jnωM12 Ĩn
th

tx2

Ṽ nth
C2

= (1/(jnωCtx2) + jnωLtx2 + rtx2)Ĩn
th

tx2
− jnωM2 Ĩn

th

rx

+ jnωM12 Ĩn
th

tx1

Ũnth
= jnωM1 Ĩn

th

tx1
+ jnωM2 Ĩn

th

tx2

− Ĩn
th

rx
(jnωLrx − j

/
(nωCrx) + rrx) (2)

In (2), the symbol (•̃)n
th
means the nth harmonic compo-

nent of the variable (•) in complex form. ω is the actual
operating angular frequency of the system, which could be
different from the resonant frequency. rtx1, rtx2 and rrx are
the equivalent series resistances of TX1, TX2 and RX coils,
respectively. Themain purpose of modeling is to find the rela-
tionship among the available measurements and the param-
eters of interest (including unknown internal states, mutual
inductances, load, and capacitances). Here, set vin1, vin2 and
vC1 , vC2 as measurements of the system. With those mea-
surements, the currents through the inductors iin1, iin2 can
be calculated directly from the physical laws of the inductors
L1 and L2. For the phasor domain expression of the nth har-
monic component, the way of calculating Ĩn

th

in1
and Ĩn

th

in2
using

measurements Ṽ nth
in1

, Ṽ nth
in2

, Ṽ nth
C1

and Ṽ nth
C2

is shown in the first
row of (2). Through this procedure, the system only needs
voltage sensors and avoids the complexity of using current
sensors. The currents Ĩn

th

tx1
and Ĩn

th

tx2
through transmitting coils

can be calculated as,

Ĩn
th

tx1
= jnωCtx1Ṽ nth

Ctx1
, Ĩn

th

tx2
= jnωCtx2Ṽ nth

Ctx2
(3)

Substitute (3) into (2), and the capacitancesCtx1 andCtx2 in
the denominator can be removed. Additional states Ṽ nth

Ctx1
and

Ṽ nth
Ctx2

are introduced and states Ĩn
th

tx1
and Ĩn

th

tx2
are eliminated.

Finally, there are 5 complex equations at each order harmon-
ics for modeling.

Next, additional modeling for the pure square wave power
supply Ũnth of load part is introduced. The periodic function
u(t) in Fig. 2 (b) can be expressed in Fourier series form as
follows, composed of multiple harmonics,

u (t) =

∑
n=1,3,5,...

[
4Vout
nπ

sin (nωt + θn)

]
(4)

where the fundamental frequency and nth harmonic compo-
nents of u (t) are defined as u1 (t) =

4Vout
π

sin (ωt + θ1)

and un (t) =
4Vout
nπ sin(n(ωt +

θn
n )). The phasor relationship

between the fundamental frequency and nth harmonic com-
ponent of u(t) is shown in (5),

U1 = nUn
θ1 = θn/n (5)

where U1 = 4Vout/π and Un = 4Vout/n/π are magnitudes
of fundamental and nth harmonic components of u(t). θ1 and
θn are the initial phase angles of u1(t) and un(t), respectively.

As a result, for each mode, the model contains the phys-
ical law in (2) with the fundamental frequency component
and harmonic components, and the relationship between the
fundamental frequency and harmonic components of square
wave u(t) in (5). The complex equation in (2) can be separated
into real and imaginary parts. Since the magnitude of higher
order components is rather small, here only the fundamental
frequency and 3rd harmonic components are taken into con-
sideration for modeling. In (2) and (5), the variable n will be
set as 1 and 3. Considering (2), (3) and (5), the model for
mode 1 is shown in (6),

I1
in1,r

= − ω(Ctx1V 1
Ctx1,i

+ C1V 1
C1,i

),

I1
in1,i

= ω(Ctx1V 1
Ctx1,r

+ C1V 1
C1,r

)

I1
in2,r

= − ω(Ctx2V 1
Ctx2,i

+ C2V 1
C2,i

),

I1
in2,i

= ω(Ctx2V 1
Ctx2,r

+ C2V 1
C2,r

)

0 = − ω2Ltx1Ctx1V 1
Ctx1,r

+ ωM1I1rx,i − rtx1ωCtx1V 1
Ctx1,i

− V 1
Ltx1,r

0 = − ω2Ltx1Ctx1V 1
Ctx1,i

− ωM1I1rx,r + rtx1ωCtx1V 1
Ctx1,r

− V 1
Ltx1,i

0 = − ω2Ltx2Ctx2V 1
Ctx2,r

+ ωsM2I1rx,i − rtx2ωCtx2V 1
Ctx2,i

− V 1
Ltx2,r

0 = − ω2Ltx2Ctx2V 1
Ctx2,i

− ωM2I1rx,r + rtx2ωCtx2V 1
Ctx2,r

− V 1
Ltx2,i

0 = ω2M1Ctx1V 1
Ctx1,r

+ I1
rx,r
rrx + ω2M2Ctx2V 1

Ctx2,r

− I1
rx,i
Zr1 + U1 cos θ1

0 = ω2M1Ctx1V 1
Ctx1,i

+ I1
rx,i
rrx + ω2M2Ctx2V 1

Ctx2,i

+ I1
rx,r
Zr1 + U1 sin θ1
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I3
rd

in1,r
= − 3ω(Ctx1V 3rd

Ctx1,i
+ C1V 3rd

C1,i
),

I3
rd

in1,i
= 3ω(Ctx1V 3rd

Ctx1,r
+ C1V 3rd

C1,r
)

I3
rd

in2,r
= − 3ω(Ctx2V 3rd

Ctx2,i
+ C2V 3rd

C2,i
),

I3
rd

in2,i
= 3ω(Ctx2V 3rd

Ctx2,r
+ C2V 3rd

C2,r
)

0 = − 32ω2Ltx1Ctx1V 3rd
Ctx1,r

+ 3ωM1I3
rd

rx,i

− 3ωrtx1Ctx1V 3rd
Ctx1,i

− V 3rd
Ltx1,r

0 = − 32ω2Ltx1Ctx1V n3
rd

Ctx1,i
− 3ωM1I3

rd

rx,r

+ 3ωrtx1Ctx1V 3rd
Ctx1,r

− V 3rd
Ltx1,i

0 = − 32ω2Ltx2Ctx2V 3rd
Ctx2,r

+ 3ωsM2I3
rd

rx,i

− 3ωrtx2Ctx2V 3rd
Ctx2,i

− V 3rd
Ltx2,r

0 = − 32ω2Ltx2Ctx2V 3rd
Ctx2,i

− 3ωM2I3
rd

rx,r

+ 3ωrtx2Ctx2V 3rd
Ctx2,r

− V 3rd
Ltx2,i

0 = 32ω2(M1Ctx1V 3rd
Ctx1,r

+M2Ctx2V 3rd
Ctx2,r

) + In
th

rx,r
rrx

− I3
rd

rx,i
Zr3 + U3 cos θ3

0 = 32ω2(M1Ctx1V 3rd
Ctx1,i

+M2Ctx2V 3rd
Ctx2,i

) + In
th

rx,i
rrx

+ I3
rd

rx,r
Zr3 + U3 sin θ3

0 = U1 − 3U3, 0 = 3θ1 − θ3 (6)

where Zrn =
(
nωLrx − 1

/
(nωCrx)

)
, V nth

Ltx1
= V nth

C1
− V nth

Ctx1
,

V nth
Ltx2

= V nth
C2

− V nth
Ctx2

, Unth
r

= Un cos θn, Unth
i

= Un sin θn

and n = 1 and 3. Un and θn are the magnitude and initial
phase angle of Ũnth , respectively. Symbols (•)n

th

r and (•)n
th

i

represent the real and imaginary parts of the variable (•̃)n
th
,

respectively. In model (6), the cross coupling M12 is elimi-
nated since the cross couplingM12 can usually be set as 0 with
reasonable coil arrangement in practice or can be measured
offline as a known parameter [38].

To sum up, for model (6), the values of Ṽ nth
in1

, Ṽ nth
in2

, Ṽ nth
C1

and Ṽ nth
C2

are measured, while the values of Ĩn
th

in1
and Ĩn

th

in2
are

calculated via the first row of (2). The operating fundamental
frequency ω and inductances (L1, L2, Ltx1, Ltx2, and Lrx)
are known. In (6), there is a total of 22 real equations. The
number of unknown states to be estimated is 23, including
7 parameters (M1,M2, C1, C2, Ctx1, Ctx2, Crx) and 8 internal
complex states (16 real states, including V 1

Ltx1,r
, V 1

Ltx1,i
, V 1

Ltx2,r
,

V 1
Ltx2,i

, I1
rx,r

, I1
rx,i

, U1, θ1, V 3rd
Ltx1,r

, V 3rd
Ltx1,i

, V 3rd
Ltx2,r

, V 3rd
Ltx2,i

, I3
rd

rx,r
,

I3
rd

rx,i
, U3, and θ3). Model (6) is a function including sets of

equations related to the parameters to be identified. However,
the 23 states cannot be solved because the number of states is
larger than the number of equations with only mode 1. More
modes to generate additional sets of equations are introduced
as follows.

2) MODE 2
In mode 2, the switch Sp is on and Sq is off. The value of Ctx1
is updated as Ctx1 + 1Ctx1. The operating condition of the
system will change, generating more information different
from mode 1. The modeling procedure is similar to that
in mode 1. First, similar to (2), demonstrate the KCL and
KVL laws of the coils with the nth harmonic component in
the frequency domain as (7). Compared to (2) of mode 1,
model (7) contains new items related to 1Ctx1.

Ĩn
th

in1
= jnωsCtx1Ṽ nth

Ctx1
+ jnωC1Ṽ nth

C1
+ jnωs1Ctx1Ṽ nth

Ctx1

Ĩn
th

in2
= jnωsCtx2Ṽ nth

Ctx2
+ jnωsC2Ṽ nth

C2

0 = (jnωsLtx1 + rtx1)jnωsCtx1Ṽ nth
Ctx1

− jnωsM1 Ĩn
th

rx
− Ṽ nth

Ltx1

+ (−n2ω2
sLtx1 + jnωsrtx1)Ṽ nth

Ctx1
1Ctx1

0 = (jnωsLtx2 + rtx2)jnωsCtx2Ṽ nth
Ctx2

− jnωsM2 Ĩn
th

rx
− Ṽ nth

Ltx2

0 = n2ω2
sM1Ctx1Ṽ nth

Ctx1
+ n2ω2

sM2Ctx2Ṽ nth
Ctx2

+ Ũnth

+ Ĩn
th

rx
(jnωsLrx − j

/
(nωsCrx) + rrx)

+ n2ω2
sM11Ctx1Ṽ nth

Ctx1
(7)

The next step is to expand the complex equations of (7)
into real and imaginary parts, and set n as 1 and 3. Similar to
(6), considering the fundamental, 3rd harmonic information
of physical laws, and the relation between fundamental and
3rd harmonic of u(t), the model for mode 2 can be generated
and is not shown here due to space limitations. In mode 2,
similar to the analysis of mode 1, there are 22 equations and
23 states to be identified.M1,M2, C1, C2, Ctx1, Ctx2, and Crx
are 7 parameters, which are identical to that in mode 1. The
internal complex states (16 real states, includingV 1

Ltx1,r
,V 1

Ltx1,i
,

V 1
Ltx2,r

, V 1
Ltx2,i

, I1
rx,r

, I1
rx,i

, U1, θ1, V 3rd
Ltx1,r

, V 3rd
Ltx1,i

, V 3rd
Ltx2,r

, V 3rd
Ltx2,i

,

I3
rd

rx,r
, I3

rd

rx,i
, U3, and θ3) are new states different from those in

mode 1 because the operating condition has changed.

3) MODE 3
In mode 3, the switch Sp is off and Sq is on. The value of Ctx2
is updated as Ctx2 + 1Ctx2. Similar to (2) and (7), the KCL
and KVL laws of the coils with the nth harmonic component
for mode 3 are shown in (8), with a new item related to1Ctx2.

Ĩn
th

in1
= jnωsCtx1Ṽ nth

Ctx1
+ jnωC1Ṽ nth

C1

Ĩn
th

in2
= jnωsCtx2Ṽ nth

Ctx2
+ jnωsC2Ṽ nth

C2
+ jnωs1Ctx2Ṽ nth

Ctx2

0 = (jnωsLtx1 + rtx1)jnωsCtx1Ṽ nth
Ctx1

− jnωsM1 Ĩn
th

rx
− Ṽ nth

Ltx1

0 = (jnωsLtx2 + rtx2)jnωsCtx2Ṽ nth
Ctx2

− jnωsM2 Ĩn
th

rx
− Ṽ nth

Ltx2

+ (−n2ω2
sLtx2 + jnωsrtx2)Ṽ nth

Ctx2
1Ctx2

0 = n2ω2
sM1Ctx1Ṽ nth

Ctx1
+ n2ω2

sM2Ctx2Ṽ nth
Ctx2

+ Ũnth

+ Ĩn
th

rx
(jnωsLrx − j

/
(nωsCrx) + rrx)

+ n2ω2
sM21Ctx2Ṽ nth

Ctx2
(8)
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Similar to mode 2, the model for mode 3 can be generated
by expanding (8) into real and imaginary parts, setting n= 1,
3, and adding additional relation (5). The final form is similar
to those in (6). Still, 22 equations and 23 states (including
7 parameters and 16 real states).

C. COMBINED MODEL FOR PARAMETER IDENTIFICATION
For each mode, the number of equations is 22, and the
number of states to be estimated is 23. After combining the
models of all three modes, the combined model is composed
of 66 equations; the state vector contains the 7 parameters
(M1, M2, C1, C2, Ctx1, Ctx2, and Crx) and 48 (16∗3) internal
states of three modes (V 1

Ltx1,r
, V 1

Ltx1,i
, V 1

Ltx2,r
, V 1

Ltx2,i
, I1

rx,r
, I1

rx,i
,

U1, θ1, V 3rd
Ltx1,r

, V 3rd
Ltx1,i

, V 3rd
Ltx2,r

, V 3rd
Ltx2,i

, I3
rd

rx,r
, I3

rd

rx,i
, U3, and θ3 of

each mode), i.e., totally 55 states. The combined model for
parameter identification is rewritten in the following standard
format,

z = h(x) (9)

where z ∈ R66×1 is the measurement vector, containing
the fundamental and 3rd harmonic components of vin1, vin2,
vC1 , vC2 , iin1 and iin2 in three operating modes, as well as
zeros. x ∈ R55×1 is the state vector.

III. NONLINEAR STATE ESTIMATOR FOR PARAMETERS
Next, the nonlinear overdetermined equations in (9) can be
solved via a nonlinear state estimator. The parameter identi-
fication problem can be converted into an optimization prob-
lem with the idea of weighted least square,

min
x

J = (h(x) − z)TW (h(x) − z) (10)

The optimization problem is to find an optimal solution x̂,
which minimizes the weighted sum of squares of residuals.
The solution x̂ should obey ∂J/∂x = 0, a set of nonlinear
equations. The Newton-Raphson method is an effective way
to solve nonlinear algebraic equations and can be applied to
solve the problem [39], [40]. The best-estimated state vector
x̂ can be obtained with the iteration in (11) until convergence,

xν+1
= xν

− (HTWH)−1HTW (h(xν) − z) (11)

where H = ∂h
/
∂x

∣∣
x=xν is the Jacobian matrix evaluated

at x = xν . W is the weight matrix. Note that the
Newton-Raphson method converges quickly and it requires
reasonable initial values of states. In practice, the initial value
of the state vector x0 can be set according to the system
operating condition. Details on the selection of initial values
can be found in section IV.
The parameters (including mutual inductances and capac-

itances) and the internal states (Ṽ 1
Ltx1

, Ṽ 1
Ltx2

, Ĩ1
rx
, Ũ1, Ṽ 3

Ltx1
,

Ṽ 3
Ltx2

, Ĩ3
rx

and Ũ3) are calculated simultaneously with (11).

With the input voltages (Ũ1, Ũ3) and currents (Ĩ1
rx
, Ĩ3

rx
) of

the rectifier, the equivalent input impedance of the rectifier
Req can be calculated with Req = U1/Irx,1. U1 and Irx,1 are
the magnitudes of Ũ1 and Ĩ1

rx
. The relationship between the

FIGURE 3. Flowchart of parameter identification method.

FIGURE 4. Experimental setup of 2TX-1RX WPT system.

equivalent impedanceReq and the loadR can be approximated
based on the power equivalence principle as (12): the power
dissipated on the resistance R is equal to the power provided
by the fundamental and 3rd harmonic components of u(t).(

U1/
√
2
)2

/Req +

(
U3/

√
2
)2

/Req = V 2
out/R (12)

With the Fourier analysis of u(t) in (4) and the equivalent
input impedance of the rectifier Req = U1/Irx,1, the load
R can be directly calculated according to the fundamental
frequency component at the input of the rectifier, i.e.,

R = (U1/Irx,1)9π2/80 (13)

The flowchart of the proposed parameter identification
method is shown in Fig. 3.
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TABLE 2. System settings.

IV. HARDWARE EXPERIMENTAL RESULTS
To verify the effectiveness of the proposed parameter identifi-
cation method, a prototype 2TX-1RX LCC-S WPT system is
established, as shown in Fig. 4 (a). The system topology is as
same as that in Fig. 1. The designed ideal resonant frequency
f0 is 100 kHz and the experimental settings are shown in
Table. 2.
The dc supplies are Vd1 = 30 V and Vd2 = 30 V. Here

the operating frequency f is selected as 95 kHz, which
is near but not exactly equal to the resonant frequency
f0 [21]. Through this selection of operating frequency, the
independency among the parameters to be estimated can be
guaranteed [21]. The duty cycle D of the switching signal for
inverters is set as 0.494. Soft switching techniques (zero volt-
age switching) are adopted for both inverters in TX1 and TX2
tominimize the switching losses. The actual parameters of the
components are measured offline by the LCR meter before
the system starts. The transmitting coils and receiving coil are
built using the Litz wire, with the same sizes (20 cm∗15 cm)
as shown in Fig.4 (c). The transmitting coils are positioned
in bipolar pad form to decouple coils and minimize the cross
coupling, i.e. M12 = 0 [38]. The receiving coil is centered
on the top of the transmitting coils. Connect Ctx1 and Ctx2
in parallel with Ctx1 and Ctx2, respectively. Fig.4 (b) shows
the coupler design of transmitter #1 as an example. Here the
auxiliary capacitors are chosen as MMK P82 and the values
are Ctx1 = 27 nF and Ctx2 = 22 nF, which are close to 30%
of capacitances Ctx1 and Ctx2, respectively. The two auxiliary
capacitors are with known and constant capacitances, and
they only work for the purpose of parameter identification of
the WPT system. Switch on/off the auxiliary capacitors Ctx1
and Ctx2 to generate three operating modes as introduced in
section II of the paper.

Measurements for each mode contain the input voltages
(vin1, vin2) and voltages across the capacitor (vC1 , vC2 ). Since
the experiments aim to verify the effectiveness and feasibility
of the theoretical analysis for the proposed parameter identi-
fication method, here the oscilloscope (RIGOLMSO5104) is
applied to collect the data for simplification [17], [25], [26].

The experiments include three cases to verify the effective-
ness of the proposed parameter identification method. Case 1
verifies the effectiveness of the method with varying loads
condition by ranging R from 15 � to 50 �. In case 2, the
mutual inductances vary with different coils position, and

FIGURE 5. Measurements in mode (1) (2) (3), R = 30 �.

then the estimation method will be applied to identify the
parameters of interest. Case 3 decreases the values of com-
pensation capacitances to mimic the capacitor aging problem,
and verifies the accuracy of the method in capacitor aging
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conditions. Note that for the example WPT system, the rated
dc output voltage and current are around 20 V and 1.5 A,
respectively. The rated output power is 30 W. The WPT
system can also be scaled up/down for various applications.

A. CASE 1 ESTIMATION WITH VARYING LOADS
In this case, the vertical distance between the transmitting
coils and receiving coil is 2.2 cm. The actual mutual induc-
tances are M1 = 16.736 µ H, M2 = 15.58 µ H and M12 =

0. The system configuration is the same as that in Table 2.
Load R ranges from 15 � to 50 �, with the intervals of 5 �.
An example case with R = 30 �, will be analyzed first.
Fig. 5 shows the waveforms and the harmonic components
of measurements for three modes when R = 30 �.
In Fig. 5, the waveforms and FFT analysis results of

the measurements are different for different modes. In
Fig. 5 (a) to (c), the input voltage (Vin1 orVin2) and the capac-
itor voltage (VC1 or VC2 ) are shown for each transmitter (TX1
or TX2). One can observe that the capacitor voltages are not
pure sinusoids since they contain harmonics. Also, one can
observe that,VC1 increases by comparingmode 1 andmode 2,
and VC2 increases by comparing mode 1 and mode 3. This is
because the introduction of capacitors causes deviation of the
resonant frequency from its nominal value. This also shows
that the introduction of auxiliary capacitors provides more
information for the parameter identification problem.

Next, the way to select the initial value of the state vec-
tor for the Newton Raphson method in (11) is presented.
There are 55 states of the system, including 7 parameters
and 48 (16∗3) internal states corresponding to three modes.
The initial value of each state is set within certain boundaries
considering the operating condition of the system. Consider-
ing the ranges of the coupling coefficient from 0.1 to 0.5, the
initial values of mutual inductances M1 and M2 are selected
within the range from 6 µH to 30 µH. The initial values
of capacitors C1, C2, Ctx1, Ctx2, Crx are set close to their
nominal values, without knowing the degradation status of
the capacitors. The 48 (16∗3) internal states of three modes
can be set within certain ranges: U1 ∈ [10 V, 40 V], U3 ∈

[3 V, 13 V], θ1, θ3 ∈ [−π/2, π/2], I1
rx,r

, I1
rx,i

∈ [−2 A,

2 A] and I3
rd

rx,r
, I3

rd

rx,i
∈ [−0.2 A, 0.2 A]. The values of V 1

Ltx1,r
,

V 1
Ltx1,i

, V 3rd
Ltx1,r

, V 3rd
Ltx1,i

, V 1
Ltx2,r

, V 1
Ltx2,i

,V 3rd
Ltx2,r

, and V 3rd
Ltx2,i

of each

mode can be approximated using the fundamental and 3rd

harmonics components of measurements VC1 and VC2 . In this
paper, the Newton Raphson method in (11) has a relatively
large convergence region for the WPT parameter identifica-
tion application. Experimental results prove that, with the
aforementioned ways of selecting the initial values, as long as
the initial values are selected with the boundary, the proposed
method does not encounter convergence issues.

Substitute the harmonic components and the initial state
vector x0 into the parameter identification model (9), the
states can be solved. The convergence procedure of the
parameters is shown in Fig. 6 and Fig.7. It can be seen that
the value of the optimal parameters will be determined after

FIGURE 6. Convergence of mutual inductances, R = 30 �.

FIGURE 7. Convergence of capacitances, R = 30 �.

FIGURE 8. Estimation results of mutual inductances, varying R.

TABLE 3. Estimation error for capacitances, R = 30 �.

FIGURE 9. Estimation results of load R, varying R.

a few steps. The estimated parameters are, M1 = 16.68 µH,
M2 = 15.72 µH, C1 = 94.97 nF, C2 = 109.6 nF, Ctx1 =

85.13 nF, Ctx2 = 72.39 nF, and Crx = 41.3 nF. With the
estimated load voltages and currents, the value of load R can
be calculated according to (13), i.e. R = 30.88 �. Compared
to the actual values, the absolute estimation error is calculated
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FIGURE 10. Estimation results of capacitances, varying R.

FIGURE 11. Estimation error of parameters, varying R.

TABLE 4. Estimation error, varying load R.

FIGURE 12. Estimation results of mutual inductances, varying M.

as Error = |estimated − actual| /actual × 100%. The esti-
mation errors forM1 andM2 are 0.3% and 0.9%, respectively.
The estimation error for load R is 2.93 %. The estimation
errors for the capacitances are shown in Table 3. One can
observe that the estimated parameters are with high accuracy.

To further verify the effectiveness of the proposed method,
here set the load R varying from 15 to 50 � with the interval
5 �. When the load varies, the system operating condition
will change. Fig. 8 shows the estimation results of mutual
inductances with unknown varying R. In Fig. 8, red circles
and black triangles represent estimated M1 and M2, respec-
tively. Fig. 9 and Fig. 10 show the estimation results of load R
and capacitances (C1, C2, Ctx1, Ctx2, and Crx). The estimated

FIGURE 13. Estimation results of load R, varying M.

FIGURE 14. Estimation results of capacitances, varying M.

FIGURE 15. Estimation error of states, varying M.

TABLE 5. Estimation error, varying mutual inductances.

values are also close to the actual values with different loads.
The estimation results show that the method can work for
various loading conditions since Ũnth and Ĩn

th

rx have been
included in the model and the variation of R is carefully
considered.

Fig. 11 shows the estimation error (in percentage) of all the
parameters of interest. The maximum and average estimation
errors of the case with varying R are shown in Table 4. It can
be seen that the maximum parameter identification error is
around 3.5% for mutual inductances, 2.9% for capacitances,
and 4.55% for loads. The results verified that the mutual
inductances, the load, and the capacitances can be accurately
estimated simultaneously. Note that, the estimation errors of
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FIGURE 16. Estimation of capacitances, Ctx1 degrading from 83 nF to
56 nF.

FIGURE 17. Comparison of estimation errors with/without capacitor
monitoring.

loads are a bit larger than other parameters. The reason is that
the forward voltage drop of diodes in the rectifier has not been
considered when calculating the load with states Ũ1 and Ĩ1rx
in (13).

B. CASE 2 ESTIMATION WITH VARYING MUTUAL
INDUCTANCES
In this case, the load is fixed as 30 �. The vertical distance
between the transmitting coils and receiving coil ranges from
0.5 cm to 2.8 cm. The mutual inductancesM1 andM2 change
with different distances. The other settings are the same as
those in Table 2. For each pair of mutual inductances with a
certain vertical distance, switch the auxiliary capacitors and
include the measurements of three modes within the model.
Finally, the estimation results are shown in Fig. 12 to Fig. 14.

In Fig. 12, red circles and black triangles represent esti-
mated M1 and M2, respectively. When the distance changes,
the actual mutual inductances change. Similarly, the esti-
mated values are always close to the actual mutual induc-
tances. Fig. 13 and 14 show the estimation results of load R
and capacitances C1, C2, Ctx1, Ctx2, and Crx . The estimated
values are consistent with the actual values with varying
mutual inductances.

The estimation errors for parameters (M1, M2, C1, C2,
Ctx1, Ctx2, Crx , and R) are shown in Fig. 15. The average
and maximum absolute estimation errors for parameters are
shown in Table 5.

The maximum absolute estimation error is around 3% for
mutual inductances and 3% for capacitances. It can be seen,
all the estimation errors for load R are smaller than 5% except
in the case when distance d = 2.8 cm (with the error of
7.66%), meaning the calculation procedure for R could be
further compromised with weak coupling. The estimation

error of R is also contributed by the neglection of voltage drop
of diodes during derivation. Overall, the estimation results
still show that the proposed method can work when the coil
distance varies.

C. CASE 3 ESTIMATION WITH AGING CAPACITOR
In this case, the capacitance Ctx1 ranges from 83 nF to 56 nF
to mimic the capacitor aging. The load R equals to 30 �. The
distance between the transmitting coils and receiving coil is
fixed at 1.6 cm as an example. The actual mutual inductances
areM1 = 20.39 µH andM2 = 15.75 µH. With the proposed
method, the estimation results for mutual inductances and
load R are M1 = 20.41 µH (0.1% error), M2 = 15.43 µH
(2.06% error), R = 28.70 � (1.54% error). The capacitor
monitoring results with the proposed method are shown in
Fig. 16. One can observe that, even with the initial value
around 83 nF, Ctx1 still converges to the value of 55.6 nF,
which is close to the true value of 56 nF (0.7% error). The
degradation of Ctx1 is accurately detected with the proposed
method.

Next, a comparative study is provided, where the estima-
tion method does not consider the capacitance uncertainties.
The proposed method is adjusted such that all the values of
capacitances are removed from the unknown state vector and
are treated as known constants with values in Table 2. That
is to say, the value of Ctx1 is fixed as 83 nF in the model
even though it has already been degraded to 56 nF. Under this
condition, the estimation results of mutual inductances and
load are M1 = 22.98 µH (14.14% error), M2 = 11.25 µH
(27.69% error) and R = 32.53 � (4.32% error), with much
larger errors than the proposed method. The estimation errors
of mutual inductances and load with and without considera-
tion of capacitance uncertainties are shown in Fig. 17.
When the system operates with the degraded capacitor, the

estimation accuracy of parameters and operating conditions
for the WPT system could be compromised. From the result,
it can be seen that, when the capacitor aging is modeled in
the parameter identification method, the estimation accuracy
is much improved.

V. DISCUSSION
This section shows additional discussions for the proposed
method, including a comparison to other estimation methods
and other discussions.

A. COMPARISON TO OTHER ESTIMATION METHODS
The existing estimation methods for identifying parameters
in WPT systems usually require frequency sweeping, energy
injection, and communication from the receiver side. Also,
mostmethods are only designed for 1TX/RXWPT systems or
do not consider the uncertainty of capacitor parameters. The
advantages of the proposed method over existing methods are
summarized in Table 6.

B. OTHER DISCUSSIONS
In this paper, the parameters can be accurately estimated
with various mutual inductances and loads, with uncertain
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TABLE 6. Comparison to other parameter identification methods.

capacitances. It is worth mentioning that those parameters
may not be accurately captured in extreme scenarios. For
example, when the load resistance goes to infinity, the receiv-
ing side of the WPT system becomes an open circuit. In this
case, it is obvious that the mutual inductances cannot be accu-
rately captured, since the input current will be zero regardless
of the mutual inductances.

Accurate estimation of parameters can potentially enable
many applications, such as constant output voltage/current
control or maximum transfer efficiency control. Taking the
maximum transfer efficiency control as an example. With
the estimated mutual inductances M1 and M2, the optimal
efficiency can be obtained by setting the coil current ratio
as the coupling coefficient ratio, as Itx1:Itx2 = k1:k2 =

(M1/
√
Ltx1Lrx):(M2/

√
Ltx2Lrx) [28]. Since the focus of the

paper is parameter identification, details experimental results
of those applications are not demonstrated due to space
limitations.

This study introduces a parameter identification method
for 2TX-1RX LCC-S compensated WPT systems. The pro-
posed method provides a theoretical framework for estimat-
ing the parameters systematically. As a result, the method
can be potentially extended to other multi-coil WPT sys-
tems, with different compensation topologies and different
number of TXs/RXs. However, if the system contains more
TXs/RXs, the number of measurements and the unknown
variables could also be increased, resulting in amore complex
formulation of the parameter identification problem. Also,
for each application scenario, the information redundancy
and parameter independence should be checked carefully
to ensure all the parameters of interest can be identified
simultaneously.

Although the proposed approach is validated via a WPT
system with the resonant frequency of 100 kHz as an exam-
ple, similar approaches can also be applied to WPT systems
with higher resonant frequencies. However, in those cases,
the parasitic parameters of the circuit elements could be more
influential and are suggested to be considered. In addition,
advanced voltage sensors that are compatible with higher
sampling rates and wider bandwidth should be considered.

VI. CONCLUSION
This paper proposed a parameter identification method for
2TX-1RX LCC-S WPT systems, to estimate the mutual

inductances, load, and capacitances at the same time. The
method only requires voltage measurements at the transmitter
side and does not need information from the receiver side.
To improve the redundancy of the parameter identification
problem, the proposed method utilizes auxiliary capacitors
to make the system work at different operating modes. First,
the model for each operating mode is established with funda-
mental and high-order harmonic information. Afterward, an
overall model combining the information from all three oper-
ating modes is derived. Finally, a nonlinear state estimator is
applied to solve the nonlinear model numerically. Hardware
experiments verified that the proposed method can accu-
rately estimate mutual inductances, load, and capacitances
simultaneously, during different operating conditions with
various loads, mutual inductances, and capacitor aging sce-
narios. Accurate identification of those parameters enables
highly efficient, controllable and reliable operation for WPT
systems.
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