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Abstract—An important feature of an inductive power transfer
(IPT) system is its power transfer efficiency and capability can be
significantly affected by the load and the magnetic coupling varia-
tions. Therefore, identifying the load and the mutual inductance is
essential to improve the system performance. This paper proposes
a load and mutual inductance identification method for IPT sys-
tems with parallel-compensated power pickups based only on the
information detected from the primary side. The proposed method
can be implemented for primary resonant circuits whether they
are series or parallel tuned, or with a hybrid compensation, such
as an LCL configuration. An identification model is established
according to the steady-state characteristics of the system. Iden-
tification results are obtained based on mathematical derivations
and analyses. The proposed identification method is realized with-
out any extra communication or control, and both the simulation
and experimental results have verified its feasibility.

Index Terms—Inductive power transfer (IPT), load identifica-
tion, mutual inductance identification, wireless power transfer
(WPT).

I. INTRODUCTION

A S ONE of wireless power transfer (WPT) technologies,
inductive power transfer (IPT) technology has attracted a

wide attention recently [1]–[3]. It has become a crucial technol-
ogy in various fields, such as transportation applications [4]–[6],
lighting applications [7], [8], electronic products [9], [10], and
biomedical implants [11], [12] due to its safety, reliability, and
flexibility. In recent years, lots of research efforts have been
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devoted to improve the transfer efficiency and the capability
of IPT systems, both of which are significantly affected by the
load and the strength of the magnetic coupling [13]–[15]. In
some applications, the variations of the load and the mutual
inductance are inevitable and cannot be neglected. Taking the
wireless power supply for electric vehicles (EVs) as an exam-
ple, different EVs have the different power requirements as well
as the load characteristics, and the different mutual inductances
because of the different vertical heights and the alignment of
chassis which may change the air gap between the transmitting
winding and the pick-up winding. A wireless communication
system is often used to set up on the secondary side to provide
the feedback signals to the primary [16]–[18]. However, remov-
ing the additional communication system between the primary
side and the secondary side will obviously decrease the system
volume, cost, and complexity.

Currently, a certain achievements in the load identification
of IPT system when the mutual inductance is invariable have
gained by a number of scholars [19]–[22]. Literature [23]
achieves the load and the mutual inductance identification of
the S/S-type IPT system based on an additional compensating
capacitor in the primary side. However, this method increases
the complexity of the system and the control difficulty. In [24],
the mutual inductance and load resistance of WPT system was
identified when the operating frequency is different from reso-
nant frequency of the receiver. Similarly, this method is focused
only on the S/S-type IPT system. There is almost no research
being reported for identifying the load and the mutual induc-
tance of secondary parallel-compensated IPT systems which
are widely used in practice due to its voltage boosting prop-
erty and inherent current limiting capability [8], [13], [25], [26].
Although it is reported that two likely sets of identification so-
lutions of a S/P-type IPT system will be derived based on the
sampled input impedance at any operating frequency in [24],
there is no study to eliminate the undesired solution of the two
sets of identification solutions. In addition, it is also found that
two sets of identification solutions can be obtained for the P/P-
and LCL/P-type IPT systems in the paper. The method to obtain
the actual identification results from the two sets has not been
reported.

This paper proposes a method of identifying load and mu-
tual inductance of the secondary parallel-compensated IPT
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Fig. 1. Equivalent circuit of the secondary parallel-compensated IPT system.

Fig. 2. (a) Series, (b) parallel, and (c) LCL compensation in the primary side.

systems. The method can be implemented regardless of the
compensation topologies of the primary resonant circuit, which
can be either series, parallel, or hybrid compensations, such as
LCL. The process to eliminate the undesired solution is de-
scribed in details. Only the information of the system operating
frequency, the output voltage, and current of the primary power
inverter are required for load and mutual inductance by this
method. Furthermore, this identification method can be achieved
without any extra communication or control circuits, therefore,
the cost and complexity of the system is kept low.

This paper is organized as follows. Section II introduces the
three basic circuit topologies of secondary parallel-compensated
IPT systems. Then, the proposed identification model is built
and the corresponding analyses are conducted in Section III.
Section IV provides the simulations and the experiments. Fi-
nally, Section V concludes the whole paper.

II. SYSTEM OVERVIEW

A. Circuit Topology

The equivalent circuit topology of the secondary parallel-
compensated IPT systems is shown in Fig. 1.

The primary compensation module can be divided into three
classes of the compensation schemes that are shown in Fig. 2.
From Fig. 2(a) and (b), the primary coil Lp in series or parallel
with the compensating capacitor Cp can constitute a series or
parallel resonant tank. Besides, the LCL primary resonant tank is
made up of the primary coilLp in parallel with the compensating
capacitor Cp and the series inductor Lr shown in Fig. 2(c). In
the secondary side, the secondary coil receives power from the
high-frequency magnetic field and the parallel resonant network
which is composed of the resonant inductor Ls and the parallel
capacitor Cs . The equivalent load R picks up the power from
the secondary side via the resonant network.Rp ,Rs andRr are
the inherent resistances of the primary coil Lp , the secondary
coil Ls and the series inductor Lr , respectively. M is the mutual

TABLE I
RMS VALUES OF OUTPUT VOLTAGE AND CURRENT OF INVERTER

Series
compensation

Parallel
compensation

LCL
compensation

Uinv Um ea Um ea
4√
2π

Um ea

Iinv Im ea
4√
2π

Im ea Im ea

inductance between the primary and secondary coils. uinv and
iinv are the output voltage and current of inverter, respectively.

B. Nominal Resonant Frequency

In order to minimize the volt-ampere (VA) rating of the power
supply and achieve the maximum power transfer capability, it
is a logical choice to design the primary and secondary nominal
resonant frequency at or near a same frequency ω0 . Therefore,
the circuit parameters designed in this paper satisfy the follow-
ing relationship:

ω2
0 ≈

⎧
⎪⎪⎨

⎪⎪⎩

1
LpCp

≈ 1
LsCs

S/P & P/P

1
CpLrLp/ (Lr + Lp)

≈ 1
LsCs

LCL/P
. (1)

C. Output Voltage and Current of Inverter

In the primary side, the inductor and the capacitor serve as
a low-pass filter and the high frequency harmonic currents in
the resonant network are suppressed. Therefore, only the fun-
damental harmonic is considered for power transfer based on
the Fourier decomposition. Then, the root-mean-square (RMS)
values of uinv and iinv can be calculated as shown in Table I.
Umea and Imea represent the measured RMS values of the output
voltage and current of the inverter, respectively.

III. LOAD AND MUTUAL INDUCTANCE IDENTIFICATION

METHOD

Before the theoretical analysis, there are some assumptions
that need to be made:

1) the circuit parameters, namely Lp, Ls, Lr , Cp , Cs, Rp ,
Rs, Rr , are measured and known;

2) under normal circuit operating conditions, these circuit
parameters do not change much, therefore, they are con-
sidered to be constant [19]–[24].

A. Circuit Model

From Fig. 1, the Kirchhoff voltage law equation can be de-
rived as

[
İinv

İs

]

=

[
Z11 Z12

Z21 Z22

]−1

·
[
U̇inv

0

]

. (2)

The expressions of Z11 , Z12 , Z21 , and Z22 for the primary-
resonant tank are listed in Table II. ω is the angular frequency
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TABLE II
EXPRESSIONS OF Z11 , Z12 , Z21 , AND Z22

S/P P/P LCL/P

Z11 Rp + j · (ωLp − 1
ωC p

) j ω L p +Rp

ϕ jωLr + Rr + j ω L p +Rp

ϕ

Z12 = Z21 jγ j γ
ϕ

j γ
ϕ

Z22 Zs Zs − j ω C p γ
2

ϕ Zs − j ω C p γ
2

ϕ

in the system, where

ϕ = α1 + j · β1 =
(
1 − ω2LpCp

)
+ jωCpRp (3)

γ = ωM. (4)

For the convenience of derivation, the variable ψ = ωCsR
is defined and then the impedance of the secondary network Zs
is expressed as

Zs = α2 + j · β2

= Rs +
ψ

ωCs (1 + ψ2)
+ j

[

ωLs − ψ2

ωCs (1 + ψ2)

]

. (5)

Based on (2), the expression of İinv is conducted

İinv =

∣
∣
∣
∣
∣

U̇inv Z12

0 Z22

∣
∣
∣
∣
∣

∣
∣
∣
∣
∣

Z11 Z12

Z21 Z22

∣
∣
∣
∣
∣

. (6)

Then, the input impedance Zin can be derived from (6)

Zin =
U̇inv

İinv
= Z11 − Z2

12

Z22
. (7)

Generally, in order to minimize the VA ratings of the power
supply, it is desirable to make the IPT systems operate at zero
phase angle (ZPA) frequency [6], [27]. At this frequency, uinv
and iinv should be in phase and the following relationships are
obtained

� (Zin) =
Uinv

Iinv
(8)

� (Zin) = 0 (9)

where � and � represent the real and imaginary component of
the corresponding variable, respectively. Further, the following
equation is conducted based on (7)

1
Z11 − U i n v

I i n v

=
Z22

Z2
12
. (10)

Defining

Zθ =
1

Z11 − U i n v
I i n v

. (11)

Then, (10) can be expressed as follows:

� (Zθ ) = �
(
Z22

Z2
12

)

(12)

� (Zθ ) = �
(
Z22

Z2
12

)

. (13)

B. Load and Mutual Inductance Identification

According to Table II, the value ofZθ can be calculated, while
the real and imaginary components of Z2 2

Z 2
1 2

can be expressed. For
the primary-series compensation

⎧
⎪⎨

⎪⎩

�
(
Z2 2
Z 2

1 2

)

−S
= −α2

γ 2

�
(
Z2 2
Z 2

1 2

)

−S
= − β2

γ 2

. (14)

For the primary-parallel and -LCL compensation

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

�
(
Z2 2
Z 2

1 2

)

−P/LCL
= (β 2

1 −α2
1 )

γ 2 α2 + 2α1 β1
γ 2 β2 + β1ωCp

�
(
Z2 2
Z 2

1 2

)

−P/LCL
= (β 2

1 −α2
1 )

γ 2 β2 − 2α1 β1
γ 2 α2 − α1ωCp

. (15)

The subscript −S indicates that the parameter is for series-
compensated primary circuit, and –P/LCL is used to indicate the
parallel and LCL compensation. Such a notation will be used
for other variables throughout this paper.

From (4) and (5), it can be seen that the mutual inductance
M is only included in γ, while the equivalent resistance R is
included in α2 and β2 . Therefore, all the variables in (14) and
(15) are known previously except α2 , β2 and γ. By substituting
(12) and (13) into (14) and (15), respectively, the variable γ can
be eliminated and a general equation related to the variable ψ is
obtained

m1ψ
2 +m2ψ +m3 = 0. (16)

For the primary-series compensation

⎧
⎪⎨

⎪⎩

m1 = � (Zθ ) ·
(
ω2CsLs − 1

) −� (Zθ ) · ωCsRs

m2 = −� (Zθ )
m3 = ωCs [� (Zθ ) · ωLs −� (Zθ ) ·Rs ]

. (17)
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For the primary-parallel and -LCL compensation
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

m1 = ω2LsCs (k2k4 − k1k3) + ωCsRs (k1k4 + k2k3)
+k1k3 − k2k4

m2 = k1k4 + k2k3

m3 = ω2LsCs (k2k4 − k1k3) + ωCsRs (k1k4 + k2k3)

(18)

where
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

k1 = β2
1 − α2

1

k2 = 2α1β1

k3 = � (Zθ ) − β1ωCp

k4 = � (Zθ ) + α1ωCp

. (19)

Finally, deriving from (16), ψ can be calculated easily
⎧
⎪⎨

⎪⎩

ψ1 = −m 2 +
√
m 2

2 −4m 1m 3

2m 1

ψ2 = −m 2 −
√
m 2

2 −4m 1m 3

2m 1

. (20)

Then, two group expressions of R and M can be calculated
based on ψ1 and ψ2 . For the primary-series compensation

⎧
⎪⎨

⎪⎩

Ri = ψi

ωCs

Mi = 1
ω

√

−ωCs Rs (1+ψ 2
i )+ψi

ωCs (1+ψ 2
i )�(Zθ )

, i = 1, 2. (21)

For the primary-parallel and LCL compensation (22) shown
at the bottom of this page.

From (20) to (22), it can be seen that there are two solutions
of ψ that lead to two sets of calculated results. Obviously, one
set of the calculated results is the actual identification result,
and the other set would be an undesired solution which should
be eliminated.

In order to obtain the actual identification results, the sign of
ψ1 andψ2 should be analysed first. Because at least one solution
of ψ is positive, there are following two remaining cases:

1) either of them is positive (i.e., ψ1ψ2 < 0);
2) both of them are positive (i.e., ψ1ψ2 > 0).
Taking the S/P type as an example, the normalized angular

frequency ωn = ω/ω0 is defined and then the parameters Zθ ,
m1 , and m3 are rewritten as follows:

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

Zθ =
(Rp −K) + j
ω0Lp

(Rp −K)2 +
2ω2
0L

2
p

m1 = −ωn [
 · � (Zθ ) + ω0CsRs · � (Zθ )]

m3 = ωn [ωn · � (Zθ ) − ω0CsRs · � (Zθ )]

(23)

where
⎧
⎨

⎩


 = 1
ωn

− ωn

K = U i n v
I i n v

. (24)

Fig. 3. Normalized angular frequency (ωn ) of primary series compensation
versus M at different R.

From (16), it can be seen that ψ1ψ2 andm1m3 have the same
sign according to the Vieta’s formulas.

ψ1 ψ2 =
m3

m1
. (25)

It is found that the values ofm1 andm3 are determined by ωn
from (23). When the load and the mutual inductance vary, the
system operating frequency will be changed to achieve the ZPA
condition. According to (7) and Table II, (9) can be regarded as
an equation related to R, M and ω, which is expressed as

�
(

Z11 − Z2
12

Z22

)

= f (R,M,ω) = 0. (26)

Thus, the values ofωn at different load resistances and mutual
inductances can be calculated based on (26). The results are
illustrated in Fig. 3.

From Fig. 3, it can be seen that M has a major influence on ωn
which increases with the growing M, and the minimum value
of ωn is about 1.005 when M is set at 5.00 μH (the coupling
coefficient k is about 0.033). However, the coupling coefficient
of IPT systems is typically in the range of 0.1–0.3 [28] (the
mutual inductance of the three systems in this paper ranges
from approximately 15 to 45 μH). Thus, ωn is considered larger
than 1 under the most ordinary operating condition.

The coupling coefficient k of IPT systems is defined as

k =
M

√
LpLs

. (27)

According to (26), M can be expressed by R and ω

M = g (R,ω) . (28)

⎧
⎪⎨

⎪⎩

Ri = ψi

ωCs

Mi = 1
ω

√
(β 2

1 −α2
1 )[ωRs Cs (1+ψ 2

i )+ψi ]+2α1 β1 [ω 2Ls Cs (1+ψ 2
i )−ψ 2

i ]
ωCs (1+ψ 2

i )[�(Zθ )+β1 ωCp ]

, i = 1, 2 (22)
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Fig. 4. Curves of m1m3 at different ωn when the primary-resonant tank is
series compensation.

By substituting (28) into (27), the expression of k can be
obtained

k =
g (R,ω)
√
LpLs

. (29)

Further, (30) can be derived from (29) according to (3) and
(5).

k =

√

α1 (α2
2 + β2

2 )
ωnω0Lsβ2 (1 − α1)

. (30)

Making

d

dR
k = 0. (31)

Rm corresponding to the maximum coupling coefficient can
be obtained as

Rm =
Rs

ω2
n − 1

. (32)

When R approaches infinity, the minimum value of k can be
achieved which is expressed in (33) together with the maximum
value of k

⎧
⎪⎨

⎪⎩

kmax = k |R=Rm
=

√
ω 2
n +λ2R2

s−1
ω 2
n

kmin = k |R→+∞ =
√

ω 4
n +(λ2R2

s−2)ω 2
n +1

ω 4
n

. (33)

Then, the range of normalized angular frequency ωn under
general operating condition can be calculated by (34) and this
range is about [1.005, 1.195]

ωn ∈ {ωn > 1} ∩ {kmax ≥ 0.1} ∩ {kmin ≤ 0.3} . (34)

Under this condition, the curves of m1m3 at different ωn
when the primary-resonant tank is series compensation are plot-
ted in Fig. 4 based on (23).

Similarly, for the primary parallel- and LCL- compensated
IPT systems, Fig. 5 shows the values of ωn at different load
resistances and mutual inductances. As the S/P type, ωn of both

Fig. 5. Normalized angular frequency (ωn ) of primary (a) parallel and (b)
LCL compensation versus M at different R.

the P/P and LCL/P type are larger than 1 when M is in the range
of 15 to 45 μH.

Then, the ranges of normalized angular frequency ωn under
general operating condition can be calculated, and the curves of
m1m3 can be illustrated in Fig. 6.

For the primary LCL compensation, Fig. 6(b) shows that the
values of m1m3 are negative which means either ψ1 or ψ2 is
positive. Further, it can be seen ψ2 is positive from Fig. 7 and ψ2
is considered as the solution that leads to the actual identification
results.

On the other hand, for the primary series and parallel com-
pensation, both ψ1 and ψ2 are positive according to Figs. 4 and
6(a). As discussed above, ψ1 and ψ2 are calculated based on the
fundamental harmonic. Thus, in order to distinguish these two
solutions, the RMS values of high order harmonics of iinv are
need to be calculated, and they can be calculated based on ψ1
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Fig. 6. Curves of m1m3 at different ωn when the primary-resonant tank is
(a) parallel compensation and (b) LCL compensation.

Fig. 7. Curves of ψ2 at different ωn when the primary-resonant tank is LCL
compensation.

and ψ2 respectively. Then, the two sets of calculated values are
compared with the actual RMS values of high order harmonics
of iinv , and the solution which leads to the actual identification
results can be obtained.

Still taking the S/P type as an example, the RMS values of
iinv for each harmonic order m are calculated as

I
(m )
inv −i =

U
(m )
inv

Z
(m )
in (Ri,Mi)

, i = 1, 2; m = 3, 5 . . . 2k + 1

(35)
whereRi andMi can be calculated based onψi , respectively, by
solving (21); U (m )

inv represents the RMS values of mth harmonic
of uinv and it can be calculated from

U
(m )
inv =

4Umea√
2mπ

. (36)

Then, the mean-squared error between the measured values
and the calculated values are computed

σ(n)−i =

√
√
√
√

∑

m=3,5,··· ,n
ε(m)2

−i

(n− 1) /2
(37)

where

ε(m)−i = I
(m )
inv −mea − I

(m )
inv −i . (38)

Here, I(m )
inv mea represents the measured RMS values of the mth

harmonic, and ε(m)−i can be calculated by combining (35). It is
obvious that a smaller σ(n)−i means the values calculated based
on ψi are closer to the measured values. Through the simulation
analysis, it is found the identification results may be incorrect
unless two or more harmonic components are taken into con-
sideration. For instance, when R and M are set at 20.00 Ω and
35.00 μH, the identification results are 4255.40 Ω and 8.42 μH
when only the third harmonic is taken into consideration, while
the identification results are 20.34 Ω and 34.85 μH by consid-
ering the third and fifth harmonics. If more than two harmonic
components are calculated in (37), it will make no difference to
the identification results, but increase the computing cost. Thus,
the RMS values of third and fifth harmonics are calculated in
this paper, and μ is defined in (39) to find out the larger σ(n)−i
which leads to the undesired solution

μ = σ(5)−1 − σ(5)−2 . (39)

Obviously, ψ1 turns out to be the undesired solution when μ
is positive, and the ψ2 is considered as the undesired solution
when a negative μ is achieved. For the primary parallel and LCL
compensation, the undesired solution can be eliminated in the
same method.

Finally, the identification results can be got by solving (21)
or (22) depending on the compensation schemes of the primary-
resonant tank. In conclusion, the identification procedure is de-
scribed in Fig. 8.

In addition, ZPA frequency is selected as the operating fre-
quency in many IPT systems to produce a unity power factor
input [6], [27], thus the identification method is proposed for the
systems which operate at ZPA frequency. However, this method
can still be applied even if the system does not operate at ZPA
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Fig. 8. Flowchart of the proposed identification method.

frequency. Under this condition, several expressions proposed
in this section will be different, which are discussed in the fol-
lowing.

When the system operates at the other frequency instead of
ZPA frequency, there will be a phase difference φ between uinv
and iinv , and the input impedance Zin should be

Zin =
U̇inv

İinv
=
Uinv

Iinv
(cos φ− j sinφ) . (40)

TABLE III
PARAMETERS OF THE IPT SYSTEMS

S/P & P/P LCL/P

Lp /μH 152.87 152.87
Cp /nF 68.26 138.61
Rp /Ω 0.49 0.49
Ls/μH 153.60 153.60
Cs/nF 67.73 67.73
Rs/Ω 0.54 0.54
Lr /μH − 156.02
Rr /Ω − 2.9

Fig. 9. Structure of the proposed identification method.

Furthermore, (8), (9), and (11) will be expressed as (41)–(43),
respectively,

� (Zin) =
Uinv

Iinv
· cos φ (41)

� (Zin) =
Uinv

Iinv
· sin φ (42)

Zθ =
1

Z11 − Zin
=
Z22

Z2
12
. (43)

The value of Zθ can still be calculated by measuring uinv ,
iinv , f and φ. The rest of calculation procedure shown in (12)-
(22) will be same. The way to eliminate the undesired solution
is similar to the case when the system operates at ZPA frequency
(i.e., the negative solution or the solution which leads to a larger
σ(n)−i will be eliminated).

IV. SIMULATION AND EXPERIMENT VERIFICATION

In order to verify the effectiveness of the proposed method,
a simulation model based on MATLAB/Simulink is set up with
reference to Fig. 1. The total simulation time is set at 1 ms and
the system has already reached the steady state. The maximum
simulation step is 0.1 μs. The main parameters are the same in
both simulation and experiment systems, and they are listed in
Table III.

The structure diagram of the proposed identification method
is shown in Fig. 9. The zero phase angle condition is achieved
by the frequency adjustment. The values of Uinv , Iinv and f
are measured by the detection units; I(3)

inv mea and I(5)
inv mea can

be obtained by the fast Fourier transformation (FFT) operation.
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Fig. 10. Frequency control block.

Then, the algorithm is conducted in load and mutual inductance
identification unit by the measured values.

In the frequency adjustment module, the output signals of the
voltage and current sensors are compared with zero, then two
square waves can be detected. Based on the exclusive or (XOR)
operation between these two square waves, a pulse square wave,
whose pulse width represents the phase difference between the
voltage and current, could be achieved. A larger phase difference
results in a larger pulse width of the square wave. Thus, the pulse
width can be minimized by regulating the frequency of the drive
signal to keep the input voltage and current in phase. The control
strategy of the ZPA frequency is shown in Fig. 10.

A. Simulation Results

Simulation studies were carried out when the mutual induc-
tance changes from 15 to 45 μH, while the load resistance
changes from 20 to 60 Ω. Only partial calculated results and
measured values are listed in Table IV due to the large amount
of data. It can be seen that, for the primary LCL compensation,
the calculation of M1 and μ is unnecessary because ψ1 is nega-
tive (R1 and ψ1 have the same sign), thenR1 andM1 should be
eliminated. For the primary series and parallel compensation,
R2 andM2 are considered as the actual identification results due
to the positive μ. These results are coincident with the above
theoretical analysis.

The entire load and mutual inductance identification results
are shown in Fig. 11. All the identification results of the equiv-
alent load resistance and mutual inductance are in good agree-
ment with the set values, and the maximum identification error
of all the simulation results is less than 3%. The main causes of
the identification error in the simulation are listed as follows.

1) In the circuit model, only the fundamental harmonic is
taken into consideration and the higher harmonics are
neglected. Therefore, this approximate circuit model will
bring a small identification error.

2) The simulation model was carried out discretely in MAT-
LAB, which will bring in error. The identification algo-
rithm are realized based on the results of the simulation
model, which finally results in the identification error.

B. Experimental Results

A practical IPT experimental setup with the parameters shown
in Table III has been built and practically tested. The FFT
operation and the identification model were implemented on
the field–programmable gate array (FPGA) (Altera Cyclone II
EP2C5T144C8), and the full-bridge inverter circuit is made up
of four MOSFETs (STP30NF20). The output of the voltage and

Fig. 11. Identification simulation results.

current sensors were connected up to the high-speed ADC chip
(AD9226). In each sampling period, the discrete values of the
voltage and current were measured and transferred to the FPGA
chip. Then, the RMS value can be calculated by the FPGA
based on these discrete data. Furthermore, the time between
two adjacent zero-crossing points of the current can be obtained
according to the discrete current values, based on which the
operating frequency can be calculated.

The experimental setup of series-parallel compensated IPT
system is illustrated in Fig. 12(a). The load is made up of sev-
eral resistors shown in Fig. 12(b) and the resistance can be
changed by pressing the buttons. The mutual inductance can be
changed by adjusting the relative position between the trans-
mitting coil and the receiving coil. In addition, it should be
noted that the primary compensation presented in Fig. 12(a) is
series-compensation, and this module will be different if the
primary-resonant tank is changed to the parallel compensation
or the LCL compensation.

When the load resistance is fixed at 30 Ω and the mutual
inductance is changed from 15 to 45 μH (the measured values
are 15.06, 19.87, 24.86, 30.56, 35.75, 39.78, and 45.78 μH,
respectively), the identification method was implemented and
the results shown in Fig. 13 were obtained.

Similarly, the experiments with the fixed mutual inductance
and the different load resistances have been completed. The
mutual inductance is fixed at 31.02 μH and the load resistance
is changed from 20 to 60 Ω. Then, the identification results are
illustrated in Fig. 14.

The maximum identification errors are given in Table V and
the identification results have errors less than 7%. In this paper,
the conduction loss and radiation loss have been ignored. Be-
sides, there are always some measurement errors in the actual
system. Consequently, the identification accuracy of the exper-
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TABLE IV
PART OF SIMULATION DATA

Rset/Ω Mset/μH R1/Ω M1/μH R2/Ω M2/μH μ Um ea/V Im ea/A f/kHz

S/P 30 30 4015.2 6.62 30.63 29.81 7.7 × 10−3 20.0 10.88 50.23
40 30 2429.9 7.33 40.82 29.75 2.1 × 10−3 20.0 8.88 50.23
50 30 1762.2 8.17 50.24 29.67 3.5 × 10−3 20.0 7.62 50.24

P/P 30 30 4306.7 6.58 30.20 30.03 1.7 × 10−3 22.2 18.96 × 10−3 50.21
40 30 2643.3 7.20 40.36 29.97 2.1 × 10−3 22.2 23.27 × 10−3 50.20
50 30 1926.4 7.92 50.67 29.89 1.5 × 10−3 22.2 27.56 × 10−3 50.19

LCL/P 30 30 −2700.9 − 29.55 29.60 − 20.0 3.79 49.09
40 30 −2332.0 − 40.83 29.77 − 20.0 3.48 49.07
50 30 −2005.7 − 50.91 29.81 − 20.0 3.22 49.05

Fig. 12. Experimental setup. (a) Prototype. (b) Bottom view of load.

TABLE V
MAXIMUM ERROR OF EXPERIMENTAL RESULTS

Maximum error S/P P/P LCL/P

Fixed R δR 3.37% 4.07% 5.60%
δM 4.63% 6.68% 4.05%

Fixed M δR 4.02% 5.10% 3.80%
δM 6.35% 5.25% 4.51%

imental results are lower than the simulation results. Overall,
these experimental results verified the feasibility and accuracy
of the proposed identification method.

Fig. 13. Identification results when the load resistance is fixed.

Fig. 14. Identification results when the mutual inductance is fixed.

V. CONCLUSION

This paper has proposed a load and mutual inductance iden-
tification method for IPT systems with parallel compensation
at the secondary side. The proposal has been implemented for



SU et al.: LOAD AND MUTUAL INDUCTANCE IDENTIFICATION FROM THE PRIMARY SIDE OF INDUCTIVE POWER TRANSFER SYSTEM 9961

series, parallel, and LCL compensations, which are commonly
used tuning schemes employed in the primary side of IPT sys-
tems. The load resistance and mutual inductance have been iden-
tified by detecting the system operating frequency, the output
voltage and current of the inverter. It has found the simulation
results and the set values are in close agreements, and the max-
imum identification errors of the experimental results are less
than 7%. Both the simulation and experimental results have ver-
ified the feasibility of the proposed load and mutual inductance
identification method.
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