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Load and Mutual Inductance Identification From the
Primary Side of Inductive Power Transfer System
With Parallel-Tuned Secondary Power Pickup

Yu-Gang Su

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

S ONE of wireless power transfer (WPT) technologies,
A 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

Manuscript received September 11, 2017; revised November 25, 2017; ac-
cepted January 5, 2018. Date of publication January 15, 2018; date of current
version August 7, 2018. This work was supported by research funds from
the National Natural Science Foundation of China under Grant 51477020 and
Grant 61573074. Recommended for publication by Associate Editor R. Hui.
(Corresponding author: Yu-Gang Su.)

Y.-G. Su is with the Key Laboratory of Dependable Service Computing in Cy-
ber Physical Society, Chongqing University, Ministry of Education, Chongqing
400044, China and also with the College of Automation, Chongqing University,
Chongqing 400044, China (e-mail: su7558 @qq.com).

L. Chen, X.-Y. Wu, C.-S. Tang, and X. Dai are with the College
of Automation, Chongqing University, Chongqing 400044, China (e-mail:
365852249 @qq.com; 975623914 @qq.com; cstang@cqu.edu.cn; toybear @ vip.
sina.com).

A. P. Hu is with the Department of Electrical and Computer Engineer-
ing, University of Auckland, Auckland 1142, New Zealand (e-mail: a.hu@
auckland.ac.nz).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2018.2793854

, Member, IEEE, Long Chen, Xue-Ying Wu, Aiguo Patrick Hu, Senior Member, IEEE,
Chun-Sen Tang, Member, IEEE, and Xin Dai

. Member, IEEE

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-
Iutions 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

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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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 L, in series or parallel
with the compensating capacitor C), can constitute a series or
parallel resonant tank. Besides, the LCL primary resonant tank is
made up of the primary coil L, in parallel with the compensating
capacitor C, and the series inductor L, 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 Ly and the parallel
capacitor C;. The equivalent load R picks up the power from
the secondary side via the resonant network. 12, ?s and R, are
the inherent resistances of the primary coil L,, the secondary
coil L, and the series inductor L, , respectively. M is the mutual
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TABLE I
RMS VALUES OF OUTPUT VOLTAGE AND CURRENT OF INVERTER

Parallel
compensation

LCL
compensation

Series
compensation

Ui nv
I inv

Unmea Umea

]m(‘,n

4
E Um ea

Imca.

4
Imca ﬁ

inductance between the primary and secondary coils. u;,, and
iiny 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 wy. Therefore,
the circuit parameters designed in this paper satisfy the follow-
ing relationship:

1 1
2 T)Cp NTSCS S/P & P/P
wh ~ (1)
0 1 1
~ LCL/P
CPLTLP/ (LT + Lp) LeCe /

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 wu;,, and %;,, can be calculated as shown in Table I.
Unea and I, ¢, 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 L, L,, L,, C,,, Cs, Ry,
R, R,, 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

Tine Zin Zio Ui
R : . )
I Zo1 Lo 0

The expressions of 711, Z19, Z21, and Zy9 for the primary-
resonant tank are listed in Table II. w is the angular frequency
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TABLE II
EXPRESSIONS OF Z11, Z12, Z21, AND Z39

S/p P/P LCL/P
. jwlLy+R . jwly+Ry
Zin By +j-(@ly = 5t7) e jwLy + Ry + 122et
5 = J- i v v
Zi2 = Zn Jv - =
. _JWCp"/Z _jwcxﬂ"z
ZZZ Zs Zs 7 Zs )

in the system, where

p=ay+j-p01 = (1 - wQLpCp) + jwCy R,

v =whl.

3
“

For the convenience of derivation, the variable v = wC R
is defined and then the impedance of the secondary network Z;

is expressed as
Zs =+ ][

_ v
_Rs+wC

ey {“’L‘“ T WG, (1+ 42

2
v ] 5)

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

Unv 712
. 0 Za
Ly, = (6)
Zin Zio
Zor  Zao
Then, the input impedance Z;,, can be derived from (6)
7 Uinv o - Z7122 (7)
in — jinv — 411 ZQQ .

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, i,y
and %,y should be in phase and the following relationships are
obtained

Uinv
R (Zn) = 7 (8)
S (Zi) =0 ©)

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

1 _ Zy»

Une ~ 72 °
Zy — T Ziy

(10)

Defining

1
7y — ?inv

inv

Zy = an

Then, (10) can be expressed as follows:

Z

R(Zy) =R (Z?z) (12)
Z

S(Zy) =9 (ZZ) . (13)

B. Load and Mutual Inductance Identification

According to Table I, the value of Zy can be calculated, while
the real and imaginary components of Z3- can be expressed. For

Z1
the primary-series compensation

() -
z, -S 7’

. 14
%(L) _ b (1
Z3, _S v’
For the primary-parallel and -LCL compensation
%(@) _ ("31'270‘%)a + 204 B By + BrwC
72, _P/LCL - 72 2 2 2 1 P
s5)

o 5/327(12 "
3(%2) _ ; ')52 — b gy — WG,
i2/ —P/LCL v 7

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 ~, while the equivalent resistance R is
included in as and (3. Therefore, all the variables in (14) and
(15) are known previously except as, 39 and . By substituting
(12) and (13) into (14) and (15), respectively, the variable v can
be eliminated and a general equation related to the variable v is
obtained

ma® + map +mg = 0. (16)
For the primary-series compensation
my = R(Zy) - (wQCSLS — 1) — 3 (Zy) - wCs Ry
my =~ (Z) a7

my = wCs [R(Zp) -wLs — S (Zy) - Rs]
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For the primary-parallel and -LCL compensation

my = w2L505 (k2k4 — ]{71]{33) + wC R, (k1]€4 =+ kgkg)
+hikg — koky

(18)
mo = k1k4 + kgkg
ms = wQLSCs (k2k4 — k1 k‘g) + wC Ry (k1 kg + kgkg)
where
k‘l = ﬂ% — Oé%
ko =2
2 =201 5 . (19)
]Cg = ?R(Z()) — ﬁlep
k‘4 = % (Zg) + ale’p
Finally, deriving from (16), 1 can be calculated easily
w _ 7m2+\/m§74mlm3
1= 2m1
(20)

1/) 7m27\/m§74m|m3
9y =

2m

Then, two group expressions of R and M can be calculated
based on ¢, and 1,. For the primary-series compensation

i=1,2. (1)

oL [ wCR(1teR)tus
M[, - w‘\/ wCy (1+1j);.2>§R(ZG)

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 ¢ 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
11 and ¥, should be analysed first. Because at least one solution
of 1 is positive, there are following two remaining cases:

1) either of them is positive (i.e., 11102 < 0);

2) both of them are positive (i.e., 111y > 0).

Taking the S/P type as an example, the normalized angular
frequency w,, = w/wy is defined and then the parameters Zy,
mq, and my are rewritten as follows:

) = (Rp - K) +jTDWOLp
(R, — K)* + w?wi L2
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Fig. 3. Normalized angular frequency (w,, ) of primary series compensation

versus M at different R.

From (16), it can be seen that 1)1 1) and m;mg have the same
sign according to the Vieta’s formulas.

ms3

Y1 Py = —.

mi

(25)

It is found that the values of m; and my are determined by w,,
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 w, which is expressed as

Zt

%(le —) = f(R,M,w) =0.

26
Zao (26)

Thus, the values of w,, 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 w;,
which increases with the growing M, and the minimum value
of w,, is about 1.005 when M is set at 5.00 uH (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 pH). Thus, w,, is considered larger

my = —wy [ R(Zy) + woCs Ry - S (Zp)] 23) than 1 under the most ordinary operating condition.
The coupling coefficient k of IPT systems is defined as
m3 = Wp [Wn, -R (ZH) —woCs Ry - & (Z())]
h b= @7
where = .
) /Ly Ly
w = — Wn
‘; ' (24) According to (26), M can be expressed by R and w
K =Tx M=g(Ruw). (28)
R = J&-
i=1,2 (22)

M, =1 (B2 —a2)[wR. Cy (1492 )40 |+201 By [w2 Lo O (1497 ) =2 ]
' wC, (1402 )R(Za)+ 1 wCy ]
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Fig. 4. Curves of m1ms3 at different w,, when the primary-resonant tank is
series compensation.

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

g (R,w)
VL, L

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

k:

(29)

a1 (a3 +53)
k= . 30
\/wnwOL562 (1 - al) ( )
Making
d
— Lk =0. 1
iR 0 (€29)

R,,, corresponding to the maximum coupling coefficient can
be obtained as

Rs
w2 —1°

n

R, = (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
- w2 +22R2-1
V wi

wh+ (M R2-2)w} +1
kmin = k‘R~»+oc = \/ 2t T oy

“n

kmax =k |R:R,n
(33)

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

wp € {wn > 1} N{kpax > 0.1} N {kpin < 0.3}

(34)

Under this condition, the curves of mims at different w,
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 w,, at different load
resistances and mutual inductances. As the S/P type, w,, of both
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Fig. 5. Normalized angular frequency (w,, ) 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 pH.

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

For the primary LCL compensation, Fig. 6(b) shows that the
values of m;ms are negative which means either 1), or ¥ is
positive. Further, it can be seen 1), is positive from Fig. 7 and 1,
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 v; and 1) are positive according to Figs. 4 and
6(a). As discussed above, 1) and 1)y are calculated based on the
fundamental harmonic. Thus, in order to distinguish these two
solutions, the RMS values of high order harmonics of i, are
need to be calculated, and they can be calculated based on 1),
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Fig. 6. Curves of m1mg at different w,, when the primary-resonant tank is
(a) parallel compensation and (b) LCL compensation.
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Fig. 7. Curves of ¢y at different w,, when the primary-resonant tank is LCL
compensation.
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and v, respectively. Then, the two sets of calculated values are
compared with the actual RMS values of high order harmonics
of 7;,v, 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
iiny for each harmonic order m are calculated as

(m)

L S SO A S

inv Zl(rzn) (Ri, M,)

(35
where R; and M; can be calculated based on v);, respectively, by
solving (21); Ul(n’:’]) represents the RMS values of mth harmonic
of u;,y and it can be calculated from

1 4 mea
vl = e
\/imﬂ'

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

> e(m)

m=3,5,--,n

(36)

o(n)_; = (n—1)/2 37)

where
e(m)-; = Loy e = Iyt . (38)
Here, I, i(lzlnea‘ represents the measured RMS values of the mth

harmonic, and €(m)_; can be calculated by combining (35). Itis
obvious that a smaller o(n)_; means the values calculated based
on 1); 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 2 and
35.00 pH, the identification results are 4255.40 €2 and 8.42 uH
when only the third harmonic is taken into consideration, while
the identification results are 20.34 2 and 34.85 pH 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 p is defined in (39) to find out the larger o(n)_;
which leads to the undesired solution

j=0(5)_, —o(5),.

Obviously, v; turns out to be the undesired solution when p
is positive, and the v, is considered as the undesired solution
when a negative p 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

(39)
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Calculate R, & M,
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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 ¢ between .,
and 4;,,y, and the input impedance Z;,, should be

Uinv []inv
Zin = = =
Iinv

inv

(cos ¢ — j sing). (40)
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TABLE III
PARAMETERS OF THE IPT SYSTEMS

S/P & P/P LCL/P
L,/pH 152.87 152.87
C), /nF 68.26 138.61
R,/ 0.49 0.49
Ls/uH 153.60 153.60
C, /nF 67.73 67.73
Ry /Q 0.54 0.54
L. /pH - 156.02
R, /0 - 2.9
Uipw
| Sensor
Uin{t) .
> Voltage Phase
Sensor
Frequency Gate
- _,—b Adjustment ™ Drivers
N (urr'cm Phase
. Sensor
)] o RMS [ ¥
e "] Detection Load and mutual
—> (%::::: 1 inductance  —{ Results
Frequency identification unit
"| Detection | £ A
- FFT l,,,,““.“
Operation

Fig. 9. Structure of the proposed identification method.

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

Uinv
R (Zn) = 7= - cos ¢ 41)
S (Zn) = [f“" -sin ¢ (42)
1 Zao
Zg=——— =222 4
(s 7, (43)

The value of Zy can still be calculated by measuring u;,y,
tinv, f and ¢. 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
o(n)_; 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 ps. The main parameters are the same in
both simulation and experiment systems, and they are listed in
Table II1.

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 Uiy, [,y and f
are measured by the detection units; Ii(fv)mea and Ii(f\??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 pH, while the load resistance
changes from 20 to 60 2. 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 M, and p is unnecessary because 1), is nega-
tive (R; and 11 have the same sign), then R; and M, should be
eliminated. For the primary series and parallel compensation,
R> and M, are considered as the actual identification results due
to the positive ;. 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
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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 {2 and the mutual
inductance is changed from 15 to 45 pH (the measured values
are 15.06, 19.87, 24.86, 30.56, 35.75, 39.78, and 45.78 uH,
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 pH and the load resistance
is changed from 20 to 60 ). 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

Reet/Q My /pH  Ry/Q My /pH  Ry/Q  My/uH m Unea/V Tnea /A f/kHz

S/P 30 30 4015.2 6.62 30.63 29.81 7.7 %1073 20.0 10.88 50.23
40 30 2429.9 7.33 40.82 29.75 2.1x1073 20.0 8.88 50.23

50 30 1762.2 8.17 50.24 29.67 3.5%x 1073 20.0 7.62 50.24

P/P 30 30 4306.7 6.58 30.20 30.03 1.7 %1073 222 18.96 x 1073 50.21
40 30 2643.3 7.20 40.36 29.97 2.1 %1073 222 23.27 x 1073 50.20

50 30 1926.4 7.92 50.67 29.89 1.5 x 1073 222 27.56 x 1073 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

40 —

Secondary

Buttons [ Compensation il

Primary
Compensation

Inverter &
FPGA

(b)

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

Fig. 12.

TABLE V
MAXIMUM ERROR OF EXPERIMENTAL RESULTS

Maximum error S/P P/P LCL/P
Fixed R oRr 337% 4.07%  5.60%
o 4.63%  6.68%  4.05%
FixedM g 4.02% 5.10%  3.80%
oy 635%  525%  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.

35

30

Fig. 14.

This
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—O— Experimental results (S/P)
—4— Experimental results (P/P)
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| | | | |

15 20 25 30 45
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Identification results when the load resistance is fixed.

— —O— Measured value
—O— Experimental results (S/P)
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R(Q)

Identification results when the mutual inductance is fixed.

V. CONCLUSION

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
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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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