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Abstract—An online steady-state load identification method is
proposed to solve the problems related to frequency drift, system
robustness deterioration, difficulties in controller design due to
the uncertainties in load and mutual inductance variations of an
inductive power transfer (IPT) system. Take a Series-Series-type
IPT system as an example, an additional capacitor is added into
the system to make the system work in two operating modes, and
a mathematical model is established according to the two modes
for the system identification. Simulation and experimental results
have verified the proposed online load identification method. It
has demonstrated that the method is accurate and reliable for
identifying uncertain loads and magnetic coupling variations if
other system parameters are known. The method can be used to
improve the system performance with precise control.

Index Terms—Inductive power transfer (IPT), load identifica-
tion, resonance, reflected impedance.

NOMENCLATURE

Epc,u, The voltage of dc link and output voltage of the
inverter, respectively.

L,, L, Resonant inductances of the primary and sec-
ondary circuits, respectively.

R,, R, The inherent resistances of the primary and sec-
ondary windings, respectively.

C,, Cs The compensating capacitances of the primary
and secondary circuits, respectively.

C1,Ch The compensating capacitances of the primary
side.

M Mutual inductance between the primary and sec-
ondary windings.

Zr, Equivalent impedance.

Ry Equivalent load.
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Z, Reflected impedance of the secondary side to the
primary side.

ReZ,,ImZ, The real and imaginary parts of Z,..

Z, Total impedance of the primary side.

1, The RMS of the primary resonant current.

Wref The natural resonant frequency of the secondary
side.

Wref1 The hard switching frequency after switching the

compensation capacitor of the primary side.

1. INTRODUCTION

NDUCTIVE power transfer (IPT) technology is based on
I electromagnetic coupling to supply power to electrical
equipment without direct electrical contacts [1]-[3]. Because
of its safety, convenience, and flexible features, IPT has been
widely used for electric vehicles charging and power supplies to
household appliances, implantable biomedical devices, as well
as some other special situations where direct electrical contacts
are inconvenient or impossible [4]-[12]. In an IPT system, the
operating frequency of the system is normally designed to be the
same as the resonant frequency of the secondary power pick-up
to maximize the power transfer. However, one feature of an IPT
system is that its magnetic field coupling and load can affect the
system operating frequency [13]. As a result, the system effi-
ciency and power transfer capacity will decrease dramatically.

In practical operation of an IPT system, the load change re-
flects the change in the actual power requirement, so the output
power of the system should be adjusted to ensure efficient and
reliable power transfer. Different energy receiving devices may
present different loads and mutual inductances, causing large
variations in the reflected impedance to the primary power sup-
ply [14], [15]. Take the wireless power supply for electric ve-
hicles as an example, different electric vehicles have different
power requirements as well as load characteristics, and different
heights and alignment of chassis can cause the air gap between
the transmitting winding and the pick-up winding to change, re-
sulting in different mutual inductance. Therefore, the load and
the mutual inductance identification of an IPT system is nec-
essary, although features like nonlinearity, high order, and high
frequency operation of an IPT system make it a very challenging
task [16].

A few research works on the load identification of IPT sys-
tem have been reported [17]-[19]. Literature [17] proposed a
dynamic load identification method based on energy storage,
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Fig. 1. SS-type IPT system with full-bridge inverter circuit based on capaci-

tance switching.

power supply, and energy dissipation. Literature [18] achieves
load identification by detecting the energy dissipation time of
self-oscillation circuit in a wireless power supply to household
appliances. Literature [19] proposes a method based on the cur-
rent characteristics under ZVS condition of a current-fed IPT
system. But the above load identification methods did not con-
sider the mutual inductance variation, which is typical for prac-
tical operation of IPT systems with variable magnetic coupling
between the primary and secondary coils.

This paper proposes a steady-state load identification method
for unknown mutual inductance between the primary and sec-
ondary coils of an IPT system. The primary side works in reso-
nance with variable compensation achieved by switching capac-
itors, and then the input voltage, current, and resonant frequency
are detected. Assume other system parameters are known apart
from the load and magnetic coupling variations, the impedance
equations are established by combining the steady-state char-
acteristics and the reflected impedance circuit model. Then the
equivalent load impedance and mutual inductance are calcu-
lated. Finally, the simulation and experimental results have ver-
ified the feasibility and accuracy of the design method.

II. PROPOSED METHOD AND BASIC OPERATING PRINCIPLE
A. Basic Circuit Topology Based on Switching Capacitor

An IPT system typically requires to be compensated in both
primary side and secondary side in order to improve the power
factor, lower the components stress, and increase the power
transfer capability. Generally, there are two kinds of reactive
power compensation methods which are voltage type and cur-
rent type compensations [20], [21]. The primary and secondary
windings can be either series or parallel compensated. This pa-
per focuses on Series-Series (SS)-type voltage-fed IPT system
and its diagram is shown in Fig. 1.

In the primary side, the full-bridge inverter network con-
sists of four semiconductor switches (e.g., insulated-gate bipo-
lar transistors (IGBTs) S1, 2, §3, and S4. The inverter network
works in zero-current- switching (ZCS) soft switching mode,
and the dc voltage Epc is converted into a high-frequency al-
ternating voltage u,. The primary resonant network is made
up of an inductor L, and a compensating capacitor C),. A
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high-frequency alternating current is generated across the reso-
nant network, and a high-frequency magnetic field is created by
primary winding.

In the secondary side, the power pick-up winding L receives
power via the high-frequency magnetic field coupling. The se-
ries resonant network in secondary side consists of an inductor
L, and a compensating capacitor C. The pick-up side supplies
power to the equivalent load Z; via the resonant network.

B. Output Voltage of Inverter

The L, and C, is equivalent to a low-pass filter in en-
ergy transmitter winding. This filter shows a larger impedance
of high-frequency harmonic voltage and reduces the high-
frequency harmonic currents in the resonant network. In such
a case, only the fundamental resonant frequency needs to be
considered for power transfer. When the system works in soft-
switching mode, the RMS output square wave voltage U, of
full-bridge inverter can be approximated as

U, = =0.9Epc. (1)

C. Equivalent Load

For simplify, the load of IPT is often modeled as a pure
resistance in previous research [17]-[19], [22], [23]. However,
the load often presents a certain degree of nonresistive feature
with a reactive component besides the resistance, which can
introduce a large error at high frequency operation if ignored.
Mostly, the load in IPT system can be reasonably considered as
aresistive load Ry, in series with an equivalent series inductance
(ESL) L. Therefore, an equivalent impedance 7, is used in this
research.

D. Two Modes of Operation

As shown in Fig. 1, a controllable ac switch S is formed by
two semiconductor switches (e.g., IGBTs or MOSFETs). The
compensation capacitor Cy is added by controlling the ON and
OFF states of the switch S to make the IPT system work at
two operating modes with different compensation capacitors.
These two circuit operating modes will be measured online and
analyzed for system identification, as will be discussed in the
following sections.

In designing the circuit parameters, the value of Cy needs to
make the frequency of the system and the loop current have an
obvious change to be easily measurable. On the other hand, the
value of Cy should not be too large in order to avoid causing
too much change of the power flow and too high stress on the
circuit components.

III. LOAD IDENTIFICATION MODEL

A. Necessary Concepts and Assumptions

Before the theoretical analysis of the basic circuit topology of
SS-type IPT system (Fig. 1) is conducted, the following concepts
and assumptions need to be clarified:
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Fig. 2. The equivalent circuit model of SS IPT system.

1) The primary side resonance: The primary side reso-
nance means that the total reactance of the primary side
impedance, including the reflected impedance of the sec-
ondary, is zero.

2) Loss analysis: There are mainly copper loss in the coils,
the loss of the semiconductor switches and the core loss in
an IPT system. When the system works in soft-switching
mode, the switching loss can be ignored. Among all the
above power losses, the copper loss in coils takes the major
portion, so we just consider the copper loss in the system
modeling.

3) The parameters of the power pick-up circuit: The pick-
up circuit is composed of a secondary resonance network
and load. This paper assumes that the power pickup wind-
ing L, and compensation capacitor CY, etc., are known
and fixed parameters, as they do not change much under
normal operating conditions.

B. Basic Theory of Reflected Impedance

The equivalent impedance of the energy pick-up winding
Z is composed of a real part and an imaginary part, and its
reflected impedance is denoted as Z, in the primary winding.
The equivalent circuit model of SS IPT system can be described
in Fig. 2.

The Z, and Z, can be expressed as

Zs = jwLg +

1
- +3Im Z; + ReZ;, + Ry 2)
JwCs

Z, = w*'M?/Z, =ReZ, +jIm Z,. 3)
The Z;, can be expressed as
Z;, = Ry, + jwL. “)

The real part and imaginary part of reflecting impedance can
be calculated by

ReZ. — Ww?M?*(Rs + ReZp) 5)
" (Ry +ReZp)? + (1/wC,s — wL, —ImZp)?

7. — w?M?(1/wCs —wLy — ImZ}) ©)
" (Ry+ReZp)? + (1/wCy —wLy, —ImZp )2’

The energy consumed by the real part of the reflecting
impedance is the energy transferred from the primary winding
to the secondary winding, the imaginary part of the reflecting
impedance is used to store and release energy together with the
primary winding resonance. Thus, generally it is necessary for
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Fig. 3. The schematic of capacitance switching.

the system to work at full resonance to achieve unity power fac-
tor and maximum power transfer. Under ideal no load condition,
the operating frequency of the system is the natural resonant fre-
quency of both the primary and the secondary side, satisfying
the relationship

1
5 = LpCp = LSCS' (7)
Whef
Under the full primary resonance, the imaginary part of the

primary side is zero, so we can get the relationship

1
p

C. System Parameter ldentification Model

The total impedance Z,, of energy transmitter side in Fig. 2
can be described as

. 1 )
Zy = Ry, +ReZ, + jwL, + m + jImZ,. )
When the load is connected to the system, the relationship
between the input voltage U, and the primary resonant circuit
current [, under ZCS condition can be expressed as

L=——%
? " ReZ, + R,

The proposed method in this paper is for steady-state iden-
tification. The schematic of the capacitance switching part is
enlarged and shown in Fig. 3. The change in the total compen-
sation capacitance C), by switching S makes the system work in
two different operation modes.

In the design of the system parameters, the whole system is
designed to be in full resonance when S if OFF and only the
capacitor C is in place. Cy is added into the system when switch
S is turned ON and the primary circuit is detuned. The inverter
operating frequency is adjusted by detecting the current zero
crossings to make the system work under the primary resonant
state. If the harmonics are ignored, the square voltage of inverter
and loop current are in phase and the current waveform is in
approximate sine wave, therefore both of them can be calculated
by using RMS values. The system works under two different
sets of parameters because of the changing of compensation
capacitor in the primary loop. Combined with the equation of
impedance and system operating parameters, we can establish
the equations with mutual inductance and load, and ultimately
achieve the mutual inductance and load identification. When
the capacitors C; and Cy are both in the system, the natural

(10)
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resonance frequency of the primary side becomes w1 , satisfy
the following relationship:

1
57— =L - (C1 + (o).

Wref1

)

Operating Model 1: The primary side is only compensated by
(', when the switch S is turned OFF, the resonance frequency
of primary side is wy, and then the system reflected impedance
is

Z =wiM?)Z,. (12)

The first RMS I,,; of the energy transmitter can be described
as
_ Up
" ReZ1 +R,’
Operating Model 2: The capacitor C5 is incorporated in cir-
cuit when the switch S is turned on. The frequency is adjusted by

the controller to make the primary part of the system resonate,
and then the reflected impedance can be written as

Zpy = wiM?|Z,.

Iy (13)

(14)
The second RMS I, of the energy transmitter can be de-

scribed as

_ Up

"~ ReZo+R,’

When the system operates under ZCS condition, the imagi-
nary part of primary circuit is zero
Ierl + wle - 1/w1C'1 =0
1
ImZ.+wyLy — ———F= = 0.
2 25p w2 (01 + Cz)

The following results can be obtained by integrating the above
formulas

Ipo (15)

(16)

a7

. A
I — Bty (18)
W - —wa -y
«, 3,7, A in (18) are given as follows:
o = ImZ,.l . (OgEDC - IP2RP) . Ipl (19)
1
= woly — 20
B = w . (20)
v= ImZ, - (09Epc — I,1R,) - Ip2 2n
1
A= wiLs — 22
Wy Ly 0 C. (22)
. (0.9Epc — Lo R,) - (ﬁ —wy L, — wZL) o
L — ImZ,,g 'IpQ —1ils ( )
2
mZ,, - {ReZZ n (WICS —wyL, —w2L) }
M = (24)

2 1
w2 (WQ C‘s

The Cy, Cs, Ly, R,, Cs, Ly, Ry in the formula (18)-(24) are
the known parameters, the Epc, 1,1, 1,2, wi, wo can be mea-
sured when the system is in operation. The impedance equations

— WQLS — w2L>
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TABLE I
PARAMETERS OF IPT LOAD IDENTIFICATION SYSTEM

Parameters Values
Primary compensation capacitance C'; 27.7 nF
Primary compensation capacitance C's 4.8 nF
Primary resonant inductance L, 362 uH
Inherent resistance of Primary circuit 2, 1.3Q
Secondary compensation capacitance C'g 65.9 nF
Secondary resonant inductance L 155 uH
Inherent resistance of Secondary circuit R ¢ 0320
Input DC voltage Ep ¢ 0V
r—_D_'._Tj.___'I'_ __________ |
| etection Unit | [ Controller Z M |
| N Frequency | | o, o |
i)y Current Detection | | |
‘ Sensor
| N ! Lis 1 Load |
| P|RMS Detection I P! identification unit [
E I
ﬂ Voltage | > |
|| Sensor ! |
I N Zero Crossing | | . .| Frequency Inverter |
| Sampling [ i "| Adjustment |

Fig. 4. The structure of the proposed identification method.

of the loop current and the system operating frequency are es-
tablished by switching the primary side compensating capacitor.

IV. SIMULATION AND EXPERIMENT STUDY
A. Parameters and Control Strategy

In order to verify the accuracy of the identification model
of the IPT system, a SS-type IPT simulation model based on
MATLAB is set up with reference to Fig. 1, the main parameters
of the system are shown in Table I.

The control structure diagram illustrating the proposed iden-
tification method is shown in Fig. 4. The detection units include
the resonant frequency detection, resonant current RMS sam-
pling, resonant current zero crossing sampling, and the dc volt-
age measurement. The load identification controller includes
load identification unit and frequency adjustment unit. The
impedance equation of the load identification unit is established
by using the RMS of primary loop current and the corresponding
operating frequencies. The frequency adjustment unit is based
on the zero crossing detection.

B. Simulation Results

The input dc voltage Fpc is applied to the system. Then
the operating parameters of the system with C; only and both
C) and C) are detected. We did a comparative analysis of the
results obtained from simulation and practical experiment with
real loads. The value of the ESL L in the simulation model is



SU et al.: STEADY-STATE LOAD IDENTIFICATION METHOD OF INDUCTIVE POWER TRANSFER SYSTEM BASED ON SWITCHING CAPACITORS

TABLE II
PARAMETER IDENTIFICATION SIMULATION RESULTS WHEN THE LOAD R,
CHANGES FrROM 10 To 50 €2

Load Ry, ESL L Identified M Identified Ry, Identified L

100 3.50 uH 35.20 uH 10.12Q 3.43 uH

2092 4.86 uH 35.18 uH 20.14 Q 4.78 uH

302 6.81 uH 35.16 uH 30.04 Q 6.73 uH

40 Q 8.94 uH 35.13uH 39.96 8.85 uH

502 11.40 uH 35.11 uH 49.97 Q 11.31 uH
TABLE III

PARAMETER IDENTIFICATION SIMULATION RESULTS WHEN THE M CHANGES
FroM 30 TO 50 UH

Mutual Inductance M Identified M Identified Ry, Identified L
30 uH 30.11 uH 30.01 Q 6.76 uH
35uH 35.16 uH 30.04 Q 6.73 uH
40 uH 40.24 uH 30.09 Q 6.72 uH
45 uH 45.33 uH 30.13Q 6.70 uH
50 uH 50.45 uH 30.19 Q 6.69 uH

taken from accurate measurement of an actual wound power re-
sister for high frequency operation. So the identification results
obtained in this research include the parameter Ry, the mutual
parameter M, and the ESL L in the actual load. Table II shows
the system parameter identification simulation results when L
is taken into consideration, the targeted mutual inductance is
35 uH and the load variation range from 10 to 50 €). The re-
sults show that the largest identification error of Ry is 1.2%;
the maximum identification error of M is 0.6%, the maximum
identification error of L is 2.0%.

The simulation results for variable mutual inductance are
shown in Table III. The targeted load is 30 €2 and its ESL L is
6.81 uH, and the mutual inductance changes from 30 to 50 uH.
The maximum identification error of M is 0.9%; the maximum
identification error of R}, is 0.6%; the maximum identification
error of L is 1.7%.

C. Comparison of Identification Results With and Without
Considering the ESL

If we ignore the ESL of the load L mentioned in Section II,
we can get simplified equations from formula (23) and (24)

(0.9Epc — I»R,) (ﬁ - szs)

Ry = 25
L ImZ,s - Ly (25)
2
IIHZTQ |:R€Zg + (chs — Wy Le) :|
M= 1 (26)
ws (w20> — (.L)QLS)

The relationship of the two operating models is not needed in
formulas (25), (26). The operating parameters after the switch-
ing are directly used to calculate the load resistance. We made a
comparison between taking consideration of ESL L and ignor-
ing it. Since the energy is consumed by the resistive components
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Fig. 5. The comparison results of considering L and ignoring L. (a) Different
equivalent load resistance Ry, . (b) Different mutual inductance M.

in the actual circuit, we are more concerned about the load resis-
tance I?; and mutual inductance M. The simulation parameters
are the same with the simulation model with L. The results are
shown in Fig. 5.

As shown in Fig. 5, the load identification accuracy of consid-
ering the series inductance L is higher than that not considering
the L. When coupling the operating parameters before and after
the capacitor switching and considering that there is a slightly
nonresistance ingredient in the actual system, it can reduce the
error between ideal formula calculation and actual circuit oper-
ating parameters, make the results more accurate. Because the
frequency and current in the primary side will be affected by the
resistance 77, and L at the same time, considering the existence
of the reactive component of the load can make the analysis and
calculation of the circuit closer to the actual situation, thereby
getting more accurate results. It should be noted that in practical
operation both of the load and mutual inductance can change at
the same time, although for easy presentation Fig. 5 shows the
situations when only one of them is varied each time.

D. Experimental Results

A load identification experimental platform based on the
topology shown in Fig. 1 is built and practical tested in this
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TABLE IV
PARAMETER IDENTIFICATION EXPERIMENT RESULTS WHEN THE LOAD R,
CHANGES FrROM 10 To 50 €2

Load Ry, ESL L Identified M Identified Ry, Identified L

10Q 3.50 uH 37.50 uH 10.48 Q2 3.35uH

20Q 4.86 uH 36.60 uH 19.59Q 4.67 uH

300 6.81 uH 36.02 uH 29.28Q2 6.62 uH

40Q 8.94 uH 34.21 uH 38.63Q2 8.71 uH

50Q 11.40 uH 33.57 uH 48.2092 11.12 uH
TABLE V

PARAMETER IDENTIFICATION EXPERIMENT RESULTS WHEN THE M CHANGES
FroMm 30 1O 50 UH

Mutual inductance M Identified M Identified Ry, Identified L
30 uH 29.22 uH 29.64 Q 6.59 uH
35uH 36.02 uH 29.28 Q 6.62 uH
40 uH 40.56 uH 2947 Q 6.66 uH
45 uH 45.96 uH 30.37 Q 6.93 uH
50 uH 50.76 uH 30.45 Q 6.97 uH

paper, the FPGA chip (Altera Cyclone II EP2C5T144C8) was
selected as a controller of the load identification system. A com-
parator LM311 and phase correction circuit was used to achieve
ZCS and an analog to digital converter chip ADS7841 was used
to sample the current and voltage of the energy transmitter.
Table IV shows the identification results when the mutual in-
ductance is 35 uH and the load change varies 10 to 50 €. And
it is found that the maximum identification error of M is 7.1%;
the maximum identification error of R;, is 4.8%; the maximum
identification error of L is 4.3%.

Table V shows the experiment of results when the load is 30 €2
and its ESL L is 6.81 uH, the mutual inductance changes from
30 to 50 uH. The maximum identification error of M is 2.9%;
the maximum identification error of Ry, is 2.4%; the maximum
identification error of L is 3.2%.

These experimental results verified the feasibility and accu-
racy of the proposed load detection method with mutual induc-
tance variations. As there are always some measurement errors
in the actual system and we ignored the losses of the semicon-
ductor switching devices, the experimental results of the load
and mutual inductance are slightly lower than the simulation
results which are further lower than the ideal theoretical results.
To further improve the accuracy, a more accurate system model
can be built with improved filtering algorithms to reduce the
measurement errors.

In addition, it should be noted that the proposed method in
this paper is suitable for steady-state identification of the system
with relatively fixed parameters. Apart from R; and M, other
circuit parameter variations of an IPT system are very small
under normal circuit operating conditions so their effect is very
small. The additional switching capacitor is required only when
the system needs to identify the load and mutual inductance.
When the load identification is completed, the additional capac-
itor circuit will be turned OFF, so the circuit will go back to
its original state. Normally it takes about 50 ms to complete an
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identification cycle. From power transfer point of view, if the
magnetic coupling and power demand of the load changes too
frequently, the frequent switching needed for the load identi-
fication may affect the continuous and stable operation of the
original IPT system.

V. CONCLUSION

This paper presents a steady-state load identification method
to identify the load and mutual inductance of an IPT system.
The system works on two modes of operation by switching an
additional compensating capacitor in the primary side of the
circuit. The controller adjusts the frequency of the system to
achieve primary side resonance. The identification results can
be obtained according the operating parameter relationships be-
tween the two modes. An equivalent inductance L is considered
in the process of establishing the model because of the load
works at the condition of high frequency. It is proved that the
accuracy of the identification results which considered L have
an improvement. A simulation model and experimental platform
are developed based on the theoretical analysis of the proposed
method. The simulation and experimental results demonstrate
that the method can effectively identify the load and mutual
inductance parameters with good accuracy. Apart from the ex-
ample SS-type IPT system, the method can also be extended to
other types of IPT systems.
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