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A Load Identification Method for ICPT System Utilizing Harmonics

Chen-Yang Xia†, Wen-Ting Zhu*, Nian Ma*, Ren-Hai Jia* and Qiang Yu*

Abstract – Online identification of load parameters is the premise of establishing a stable and highly-
efficient ICPT (Inductive Coupled Power Transfer) system. However, compared with pure resistive 
load, precise identification of composite load, such as resistor-inductance load and resistance-
capacitance load, is more difficult. This paper proposes a method for detecting the composite load 
parameters of ICPT system utilizing harmonics. In this system, the fundamental and harmonic wave 
channel are connected to the high frequency inverter jointly. The load parameter values can be 
obtained by setting the load equation based on the induced voltage of secondary-side network, the 
fundamental wave current, as well as the third harmonic current effective value received by the 
secondary-side current via Fourier decomposition. This method can achieve precise identification of all 
kinds of load types without interfering the normal energy transmission and it can not only increase the 
output power, but also obtain higher efficiency compared with the fundamental wave channel alone. 
The experimental results with the full-bridge LCCL-S type voltage-fed ICPT system have shown that 
this method is accurate and reliable.

Keywords: Composite load, Double channel, Fourier decomposition, Harmonics, Identification, 
Inductive coupled power transfer.

1. Introduction

ICPT technology as a wireless power transfer approach 
from power source to terminal using spatial electro-
magnetic fields, not only overcomes the disadvantages of 
traditional power supply mode, but also is of high safety 
and reliability and easy to fix and maintain, thus receiving 
a lot of concern from experts at home and abroad. At 
present, this technology has been widely applied in many 
specific fields like electric vehicle [1], mobile phones [2], 
household appliances [3], coal mining [4], underwater [5], 
built-in device of human powered externally [6] and so on.

As we all know, ICPT system is a high-order nonlinear 
and parameter sensitive system whose primary and 
secondary sides separate physically. Any possible change 
will influence the power transmission characteristics, even 
cause faults in the system, particularly with parameter 
variation of the secondary side such as load properties and 
measure. Therefore, it is necessary to detect and apperceive 
the load in real time to adjust circuit condition by effective 
controlling strategy to ensure stability and high-efficient 
operation of the circuit.

In the past, there are many researches of pure resistive 
load at home and abroad [7-12], but few with regard to 
the composite load like resistor-inductance [13-17] and 

resistance-capacitance. A method of load identification 
which focuses on the PS-type based on the least square 
method is proposed, but the algorithm is relatively 
complicated [7]; According to differential equations of the 
primary winding current envelop under full resonant mode, 
the resistive load value is achieved. However, the energy 
source has been cut off in the load identifying process 
[8,9]; In addition, the load parameters can be detected 
according to the muti-winding magnetic circuit structure 
and induced voltage [10]; The resistive load value is 
calculated based on genetic algorithm and input voltage 
and current [11].

However, there are many problems in load identification 
technologies: the calculation or control process is relatively 
complicated; Nor normal wireless transmission can be 
ensured in the process of load identification, etc. Therefore, 
this paper raises a method to identify load parameters of 
ICPT system utilizing harmonics. In this system, the 
fundamental and harmonic wave channel are connected to 
the high frequency inverter jointly. And the load parameter 
value can be obtained by setting the load equations based 
on induced voltage of secondary-side network, the 
fundamental current as well as the third harmonic current 
effective value received by the secondary-side current 
via Fourier decomposition. This technology can not only 
achieve precise online identification of all kinds of load 
types without interfering normal power transmission and it 
can not only increase the output power, but also increase 
system transmission power when entering into harmonic 
channel. The experiment indicates that it is reliable and 
applicable to achieve the load identification utilizing 
harmonics.
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2. Principle Analysis of Load Identification of 

ICPT Utilizing Harmonics

The fundamental-harmonic double channel inductive 
coupled power transmission system is composed of DC 
input, inverter and its driving circuit, fundamental and 
harmonic compensation networks, magnetic circuit 
mechanism, diode rectifier and load, which is showed in 
Fig. 1.

In this system, the fundamental and harmonic wave 
channel are connected to the high frequency inverter jointly. 
Parameters of the primary and secondary-side resonance 
compensating network is first set out, followed by 
establishment of the fundamental wave and harmonics 
transmission channel respectively. Then the real-time 
transmission of power of the double channel can be 
achieved. The working mode can effectively improve the 
system’s voltage adjustment range and efficiency [18]. In 
order to analyze the principle of the online load identi-
fication, system parameters are reported as follows:

(1) The primary section of the fundamental channel 
achieves full resonance under fundamental frequency, i.e., 
the working frequency of inverter switching devices;

(2) The primary section of the harmonic channel 
achieves full resonance under harmonic frequency;

(3) The secondary-side network contains pick-up coils 
from the double channels and the compensation capacitor. 
And it is designed for full resonance under fundamental 
frequency;

(4) The fundamental and harmonics transmission coils 
are devised to work at the output constant current mode 
to ensure induced voltage of the secondary-side network 
constant with the load change;

(5) According to magnetic circuit structure design, 
mutual inductance between primary transmitting coils and 
the secondary-side pick-up coils of the double channel is 
considered ignoring the cross-coupling.

Since the third harmonic content of the rectangular 
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Fig. 2. Work flow chart of load identification

voltage generated by inverter is just lower than the 
fundamental. Thus, this paper takes the example of 
establishing the third harmonic channel, the working 
principle of load identification is showed in Fig. 2, that is: 
waveform and value of inverter output current are 
inspected at all times which changes with loads because the 
inverter output voltage is constant. Therefore, we can find 
out whether the system loads change through current 
detection; if the current keeps constant, energy is 
transmitted to the load through the fundamental-harmonic 
double channel; to the contrary, the system loads needs 
identified. Both fundamental and third harmonic will work 
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Fig. 1. Work block diagram of ICPT system utilizing harmonics
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on the secondary-side network at the same time. Thus, the 
induced voltage us on the secondary-side circuit is the 
superposition of a couple of frequency-voltages, which is 
defined based on the following equation:
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Where ω is the working frequency of the inverter. us1

and us3 are the induced voltage values of the fundamental 
wave channel and the third harmonic channel respectively. 
M1 and M3 are mutual inductances of the fundamental 
wave coupling structure and the third harmonic coupling 
structure respectively. Ip1 and Ip3 are the transmitting coil 
current effective values of the fundamental wave channel 
and the third harmonic channel respectively. The secondary 
circuit current reflects joint performance of fundamental 
and the third harmonic. So the secondary-side current is

is checked firstly and then the fundamental wave current
Is1 and the third harmonic wave current Is3 can be obtained 
by taking is into Fourier decomposition. According to 
superposition theorem and relationship between load 
voltage and current, the equation of load parameters can be 
formulated. Taking the resistor-inductance load (resistance 
R, inductance L) as an example, Eq. (2) can be written as 
follows.
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Since the secondary-side network can achieve full 
resonance under the fundamental frequency, the X in (2) is 
the impedance value in the system secondary-side network 
except resistor-inductance load under the third harmonic 
frequency.

Above all, load value is gained by solving (2). After load 
identification, the load parameters are transmitted to the 
primary side through signal transmission circuit. Then the 
primary energy emission mechanism can adjust control 
strategy of the transmission terminal according to feedback 
data, and thus enables real-time tracking of system power 
and efficiency. At this time, it does not cut off the energy 
transmission in the process of load recognition which is 
one of the advantages and this method also applies to RC 
load.

3. Analysis of ICPT System Topology Selection

According to (2), the key point to load identification 

utilizing harmonics is about the size of the induced voltage 
us performed on the secondary circuit and the load current 
is. When system working frequency and mutual inductance 
parameters are fixed, identification procedure will be 
largely simplified if the secondary-side induced voltage 
produced by the primary current keep constant with the 
load change. The compensation topology LCL and LCCL 
both can keep the primary current constant if the 
requirements are met [19]. However, the method proposed 
in the paper not only need to keep the primary current 
constant, but also possess better frequency selection 
characteristics. Therefore, comparative analysis of LCL 
and LCCL is necessary to determine the final system 
compensation topology.

3.1 Analysis of the constant current characteristics 
of the primary side

Fig. 3 is the LCL and LCCL reactive compensation 
topologies.

U is the voltage source; La1 and La2 are the primary coils; 
Cp1 and Cp2 are the compensation capacitances; C is the 
primary capacitance; Lp1 and Lp2 are the transmission coils; 
ZR is the load; Zin-LCL and Zin-LCCL are the total impedance 
seen from U; Za and Zb are the equivalent impedance 
seen from the compensation capacitances Cp1 and Cp2

respectively. According to paper [18-19], if the parameter 
in Fig. 3 can be written as:
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The primary current IL-LCL, IL-LCCL are fixed values as 
follows:
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Therefore, LCL and LCCL topology both are able to 
keep the primary current constant.
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Fig. 3. The LCL and LCCL reactive compensation 
topology
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3.2Analysis of frequency selection characteristics

The Harmonic Ratio of In, i.e., HRIn, is the technical 
index to measure the system frequency selection charac-
teristics. And the method proposed in this paper needs to 
select the third harmonic from the voltage square waves 
accurately. In order to improve the frequency selection 
characteristics of the primary resonance network, it’s 
necessary to analyze whose frequency selection 
characteristics is better.

According to Fig. 3, the total impedance Zin(nω) of the 
n-th harmonic are
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Then the primary current equation can be written as 
follows:
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From the analysis above, the HRI3 of LCL and LCCL 
topology can be obtained as bellows:
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In order to compare the frequency selection characteristics
of LCL and LCCL topology, the change curves of HRI3-LCL

and HRI3-LCCL with the load are shown in Fig. 4 according 
to the actual parameters shown in Table 1.

On the basis of Fig. 4, under the same load resistance, 
the harmonic ratio for I3 of LCCL topology is lower, 
therefore the frequency selection is better. In a word, LCCL 
compensation topology is not only able to keep the primary 
current constant, but also solves the interaction problem 
of parameter selection in LCL. Meanwhile, since the 
secondary circuit needs constant voltage while the series 
resonance can largely reduce the system complexity if 
requirements are met. Therefore, this paper chooses LCCL-
S as the resonance network topology of this system which 
is shown in Fig. 5.

In Fig. 5, Ud  is input DC voltage source; G1-G4 are 
the power MOSFET, which comprises the full inverter. 
The fundamental energy path consists of the primary 
fundamental wave coil La1, the compensation capacitance 
Cp1, the fundamental wave capacitance C1, the fundamental 
transmission coil Lp1 and its internal resistance Rp1 and 
secondary-side fundamental wave pick-up coil Ls1. The 
harmonic energy path is composed of the primary 
harmonic coil La3, the compensation capacitance Cp3, the 
harmonic capacitance C3, the harmonic transmission coil 
Lp3 and its internal resistance Rp3, and secondary-side 
harmonic wave pick-up coil Ls3. The system secondary-
side network is made up of the fundamental-harmonic 
pick-up coils Ls1 and Ls3, compensation capacitance Cs and 
the load Z (R, L) which remains to be identified.

4. Analysis of the System Power and Efficiency 

Characteristics

According to the ICPT system for load identification 
utilizing harmonics shown in Fig. 5 and analysis in the first 
chapter, induced voltage us overlaps the fundamental and 
third harmonic. The secondary-side network induced 
voltage is

1 1 3 32 cos 3 2 cos3s p pu M I t M I tw w w w= + (8)

In a non-sinusoidal periodic circuit, the system average 
power is the algebraic sum of the power made up of 
constant component and average power of each harmonic. 
On the basis of the system composition and the secondary-
side induced voltage formula, taking the resistor-
inductance load Z(R, L) as an example, the power 

Table 1. Parameter design of LCL/LCCL reactive 
compensation topology

Parameters Values Parameters Values

U/V 60 f/Hz 20k
La1/μH 134.7 La2/μH 134.7

Cp1/μF 0.47 Cp2/μF 0.47
Lp1/μH 134.7 Lp2/μH 198
C/μF 1
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Fig. 4. The change rule of HRI3-LCL and HRI3-LCCL with the 
variation of load resistance ZR
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expression can be achieved as
when n=1
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(a) The output power variation curve with load size (b) The variation curve of power with load resistance under 
a certain inductance

(c) The system efficiency variation curve with load size
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According to Fig. 5, the inverter output voltage U1 of the 
fundamental wave channel, U3 of the harmonic channel 
and the X value in (2) are:
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Therefore, when fundamental and harmonics have the 
combined performance on the secondary-side network, the 
system output power and efficiency are
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With the change of load, the varying curve between the 
output power and efficiency and the load is shown in Fig. 6. 
Among them, the (a) and (b) describe the relationship 
between the output power and load, the solid line expresses 
the double channel while the solid line indicates the 
fundamental wave in (b). It can be seen from the figure, the 
double channel ICPT system receives more output power 
compared with the fundamental wave channel. The (c) and 
(d) show the curves of the system efficiency changing with 
the load and the efficiency is not effected by the inductive 
part nearly. From the former analysis and the curve, it can 
be concluded that the system obtains higher efficiency 
under heavy load condition and lower efficiency under 
light load condition.

The system has the characteristics of constant primary 
current and the constant secondary-side voltage, thus has 
higher efficiency under heavy load, and lower efficiency 
under light load, which can be also seen from the previous 
figure. Furthermore, coil inner resistance and cross 
coupling in the magnetic circuit coupling structure also 
influence efficiency. Therefore, such factors should be 
taken into consideration when designing the system 
parameters and magnetic circuit structure.

5. Design of Magnetic Circuit Structure

According to the previous analysis, this system has two 
magnetic circuit structures. Among these, the mutual 
inductance M1 between the primary transmission coil Lp1

and the secondary-side pick-up coil Ls1 in the fundamental 
wave channel, the mutual inductance M3 between the 

primary transmission coil Lp3 and the secondary-side pick-
up coil Ls3 in the harmonic wave channel are used 
effectively ignoring the cross coupling.

The premise of this technology is that there is no cross 
coupling between the magnetic circuit structures. Thus, it’s 
necessary to adjust this system magnetic circuit structure to 
reduce cross coupling interference among each coil. 

According to Fig. 5, there are four inductances Lp1, Ls1, 
Lp3, and Ls3 in the main circuit topology with the 
fundamental-harmonic double channel. Theoretically, 
there are six mutual inductances. In order to ignore the 
other four cross coupling mutual inductances, this paper 
designs the electromagnetic coupling structure shown in 
Fig. 7. This magnetic structure consists of the double U-
shaped mode magnetic circuit structure whose primary 
shape and secondary-side shape are completely symmetric 
orthogonal. Taking the primary structure as an example: 
two groups of coils are respectively wound on the arms of 
the U type magnetic circuit mechanism and are connected 
in series to make up the primary coil of the fundamental 
wave channel. And two groups of coils are respectively 
arranged on the two arms of an orthogonal U type magnetic
circuit mechanism then are connected in series to make up 
the primary coil of the harmonic channel. The secondary-
side orthogonal magnetic circuit structure is the same with 
the primary one, the platform of this structure is shown in 
Fig. 7(a). The primary coil of the fundamental-harmonic 
channel is vertical to the secondary-side coil respectively, 
thus forming an orthogonal magnetic circuit structure 
shown in Fig. 7(b).

The experimental model based on Fig. 7 is constructed, 
and it is revealed that the self-induction of the primary 
coil and the secondary-side coil is 231μH, and the distance 
between the primary and secondary coil of the fundamental-
harmonic channel is 40mm. Each inductance value of the 
electromagnetic circuit coupling structure is shown in 
Table 2 through measurement.

According to Table 2, the mutual inductance value in 

Pick-up coil of 
the harmonic 

channel
Pick-up coil of the 

fundamental channel

Primary coil of the 
fundamental channel

Primary coil of 
the harmonic 

channel

(a) (b)

Fig. 7. The structure of the magnetic circuit: (a) Planform 
magnetic circuit mechanism; (b) Front Elevation of 
magnetic circuit mechanism

Table 2. Self and mutual inductances of the double U-
shaped magnetic circuit structure

M/μH Lp1/μH Ls1/μH Lp3/μH Ls3/μH

Lp1/μH 231.5 95.5 0.03 0.01
Ls1/μH 95.5 231.5 0.008 0.04
Lp3/μH 0.03 0.008 231.5 95.5
Ls3/μH 0.01 0.04 95.5 231.5
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this magnetic circuit structure is several thousand times of 
the cross coupling mutual inductance. Therefore, the cross 
coupling can be ignored, and the magnetic circuit structure 
can basically meet the requirements of the design in this 
paper.

6. Experimental Verification

Experimental platform is established in Fig. 8 with the 
switching frequency is 20kHz based on the system 
structure diagram in Fig. 5.

Firstly, this paper analyzes the primary coil current of 
the fundamental-harmonic channel; Secondly, constant 

current and frequency-selection characteristics are verified; 
Thirdly, different loads based on system parameters 
given in Table 3 are identified, and the experiment 
results of the load identification are shown in Table 4 and 
Fig. 10, and the Z1~Z8 are loads to be identified. According 
to the experiment, the primary coil inner resistances of the 
fundamental-harmonic channel are Rp1=0.05Ω, Rp3=0.02Ω. 
The secondary-side induced voltage can be calculated as 
Us1=15.54V, Us3=11.82V, X=45.15 on the basis of the data 
in the table 3 and Eq. (1), (14).

Fig. 9 is the experimental waveform of a certain load: 
R=50Ω, L=100μH. According to Fig. 9 (a), (b), (c), it can 
be seen that the frequency selection characteristic of 
LCCL topology is relatively better than LCL. The primary 
coil current value doesn’t change when the load parameters 
change, indicating the constant current characteristic of 
LCCL compensation topology. Fig. 9(d) is the secondary-

Inverter 
circuit

Controller

Switching 
Mode Power 

Supply

The secondary-
side network

Fundamental 
magnetic circuit 

mechanism

Harmonic 
magnetic circuit 

mechanism

Fig. 8. Hardware experimental platform

Table 3. Parameters of ICPT system for load identification 
utilizing harmonics

Parameters Values Parameters Values

Ud/V 25 Cs/μF 0.47
La1/μH 40.33 La3/μH 4.482

Cp1/μF 1.57 Cp3/μF 1.57
C1/μF 0.4702 C3/μF 0.1012
Lp1/μH 175 Lp3/μH 74
Ls1/μH 67.37 Ls3/μH 67.37

Table 4. Experiment results of the load identification

AccuracyLoad 
condition

Experiment 
Results Real part Imaginary part

Efficiency

R=10Ω
L=50μH

R=10.6Ω
L=48.1μH

94% 96.2% 91.2%

R=10Ω
L=100μH

R=10.5Ω
L=96.3μH

95% 96.3% 90.3%

R=20Ω
L=50μH

R=20.6Ω
L=48.8μH

97% 97.6% 88.6%

R=20Ω
L=100μH

R=20.8Ω
L=96.3μH

96% 96.3% 88.1%

R=50Ω
L=100μH

R=48.95Ω
L=97.4μH

97.9% 97.4% 85.2%

R=50Ω
L=200μH

R=49.1Ω
L=197.8μH

98.2% 98.9% 84.9%

R=100Ω
L=100μH

R=100.4Ω
L=92.8μH

99.6% 92.8% 79.8%

R=100Ω
L=200μH

R=100.4Ω
L=195.4μH

99.6% 97.7% 78.3%

a

u

ip1

ip3

u

(a)                    (b)

is

ip3

ip1

(c)                    (d)

Fig. 9. Experimental waveform of the system: (a) The 
waveform of the primary current and the output 
voltage of the inverter in fundamental wave 
channel; (b) The waveform of the primary current 
and the output voltage of the inverter in harmonic 
channel; (c) The waveform of the primary current 
of fundamental wave channel and the harmonic 
channel; (d) The waveform of the secondary-side 
network current
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Fig. 10. Experiment results of the load identification
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side current waveform with superposition of the fundamental
wave current and the third harmonic current.

In order to verify the identification effect of this algorithm, 
many groups of comparison between actual load values 
and the experiment results have been presented in Table 4 
and Fig. 10. From it, the technology proposed to achieve 
the load identification of ICPT system utilizing harmonics 
not only has high accuracy, but also can work under normal 
power transmission. Furthermore, according to analysis of 
the system characteristics, constant voltage characteristics 
of the system secondary-side network will lead to efficiency
decrease under the light loads.

7. Conclusion

First, this paper states the working principle and mode of 
the ICPT system for load identification utilizing harmonics. 
Second, a fundamental-harmonic double channel system 
is established, and the fundamental wave current and the 
third harmonic current can be achieved by Fourier 
decomposition in the secondary-side network when load 
identification is needed, and then get the resistance-
inductive load parameters; Finally, the experiment 
indicates that the technology proposed can accurately 
tracks the load vibration. From the former theoretical 
analysis, it can be concluded that the system efficiency 
would be higher under heavy load condition, lower under 
light load condition. However, there is the cross coupling 
in the magnetic circuit structure, and the deviations in 
the parameters selection and measurement have influence 
on identification accuracy, further research will be done to 
take these factors into consideration.
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