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Abstract. In this paper, based on recursive least square algorithm and resonant magnetic
coupling wireless power transmission technology, the magnetic coupling mutual inductance
value, which is a significant factor affecting the transmission power and efficiency of wireless
transmission system, is predicted. According to the characteristics of the system, a
mathematical model of LCC-P-type topology structure is established. Through mathematical
deduction and analysis, combined with MATLAB/Simulink simulation results are obtained,
and its feasibility is verified by experimental results.

1. Introduction
Wireless Power Transmission (WPT) is a technology that can obtain electric power without direct
contact.

The resonant magnetic coupling (RMC) WPT studied in this paper is a hot way of WPT at present.
Because of its high efficiency, long distance, low loss, low radiation, selective transmission and other
advantages, this method has been widely applied in the field of WPT. In the RMC WPT system,
monitoring of transmission status can greatly ensure the safe operation and coordinated control of the
system. However, the detection process is cumbersome and the cost is high. Therefore, the purpose of
this paper is to find out the key electrical parameters of the primary side which can reflect the overall
parameters of the system by studying the equivalent circuit model of the RMC WPT system, and
finally realize the monitoring of the electrical parameters of the RMC WPT device measurement.

2. WPT System Based on LCC-P Topology

2.1. Selection of Topological Structure

Generally, RMC WPT systems have five typical topologies: SS-type topology, SP-type topology, PS-
type topology, PP-type topology and LCC-P-type topology. In practical experiments, it is found that
when the frequency of the WPT system is close to the resonant frequency, the series (S) structure will
lead to a large primary current, which is often unable to work at the resonant frequency. The LCC-P-
type topology, because of the existence of series inductance Lj;, can produce stable power transfer even
if the coil deviates or the load changes. It generates a constant current in the transmission coil [1], so
that the current in the transmission coil does not rise very much. Therefore, it can make the WPT
system work at a frequency that is very close to the resonance point, and in the theoretical calculation,
it can also produce stable power transfer. It can be assumed that the system works in a fully resonant
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state, which greatly simplifies the theoretical calculation. Therefore, this paper takes the WPT system
with LCC-P topology as an example for structural analysis.

The equivalent circuit model of WPT system with LCC-P-type topology is shown in figure 1. u, is
a high frequency AC voltage source. L;, C;, L;, C3, L, and C; constitute primary and secondary side
resonance networks respectively. R;, R, and R; are the internal resistances of L;, L, and L; respectively
(because the conductance of capacitors is very small, the influence of capacitance conductance on the
model is neglected here). M is the mutual inductance between primary and secondary coils. R, is the
load resistor that is connected to simulate the charging of different types of wireless charging devices
in the resonant circuit. /; and /, are the primary and secondary side high frequency resonance current,

respectively.
% C1 % %

Figure 1. The equivalent circuit model of WPT system with LCC-P-type topology

2.2. Mapping Relation of Electrical Parameters between Primary Side and Secondary Side
Before theoretical analysis, some assumptions need to be made:

1) Circuit parameters L, L,, L3, C;, C,, C3, R;, R; and R; are known quantities measured.

2) Under normal operating conditions, these circuit parameters do not change much, so they are
generally considered constant [2-3].

3) The internal resistance R;, R, and R; of the coil inductances L,;, L, and L; of the primary and
secondary sides are very small relative to the inductance value, and their influence on the resonance
frequency can be neglected. When the system works in the full resonance state, it can be considered
that the frequency of the high frequency AC voltage (the frequency used in the WPT system in this
study is about 300 kHz) is satisfied

/= . 1 (1)
27\ L,C, 27[ L,C, 27z L,C,

After the above hypothesis analysis, in the equivalent circuit model of the new LCC-P topology, the
L; and C), L; and Cj; of the primary side are fully resonant, while the L, and C, of the secondary side
are fully resonant. The theoretical analysis based on this is as follows.

In this WPT system, if the effective value phasor of high frequency AC voltage u, is set to

U = U pLOO, that is, the effective value of u, is U,, and the initial phase angle is 0°, the loop

equation can be formulated according to the equivalent circuit model

(R1+R3).I1_jCUM'12.:Up @)
—joM -1+ (R, +R,)I,=0

Among them, /, and /, are the effective phasors of the primary and secondary AC currents i; and

i, respectively.
Solute the (2) equation yields a current parameter expression of the follows for the primary side
and the secondary side:
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From the deduction of formula (2) ~ (3), it can be seen that the current parameters of the primary
and secondary sides are not only related to the parameters of WPT system itself, but also to the high
frequency AC voltage. However, the key electrical parameters of the primary side, which can reflect
the overall parameters of the system, should not change with the change of high frequency AC voltage,
so these parameters are not the key electrical parameters we are looking for. In the next section, we
will look for the primary key electrical parameters that can reflect the overall parameters of the
system.

2.3. Key Electrical Parameters of Primary Side

In the actual experiment, the high frequency AC voltage is realized by inverters. The circuit structure
is shown in figure 2. U, is the input DC voltage of the primary side, C, is the large capacitor parallel to
U, Si~Sy 1s the full bridge inverter, D;,~D;, is the feedback diode (or continuous current diode), and u,
is the equivalent input voltage of the resonant circuit, that is, the resonant circuit.

L1+ '/M\‘ i
Ud%)chjzg Li ng " 2
T4 T %

D3
Figure 2. LCC-P-type Topological Equivalent Circuit Model with Inverter

When the phase difference between positive and negative voltage of u, is 180°, the Fourier series
expansion shows that the fundamental effective value of high frequency AC voltage on the primary
side has the following quantitative relationship with the primary input DC voltage U

U, = %UP 4)

According to the law of conservation of power, the input power of the inverters should be equal to
the output power, ignoring the power loss caused by the inverters. From this we can get:

22,

T

1, )

Because the WPT system is in full resonance state at this time, and the dimension of
2 2
O'M”+ (R +R)(R, +R . .
(Rl R3)( 2T R) is Ohm (Q), i.e. U, and [, are in phase, the relationship between DC
2 + L

voltage U, and current /, can be obtained by combining formula (3), (4) and (5):

2 2 2
7o oM +(R+R)R,+R
— . ( 1 3)( 2 L)Id (6)

U
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U
Let R, =—<%, which is called the equivalent input resistance on the DC side, therefore, M can be
d
represented by R; and R; as follows:

8
\/( sz_R]_R3)(R2+RL)
M=XZ

(4

(7

In the above formula, R, is not affected by the high frequency AC voltage. It is the key electrical
parameter of the primary side required. The load R, can be directly known by wireless frequency
identification technology [4]. So only M cannot be measured directly from the primary side.

In the follow-up simulation and experiment, because of the inevitable error, M obtained each time is
not the real value, which need to be measured repeatedly through a large number of experiments. By
changing the phase difference between the two control signals, a series of comparative experiments
can be obtained, so that a series of M can be obtained in different ways. A large amount of data
measured by the above experiments can be processed by recursive least square (RLS) algorithm.

When the phase difference of the two control signals is adjusted to change, for example, when it is set
to be 6, formula (7) will be expressed as follows:

72_2

\/[4(1—0089)1{1* _Rl _Ra][Rz +RL]
M = (®)

w

The R;* is the equivalent input resistance of the DC side measured in the case of the corresponding
phase difference 6.
3. Simulation Design Based on RLS Algorithms

3.1. WPT System Simulation Design
A WPT system with LCC-P topology is built on Simulink interface. The simulation wiring is shown in
figure 3, and the parameters of the components are shown in table 1.

[ I L T I
Figure 3. WPT System Simulation Wiring Diagram of LCC-P Topology

Table 1. Component Parameters of Simulation System

Component
NurF:\ber Usg Ro Co L, Lo Ls C.
Parameter Values | 12V or24V  0.00001Q  ImF  112pH  14.4525pH  6uH  2.513nF
Component
Nurl?wber Ce Cs R1 R, Rs RL M
Parameter Values | 19.474nF  469nF  1.55Q  02Q  0.083Q sggzg;)r 8.5uH
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From the above table, the coefficient of M of primary side and secondary side is set at 8.5 pH. The
simulation results show that the value fluctuates from 8 uH to 9 uH with an average of 8.57 uH.

3.2. RLS Algorithm
The RLS parameter identification is that when the recognition system runs, with the introduction of
new recursive observation data, the parameters are estimated one after another until the estimated
value reaches satisfactory accuracy. The basic idea of RLS algorithm can be summarized as follows:
the new parameter value to be estimated @(k)= the old parameter value to be estimated @(k —1) + the
correction term [5].

The comparison of the recursive value of M and the stability value of M is shown in figure 4.
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Figure 4. Comparisons among Recursive Values, Stable Values and Settings of Mutual Inductance

From figure 4, it can be seen that after 8 recursions, the M is almost completely stable around 8.48
uH, which shows that the convergence speed of the RLS algorithm is very fast.

According to the results of the above simulation combined with the algorithm, the M is about 8.48
pH, while the actual M set in the simulation experiment is 8.50 puH, the error is about 0.2353%, which
is much smaller than the average value error. Through simulation and RLS algorithm, this method can
detect the mutual inductance between coils only by measuring the DC side voltage and current of the
primary side, which is feasible and has high accuracy.

4. Physical Construction and Actual Measurement
In order to verify the feasibility of the design of the parameter sampling and control circuit in Chapter
3, a practical WPT system circuit is made, as shown in figure 5.

Figure 5. WPT System Circuit
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Among them, label 1 is power supply, 2 is control signal generator, 3 is drive circuit board, 4 is
inverted circuit board, 5 is inductor L; and its internal resistance R;, 6 is primary capacitor Cs, 7 is
primary coil L;, 8 is primary capacitor C;, 9 is secondary coil L,, 10 is secondary capacitor C,, 11 is
load resistance R;.

The parameters of the components used in the experiment are as shown in table 2.

Table 2. Parameters of Components Used in Experiments

Component Number Uq L, L, L C, C,
Parameter Values | 12V or24V  126.46pH 14.41pH  6.112uH 2.1618nF  19.537nF

Component Number C; R, R, R; R; /
Parameter Values 47.37nF 0.046837Q2  0.02Q2  0.00842Q2 50Q or 25Q /

Based on the above parameters, the mutual inductance between the two coils is measured, as shown

in figure 6.
w7

Figure 6. Mutual inductance measurement between two coils

Combining the results with RLS algorithm and importing the data into the program, we can get that
the M of the two coils is stable at 7.094 uH.

For the actual M between the primary coil L; and the secondary coil L,, it is impossible to get the
exact value, but the "Series Decoupling" method can be used to calculate the very similar value.

The measured value of M between primary and secondary coils is 6.78uH by the above method,
and the error between the measured value and the experimental value of 7.094uH is about 4.626%.
The error is less than 5%, it is not very large. So it is feasible to monitor the mutual inductance
between coils only by measuring the DC side voltage and current of the primary side, and the accuracy
is relatively high, which is basically consistent with the simulation results.

The comparison diagrams between the recursive estimates of mutual inductance, the stability
values and the measured values are shown in figure 7.

&— Recursive Values
e Stability Values
A Seftngs

Recursive Values (pH)
' N N
L LJ
.

6.6 T T T T T 3, BTl
2 4 6 5 10 12

Group

Figure 7. Comparisons among Recursive Values, Stable Values and Settings of Mutual Inductance
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5. Conclusion

In this paper, through research and design, the key electrical parameters of the primary side which can
reflect the overall parameters of the system are found. Thus, the key electrical parameters of the
primary side can be adjusted timely and accurately according to the changes of the electrical
parameters corresponding to the secondary side. The monitoring of the electrical parameters of the
RMC WPT device is realized. The experimental results show that the error is within the allowable
range, the accuracy of the RLS algorithm is higher, and the convergence speed is faster. Therefore, the
safe operation and coordinated control of RMC WPT system are greatly guaranteed.
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