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Abstract. This paper, amed at the magnetic resonance contactless power transmission system based
on PSSS topology, analyzes the stability of the system resonant frequency when the load and the
mutual inductance are changing and proposes the method of constant frequency control based on the
technology of dynamic resonance and soft switching. The paper explainsthe operating principles of the
proposal, builds the circuit model by using Simulink and conducts a simulation study.

Introduction

Compared to traditional inductive contactless power transmission technology, magnetic resonance
contactless power transmission technology can generate a higher magnetic field so that the power can
be transferred more efficiently at a farther distance. Magnetic resonance contactless power
transmission technology is a kind of technology which is non-directional and can transfer several
kilowatts of power efficiently at medium distance (The medium distance is more than a few times the
diameter of the resonance coils) through non-metallic materials, having arelatively small effect on the
human body and the environment [1]- [3].

Fig. 1 shows the schematic diagram of resonance contactless power transmission system based on
PSSS topology. The coupling coils of the system consists of a transmitting coil, resonance coil 1,

resonance coil 2 and a pick-up coil. C,. C;. C; and Cs are compensation capacitors which make the

system work in resonant state by compensating the reactive power generated by the coupling coils.
Therefore, to maximize the power transmission efficiency of the whole system, the inherent resonance
frequency of each coupling coil must be consistent. However, the system load or coil mutual
inductance can be affected by some factors in practical application, which makes the reflection
impedance of the primary side change. In thisway, the coupling coils are dissonant due to the inherent
resonant frequency and the transmission power of the systemis decreased[4,5].
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Fig. 1 The schematic diagram of resonance contactless power transmission system
based on PSSS topology

In the case of the dissonance of the transmitting coil, the soft switching technology is usually
adopted. But the characteristic of soft switch floating-frequency control can lead to the resonance coils
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and the pick-up coil dissonance. Therefore, in the case of the dynamic change of the magnetic
resonance system load or coil mutual inductance, the frequency of the system should be kept
stable]6,7]. At present, the mainstream frequency stabilization control strategy is based on dynamic
compensation, including dynamic capacitor compensation and phase control inductance. Dynamic
capacitor compensation islimited by the dispersion of capacitive value, so the adjusting rangeislimited
and the control is not easy to achieve; And a single control strategy based on phase control inductance
is focused on tuning the inherent resonant frequency of resonant network, ignoring the power loss
under the high frequency switching condition.

This paper, aimed at the magnetic resonance contactless power transmission system based on PSSS
topology, analyzes the influence of system load and the coil mutual inductance on the inherent
resonance frequency of system primary side, proposes a method of constant frequency control based
on the technology of dynamic resonance and soft switching which achieves the stahility of the inherent
resonant frequency of coupling coils, and then builds the circuit model by using Simulink and conducts
asimulation study.

The analysis of the resonance frequency of primary side

AsshowninFig. 1, U, isthe effective value of AC output voltage of high frequency inverter circuit, Zy,
is the equivalent reflection impedance from resonance coil L, to transmitting coil Lp, Z;, is the
equivalent reflection impedance from resonance coil L, to resonance coil Li, Zy is the equivalent
reflection impedance from pick-up coil Ls to resonance coil L,. And My represents the mutual
inductance between transmitting coil L, and resonance coil L, M1, represents the mutual inductance
between resonance coil L; and resonance coil L,, My represents the mutual inductance between
resonance coil L, and pick-up coil Ls. In order to simplify the analysis, the radiation loss and the ohmic
loss of the coils areignored. According to the theory of mutual inductance, when all the coupling coils
work in resonance state, equations can be obtained as follows:

i WM 2

T Zpl —_o pl

1 212

1 WZM 2

-I- le —_0 12

i Zss

{, _wems @
i R

I 8

i -9 R)
IR,=

i L

| Cp = WZLZ 5_22

Then the following equation can be derived:
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Substituting the result of Eq. 2 to w=2xf can give
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And f, is the inherent resonant frequency of transmitting coil resonant network.
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In practical application, the relative position of transmitting coil L, and resonance coil L, isfixed, so
the mutual inductance M, can be regarded as a constant. Also, the mutual inductance M,s can be
regarded asaconstant. Therefore, the paper will focus on the influence of changing mutual inductance
M, and systemload R, on f,. As Eq. 3 shows, f, will obviously change with the change of R, and M,
And they have anonlinear relationship. Table 1 lists a set of parameters, wherethe change range of R,
isfrom 1.5Q to 10Q and the change range of M, is from 0.05uH to 0.5uH.

Table 1 System Parameters
Parameters Vaue
M, 0.61[puH]
M, 0.47[uH]
L, 10[pH]
L, 10[pH]
f 1[MHZ]
R, 2[Q)]
M, 0.2[uH]

Substituting the parameters in Table 1 to Eq. 3, the relationship between f, and M1, and R, can be
obtained, as shown in Fig. 2.
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Fig. 2 The relation curve of f,with My, and R,

Fig. 2 showsthat f, will change dramatically with the change of M, and R, in acertain range. Since
the frequency of the magnetic resonance contactless power transmission system is usually afew MHz
or even higher, even a small frequency drift can greatly attenuate the transmission power of the system.
Appropriate control is needed to ensure the stability of the system's inherent resonant frequency.

Constant frequency control based on the technology of dynamic resonance and soft switching

The principle of dynamic resonance based on phase control inductance. The schematic diagram
of the phase control inductance branch circuit isshown in Fig. 3, which consists of afixed inductive Lt
and two opposite switches S; and S,, and form the resonant compensation circuit of the primary side
together with C,,. The circuit can change the conduction angle of Lt in the positive or negative half
period by controlling S; and S, respectively to change the equivalent impedance of the resonant
compensation circuit. Thus, the inherent resonance frequency of system primary side can be changed.
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Phase Control Inductance |
Branch Circuit

Fig. 3 The schematic diagram of phase control inductance branch circuit
Asshown in Fig. 3, u, isthe input voltage of the circuit which is sinusoidal and defined as

u, =v2U _ sin(wt), (4
where U, isthe effective value of theinput voltage. Fig. 4 showsvoltage and current waveform of L,
when internal resistance of L. isignored and a>n/2 where o represents the trigger angle of switches.

Since the energy stored by the inductor is equal to the energy released by it, the conduction angle of
switchesis 2rt-20.
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Fig. 4 The voltage and current waveform of L;
By expanding the voltage of L; with the form of Fourier series, Uy, which represents the
fundamental component of the voltage of L;, can be derived:

Ju

U,= 5 P (2p - 2a +sin2a)coswt . (5)

And the effective values of U and the fundamental component of the current of L, represented by
ULirvis and | LtRMS respectively, are
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Lieq represents the equivalent inductance of the inductance phase controlling branch circuit. When
the trigger angle is a, Lieq IS

__ Y pL

Lteq - - - (7)
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According to Eqg. 7, it can be obtained that, when the change range of o isfrom /2 to = the variation
range of Liq iS from L; to infinity. That means it is available to adjust Liq and change
the equivalent impedance of the resonant compensation circuit by controlling «, thusto adjust fp.

The principle of constant frequency control based on dynamic resonance. In order to realize
the constant frequency control at the primary side of the system, the inductance phase controlling
branch circuit is added to the schematic diagram shown in Fig. 1. The new circuit is shown in Fig. 5
after smplification.
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Fig. 5 Equivalent schematic diagram
According to Eg. 1, the following equation can be derived:
8M 7
7, =20l ®)

M
Eqg. 8 shows that both M, and R, changes will cause Z;, to change. Therefore, the dynamic
resonance in the case of the change of M;, and R, can be equivalent to the onein the case of the change
of Z;,. Then Z;, represents the Varying load of the system shown in Fig. 5.
The admittance of the system shown in Fig. 5is

GP == L + jWoCP +-; (9)
JWoL[eq JWOLp + Zpl .

Gy is the admittance of the primary side resonant network when L; is not considered and can be
calculated as

. 1
G, =jwC, +———— 10
P = JWCp jWoLp+Zpl ( )

where the static compensation capacitor C, is
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Since dynamic resonance is based on inductance phase controlling, it is only when the equivalent

impedance, after removing Ly, is capacitive when Z;, changes, the phase control inductance has the
adjustable range of f,. Set Cpas

(11)

1 CL
C,=C,= = 12
PR WL L (12)
Im(Gp1) =0 can be obtained when the transmitting coil is in resonance. Substituting Im(Gp;) =0 to
Eg. 12 can give

L < 1 1 (13)
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According to Eq. 1, the relation curve of L With Z;, can be derived as shown in Fig. 6, which
shows that the relationship of Liq and Zi, is monotonous. This shows that when the system is in
constant frequency control, in the case of Z;, changes, L can be adjusted dynamically to keep Im(G,)
=0 valid, thusto keep the inherent resonance frequency of primary side stable.
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Fig. 6 The relation curve of Lieg With Zy,
According to Eq. 13, when Z;, approaches zero Lie has a minimum as follows:

(14)
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When Z;, approaches infinity Liq hasa maximum as follows:
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According to Eq. 14 and Eq. 15, when Z;, ranges from O to infinity, L ranges from L, to infinity.
According to the previous conclusion, when a ranges from n/2 to =, L ranges from L; to infinity.
Therefore, to make surethereis always ao to keep Im(Gp,) =0 valid when Z;, changes, the value range
of phase control inductance should be:
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L[ £ I‘teq(min) = I‘p (16)

Constant frequency control strategy based on soft switch technology. The function of the
dynamic resonance branch circuit is to make the inherent resonance frequency of primary side
consistent with the system operating frequency by adjusting the Liq to change inherent resonance
frequency when they are different. Based on this, this paper proposes a constant frequency control
strategy based on soft switch technology. To be more specific, a high frequency inverter controlled by
soft switch is adopted at primary side of system to track and sample f,, and then to generate
corresponding controlling signals to adjust the L. to make the inherent resonance frequency of
primary side consistent with the system operating frequency by comparing the sample frequency and
the rated operating frequency of system. Thus, when M, and R, change, the system can work stably at
resonance frequency, and the high frequency inverter of primary side controlled by soft switch is
achieved to reduce switch loss at the same time.

According to Eq. 13, the relation curve of f, with L, can be derived as shown in Fig. 7
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Fig. 7 The relation curve of f, with Lie
According to Eq. 7, Eqg. 13 and Fig. 7, the following control logic can be obtained:

(1) When f=f>f,, increase L to increase a ;

(2) When f=fy<f,, decrease L t0 decrease a ;
(3) When f=fp=f,, just keep a constant.
When the systemis under constant frequency control, the waveform of Uy, drive voltage of the high

frequency inverter circuit and drive voltage of the inductance phase controlling branch circuit are
shown in Fig. 8.
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Fig. 8 The waveform of U,, drive voltage of the high frequency inverter circuit
and drive voltage of the inductance phase controlling branch circuit
Sincecircuit isnot ideal in practice, when switch S; or S, shut off, the current in the circuit may not
reduceto zero, the stray inductance will produce a high reverse voltage the moment the switch shut off,
which may lead to damage of the switch. Therefore, it isnecessary to extend the turn-on time of switch
S1 and S; to make the duty cycle of the switch drive waveformriseto 50%, thus, to make thetwo drive
waveform complementary, so that switch S; and S, work in zero current switching(ZCS) mode, as

shown in Fig. 9.
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Fig. 9 The waveform of U,, drive voltage of the high frequency inverter circuit
and drive voltage of the inductance phase controlling branch circuit after improvement
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Simulation Study

Build the circuit model by using Simulink. Fig. 10 shows the schematic diagram of simulation circuit
under constant frequency control, where the high frequency inverter circuit is a push-pull full bridge
inverter circuit, Z;, represents the varying load when M, and R, change. Table 2 lists the main
parameters of the simulation.

Fig. 10T he schematic diagram of simulation circuit under constant frequency control

Table 2 Simulation Parameters
Parameters Vaue
M, 0.45[pH]
L 5[uH]
L, S[pH]
L, 10[pH]
C, 6[uF]
C 5.0661[uF]
f 1[MHZ]
Z, 10,2[Q]

The smulation timeis 0.001s. In the simulation process, the system firstly works in hard-switching
mode with the rated working frequency f,; then works in soft-switching mode at 0.0003s, that is
floating frequency control. And the system starts constant frequency control at 0.0004s. Z;, is adjusted
from 10Q2 to 2Q at 0.0007s and then the simulation is ended in 0.001s. Fig. 11, Fig. 12 and Fig. 13
show the results of the smulation. Fig. 11 shows the change of system working frequency during the
whole simulation process. Fig. 12 and Fig. 13 show respectively the drive voltage waveform of the
high frequency inverter circuit, the voltage waveform of the primary resonant network, the voltage and
current waveform of phase control inductance and the voltage and current waveform of load when Z;,
is 10Q and 2Q after the system starts constant frequency control.

| .

06—

: modg¢ to soft-switching frequency control : : : :

Time offs U]

Fig. 11 The change of system working frequency during the whole smulation process
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The Voltage Waveform of the Pr]mary Resonant Network

The Voltage Waveform of the Phase Control Inductance

The Voltage and Current Waveform ofLoad o 210"

Fig. 12 Thedrive voltage waveform of the high frequency inverter circuit, the voltage waveform of the
primary resonant network, the voltage and current waveform of phase control inductance and the
voltage and current waveform of load when Z;, is 10Q
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The Voltage and Current Waveform of Load = 10"

Fig. 13The drlve voltage waveform of the high frequency inverter circuit, the voltage waveform of the
primary resonant network, the voltage and current waveform of phase control inductance and the
voltage and current waveform of load when Z, is 2Q

Fromthe simulation resultsit can be concluded that when Z;, changes, the system can work stably at
resonance frequency, and the high frequency inverter of primary side works in zero voltage switching
(ZVS) mode at the same time.

Conclusion

This paper, aimed at the magnetic resonance contactless power transmission system based on PSSS
topology, analyzes the influence of system load and the coil mutual inductance on the inherent
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resonance frequency of system primary side, proposes the constant frequency control strategy based on
dynamic resonance and soft switching technology which achieves the stability of the inherent resonant
frequency, and then builds the circuit model by using Simulink and conducts a simulation study. The
simulation results show that the constant frequency control strategy is feasible.
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