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Abstract: In the voltage-fed Inductively Coupled Power Transfer (ICPT) system, input current increased when
load become lighter especially no-load which led to system unstable. A method of frequency adjustment
without adding additional links was presented which could realize the control of input power. The mathematical
relationship between the input power and system operating frequency, load resistance, input voltage in the
voltage-fed ICPT system was built based on mutual inductance theory. In order to improve the rapidity and
accuracy of the control method, the newral network control strategy which included control network with three
layers was added in the proposed method. Practical experiment. illustrated that the method could make the
system with good robustness when load changes in large scale. In instance, as the load resistance varied from
20-50 Q, the input current returned to the reference value within a short time which verified that the proposed

control approach was effective for ICPT system.
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INTRODUCTION

Inductively Coupled Power Transfer (ICPT)
technology is developed to produce high-frequency
magnetic field to deliver power wirelessly from the power
source to load side by coupling (Tang et al., 2009, Boys
et al, 2003; Hu, 2001). Nowadays, ICPT technology is
already used in many situations, like wireless power
supply of household electrical appliances, mobile phone
wireless charging, electric vehicle wireless charging, etc.
Because there is no physical connection between primary
side and secondary side, system controller in the primary
side can’t learn the secondary loading condition. It’s
possible that the primary side appeared overpower
situations. In order to improve system reliability and
protect circuits it’s necessary to control the input power
in the primary side (Si et al., 2008; Li et al., 2012).

The input power is controlled according to load
resistor demand. Load detection and wireless
communication are added to ICPT system. The controller
in the primary side can control the input power via load
information from the secondary side. A kind of accurate
load detection method is proposed to learn load
information from the primary side (Wang et «l., 2013a).
But in practical applications, load resistor is continuous
variable. This method can’t real-time detect. A simplified
method for load detection is proposed to learn load
information (Wang et al, 2012). But its practical
applications has disadvantage, power control is very
complex in this way. The method of controlling the power
is proposed to control the input power (Sun et al., 2012).

But it needs communication from the secondary side to
the primary side so that the controller learns the load
information and it needs many sensors to obtain circuit
parameters. Constant-current control in the primary side
is another method to control the input power (Wu et al.,
2013; Tian et al., 2012). But the constant-current control
in this method needs to introduce another circuit and the
controller is relatively more complicated. As for the
problems above, the proposed method can control the
input power without additional circuits through a
simplified controller.

This study uses the typical SS-type voltage-fed ICPT
system as an example. Fist, the influence factor of the
system input power is analyzed. Combined with actual
situation and system simplification, a simplified method
based on frequency adjustment to control the input power
is proposed. And the actual controller is designed. The
feasibility of this method is verified by experiments. In
case of the uncertainty of load, the input power is
controlled without overshoot from the primary side.

ANALYSES OF SYSTEM INPUT
CHARACTERISTICS

Aimed at controlling input power, factors which
influence input power in the voltage-fed ICPT Systems
need to be analyzed. The ICPT system can be classified
by voltage-fed systems and current-fed systems.
Based on the compensation style of the primary and
secondary windings, voltage-fed ICPT systems can
be further classified into 5SS and SP types. Cwrrent-fed
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TICPT systems can also be further classified into PS
and PP types (Wang et al., 2004). The schematic diagram
of 83-type voltage-fed ICPT system 1s shown in Fig. 1.

In the SS-type voltage-fed ICPT system, the DC
voltage E,, is selected as an energy source and the
inversion network comprises four MOSFET switched, S,,
8., 5;and 8, Two switch pairs (S,, S,) and (S,, S;) work in
complementary mode to emerge square wave voltage
output. The series resonant tank consists of an mductor
L, (transmitting coil) m series with a capacitor C,
(compensating capacitor) and a series inherent resistor R,.
The resonant network produces a high-frequency
magnetic field to transmit energy. In the secondary side,
the pickup network consists of an inductor L, and a
compensating capacitor C,. The pickup winding receives
energy from the high-frequency magnetic field. A rectifier
converted high-frequency AC voltage into a constant DC
voltage is made up of four diodes as a full-bridge rectifier.
The DC voltage is supplied for load resistor R;. R, is
variable continuously. M 13 the mutual mductance
between L, and L, R, is a series inherent resistor in pickup
winding.

Based on the analyses made before and energy
transfer recurred to fundamental component in the
resonant converter, the power of load resistor R, is
supplied by fundamental component of resonance
voltage. Therefore, loading effect of the load resistance R,
on the secondary resonant cirewt (Wang et al., 2013b;
Hu, 2001 is equivalent to R, and it is shown as 1:

8
R,= R (1)
The load impedance of the secondary 1s calculated as
a lumped mmpedance (Z,) whose value depends on the

secondary compensation as given by:

7, = jol, + +R,+R,, (2)

5

The loading effect of the secondary on the primary
circuit is shown in Fig. 2a as a reflected impedance (7,).
The reflected impedance 13  calculated by the
transformer coupling and operating frequency and 1s
given (Wang et al., 2004, Zhang et al., 2013) by:

_ o'M? (3)
r Z

H

Z

The output voltage of the mverter network 1n RMS u,,
can be calculated (Li et al., 2013; Wuet al., 2011) by:

w, Mg, ()

Fig. 1: Schematic diagram of SS-type voltage-fed. ICPT
system, E,: DC mput supply, S~3,; Inverter
network, Metal Oxide Semiconductor Field Effect
Transistor (MOSFET), u,: Inverse voltage, (C,, L)
Primary rescnance network, 1 : Resonance current,
M. Mutual inductance, (C, L) Secondary
resonance network, C,: Filter capacitor, Ry Load
resistor, R, Equivalent resistance, (R, R,): A
series inherent resistor
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Fig. 2(a-b). Equivalent circuit diagrams of ICPT system,
7. Reflected impedance on the primary circuit,
u,.. Induced voltage in the secondary side,
(a) Equivalent circuit of primary side and
(b) Secondary side, loading effect of R, on the
secondary side

Then, the SS-typed voltage-fed ICPT system is
simplified as shown in Fig. 2a.

If the system is operated at the resonant frequency,
the primary resonance current can be calculated by:
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Due to the primary series inherent resistor is small, R
is negligible. The induced voltage in the secondary side
is calculated by the primary current I, and can be
expressed as:

(6)

u . =M,

The equivalent circuit of the secondary side is shown
as Fig. 2b. The current in the secondary side is calculated
by:

ol 7
Z

The input power consists of coil loss n the primary
and secondary side with load resistance power.

(8)

P, =R, +I'R +I}

Substituting Eq. 1-7 to 8 and Eq. 8 can be rewritten as:

16E, °
5 ZdEQRL
M

2 2
P = Edc + 2Edc
in 27E6f4M4 P J'E4f2M2 s

)

According to Eq. 9, the input power is related to the
system operating frequency f, the mput voltage E,., the
mutual inductor M, load resistor RL, the primary series
inherent resistor R, and the secondary series inherent
resistor R,. In practical applications, the mutual inductor
M, the primary series inherent resistor R, and the
secondary series inherent resistor R, are constant. E, is
supplied by a certain power source. Also, E, is constant.
Thus, the input power Pin is determined by the system
operating frequency f and load resistor R;. The relation
between the mput power Pin and the system operating
frequency f with load resistor R is shown in Fig. 3.

When the system is operating at frequency 20 kHz,
the relation between the mput power and load resistance
15 shown m Fig. 4a. In practical applications, the high load
resistance is considered to be the conditions of light load.
When the system is in state of light load, the input power
should be small. From Fig. 4a, the situation is just the
opposite.

When the load resistor is 50 ©, the relation between
the input power and the system frequency is shown in
Fig. 4b.

Based on the analyses made, when the load resistor
is changed, the system frequency can be changed to
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Fig. 3: Relational graph of input power with operating
frequency and load resistance
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Fig. 4(a-b): Separate relational graph of mput power with
load resistance and frequency

control the mput power. The input power can be improved
via reducing the system operating frequency and reduced
via rising frequency.

INPUT POWER CONTROL STRATEGY BASED
ON BP NEURAL NETWORK

In order to improve the rapidity and accuracy of the
control method, the newral network control strategy which
included control network with three layers was added in
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the proposed method. Based on the analyses in the
previous section, the input power is changed with the
system operating frequency. So the input power can be
controlled by changing the system operating frequency.
A control strategy based on BP newal network is
proposed in this study. Its central idea is: According to
input power need and setting the reference value T, of
input current. Compared with the value of input power,
the error and error rate of speed are regarded as the input
of neural network controller. The output of controller,
namely a square wave which can change period, can
control the ICPT system after driving transformation. Its
control configuration is shown in Fig. 5.

The TCPT system is a complex higher-order nonlinear
system. It 18 impossible to obtam accurate model. In the
modern control theory, neural network can approximate
any contimuous nonlinear functions, independent of its
concrete model.

The diagram of generalized three-layer BP neural
network is shown in Fig. 6. The input layer contains n
newons, hidden layer p neurons, output layer g
neurons. Figure & Generalized three-layer BP neural
network, x,- x,; input vector of the neural network, y 1y ;
Output vector.

The input vector of the newal network is
X =[5, % - K. X, output vector Y = [y, ¥ ..., |-
The excitation function from hidden layer to output layer
1s important to influence the network performance.

For the controller, mean square error is selected as
performance ndex which characterizes the performance of
the neural network controller.

According to the system control configuration, the
S3-type voltage-fed ICPT system based on BP neural
network control is built. Tts diagram is shown in Fig. 7.

The input cwrent is regarded as the input of the
controller to control the mput power of the ICPT system.
The input current is detected to be voltage signal by hall
sensor. The voltage signal is tuned into standard signal
for AD of DSP. In order to process discrete signal, the
neural network must be discretized for the system neural
network controller. The error operation, the newral
network control, the system frequency transformation are
accomplished by DSP (TMS320F2812). The square wave
can’t drive the switching devices directly. So, an extra
driving circuit 1s necessary.
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Fig. 6: Generalized three-layer BP neural network,

xl-xn: input vector of the neural network,
yl-yq: output vector
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Fig. 7: Structwres of TCPT system with neural network
control, hall sensor: AC  transformer,
TMS320F2812: The controller, (Qy,,Qs.): Drive of §
and S, (Qg,Qg,): Drive of S, and 5,

EXPERIMENT RESULTS

In order to valhdate the feasibility of control
approach, the circuit of SS-type voltage-fed ICPT system
is built, the parameters are shown in Table 1. The
proposed method will be compared with PID control
method.

The experimental result in load perturbation is
shown in Fig. 8.

From Fig. 8 it can be known that the dynamic
response process just takes 5 m sec (less than 13 msec of
PID) to successfully achieve tracking the reference value
when the load resistance changes from 20-50 (.
Concluding the PID control results as shown in Fig. 8b it
is obvious that PID control method produces a greater
distwbance which reaches 2A with respect to the
proposed method. Therefore, this PID control method will
be not suitable to the input power control. From this
measured waveform it is evident that the input power is
controlled by the proposed method when the load
resistance surges.
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Fig. 8(a-b). Contrast experimental result based on BP
neural network and PID m load perturbation,
input voltage: Constant, input curent: When
resistor is changed it adjusts

Table 1: Parameters of experimental system

Parameters Values
DC input supply (Vg) 48V
Primary resonant inductance (L) 559 nH
Primary resonant capacitance (C) 0.14 pF
Secondary resonant capacitance (L) 524 pH
Secondary resonant inductance (C.) 0.14 pF
Mutual inductance (M) 492 nH

CONCLUSION

Due to the phenomenon that the mput power is
inconsistent with the load power demand in the voltage-
fed inductively coupled power transfer system, so it is
essential to control the mput power. It 1s found that the
mput power 13 affected by system operating frequency,
load resistance, input voltage. The input power presents
a nonlinear negative correlation relationship with system
operating frequency. The input power 1s controlled
without overshoot by the designed controller. By
introducing this control approach, the problem of input
power control can be satisfactorily resolved.
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