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Abstract—Wireless power system via magnetic resonance
coupling has been widely used in numerous fields, thus, this
technology has been studied by many researchers for
different problems, and influence factors on system power
and efficiency are proposed in some papers. By applying
lumped parameter circuit theory, the efficiency of symmetric
wireless power system via magnetic resonance coupling has
been researched in this study. The inference that there is a
critical number of coil turns so that the efficiency of
symmetric wireless power system attains its maximum in any
application is obtained. Finally, some simulation based on
MATLAB has been done and experimental system is set up
to complete a series of experiments, and the results of
simulation and experiment shows the correctness of the
method to calculate the optimal coil turn.
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l. INTRODUCTION

Wireless power system via magnetic resonance
coupling is firstly proposed by Andre Kurs et al. of MIT in
2007 [1]. The transmission system used four coils to
achieve the objective of wireless power transmission by
making coils produce resonance as shown is Fig. 1. This
technology is well suited for wireless power supply in a
moderate distance. The distance of the prototype system
developed by Andre Kurs is 2m, and the efficiency is 40%,
the transmission power is 60W. At present, the technology
has been widely used in medical, electric vehicles [2], the
robot [3] and other areas where wired power supply can’t
be used.
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Figure 1. Model for the wireless power transfer byMIT
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The main theoretical methods for analyzing magnetic
resonance coupling power transmission are coupled-mode
theory, circuit theory and antenna theory [4,5,6]. The
coupled-mode theory is firstly proposed by Andre Kurs,
etc., and the related expressions of system losses, power
and efficiency have been given. F.Z.Shen et al. from
Zhejiang University did theoretical analysis of magnetic
resonance coupling based on circuit theory [7] and gave
the methods to calculate the power and efficiency of SS
model system. Moreover, based on the basic circuit theory
and impedance network as a prototype, Linhui Chen from
Wuhan University has given the expressions of efficiency
and critical magnetic field coupling coefficient in coupled
resonator system [8].

In addition, various kinds of problems in magnetic
resonance coupling wireless power system have been
analyzed by many researchers. For instance, the frequency
bifurcation phenomenon has been researched to solve out
the problem that the efficiency is low when the system
power is maximum [9], and so has the impedance match
problem, which is to pursuit system loss minimization by
analyzing the power and efficiency from the system-level
based on circuit theory [9,10]. Moreover, the influence of
coils’ number and structure type has also been researched
[9-15]. But the influence of the distribution of inductors (L)
and capacitors (C) in wireless power system has not been
studied.

This article studied the influence of the distribution of
L and C in wireless power system by using lumped
parameter theory, and gets transfer efficiency maximum
coil turns of symmetric wireless power system via
magnetic resonance coupling, which provides the basis for
the coil selection.



Il.  LumPED PARAMETER MODEL AND TRANSMISSION
EFFICIENCY ANALYSIS

Two coils wireless power transfer system on coupled
magnetic resonance includes a high-frequency power
source, transmitting coil, receiving coil, resonant
capacitors and the load. Compared with other operating
frequencies, the efficiency of system is maximum when
the system works at the resonant frequency. At present,
there are 4 major types of lumped parameter models in two
coils wireless power transfer system. Fig. 1 shows two of
them which are SS model in (a) and SP model in (b), and
these two models are analyzed in this study.

Usually, the SS model is used in the system with
smaller load, while the SP model is applied in the system
with larger load. The transmitting circuits of these two
models are the same, but in the receiving circuit of SS
model the resonant capacitor and the load are in series,
while they are in parallel in the SP model.
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Figure 2. Lumped parameter models (a) SS model (b) SP model

Where Ls and Lr are the self-inductance of coils, Cs
and Cr are the resonant capacitors, Rs and Rr are resistance
of the coils, RL is load, Us is power and . M is the mutual
inductance between two coils. The left part of the model is
transmitting circuit, and the right is receiving circuit.

A. Transmission Efficiency Analysis of SS model

Circuit equations of transmitting loop and receiving
loop of SS system are expressed as shown in (1) by using
lumped parameter theory.
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Where ls and | are the current in transmitting loop
and receiving loop, @ is the angular frequency (© =27 )
f is the frequency.
When the system reaches the state of resonance, there
is the expression (2).
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In symmetric two resonant coil system, several
component parameters are the same, thus
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The output power of SS model can be calculated by
substituting (2) and (3) into (1).
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Moreover, the input power is
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Thus, the transmission efficiency of SS model can be
obtained as
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B. Transmission Efficiency Analysis of SP model

Considering the load in SP system is lager in common
use, the output power of SP model can be obtained by
using the method regarding resistor and capacitor in
parallel as in series [16].
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The input power of SP system is
(R +1/(#"C7R)),
®)

" " (R +1/ (@’C?R.)) + @’M?

Thus, the transmission efficiency of SS model can be
obtained as
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Considering the widely application of circular coil,
symmetrical circular coil system is used as the prototype in
this article. Related characteristic parameters of coaxial
symmetrical coils are shown in (10). Where Ri is the
resistance of coils, Li is the self-inductance of coils and M
is the mutual inductance between two circular coils, d is
the transmission distance, r is the radius of coils, and A, B
and C are the coefficients introduced to simplify the
calculation.
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ANALYSIS OF OPTIMAL CoIL TURNS
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In symmetric two resonant coil system, several
component parameters are the same, thus

R, =R, =AN
M =CN? (11)
L, =L, =BN?

A. Optimal Coil Turnsin SS system

By substituting (11) into (6), the relational expression
of transmission efficiency on coil turns (N) in SS system
can be obtained as

1
AN AN(AN +R )2
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To achieve the maximum efficiency of the system, the
denominator 1+ AN/R_+AN(AN +R )?/(#’M?R,)

should be minimum. By taking the derivative of N and set
the expression to zero, Equation (13) is obtained.

@’C’N* - A’N* —4AR N-3R*=0 (13)

Due to the high operating frequency (10°Hz), which
means angular frequency (w=2xf ) is also high, the
optimal coil turns at maximum efficiency can be obtained

in approximation as
. 3R?
\!a)zCz

N = (14)
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B. Optimal Coil Turns in SP system

Equation (1) shows another expression to describe the
transmission efficiency of SP system by changing (9).
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Similarly, to achieve the maximum efficiency of the
system, the denominator should be minimum. By taking
the derivative of N and set the expression to zero, Equation
(16) is obtained.

N°® —30°B*R’C*N’ —40°B’R AN® —-50'B*R?A=0 (16)
Likewise, the optimal coil turns at maximum efficiency

in SP system can be obtained in approximation because @
is too high.

(17)

In practice, the value of load (RL), the acceptable
dimensional of coil, the self-inductance coefficient of coil
(B) and C (determined by distance) are fixed, therefore, the
optimal matching value of self-inductance and resonant
capacitor can be obtained when the resonant frequency is
set, and the value is determined by (14) or (17) based on
the SS system or SP system.

IV. SIMULATION AND EXPERIMENT

In order to verify the correctness of the above optimal
coil turns formulas, some simulations are done by using
MATLAB, and the related parameters of coins (the
material is copper) are shown in Table 1.

TABLE 1. PARAMETERS OF COPPER COILS
Parameters Tran‘s: ch?Iitting Ret(::% ii\lling
Radius of coil (mm) 15 15
Radius of wire (mm) 0.255 0.255
Coil turns (Number) 5~100 5~100
Conductivity of wire (S/m) 5.77x10" 5.77x10"

In the meantime, the experimental system is set up
based on E3631A DC power supply and TDS3032B
oscilloscope as shown in Fig. 3, which includes Class-E
power amplifier, transmitting coil, receiving coil, rectifier
& filter circuit and load resistor. In experiment, the power
supply worked at 150 kHz frequency. The two coils are set
in coaxial and at distance of 10 mm. Moreover,
experiments have 14 groups: the coil turns are set on 5, 15,
25, 35, 40, 45, 50, 55, 60, 65, 70, 80, 90 and 100. The
resonant frequency of the coil in each group is set at 150
kHz by using resonant capacitor which is CBB high-
pressure capacitor.



Figure 3. Experimental system

The results of simulations and experiments are shown
in Fig. 3 and Fig. 4.
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Figure 4. Influence of coil turns on efficiency in SS system
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Figure 5. Influence of coil turns on efficiency in SP system

Fig. 3 shows that in SS system the optimal coil turns is
55 in simulation while the number is 50 in experiment, and
the result is 55.5 by using the above formulas to calculate.
While Fig. 4 shows that in SP system the optimal coil turns
is 55 in simulation while the number is 50 in experiment,
and the result is 55.5 using the above formulas.
Considering the loss of real device and the experimental
error, the results fit the theoretical analysis well, which has
demonstrated the correctness of the formulas.

V. CONCLUSION

In this work, two symmetric coils supply systems (SS
model and SP model) are analyzed based on the theory of
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lumped parameters. Theoretical analysis has been done to
determine the optimal number of coil turns when the
system transfer efficiency attains its maximum, and related
expressions to solve out the optimal coil turns are proposed.
The results of simulation and experiment shows the
correctness of the method to calculate the optimal coil
turns.
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