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Abstract—Wireless power transfer systems require compen-
sators to improve efficiency by increasing transfer power between
transmitter and receiver. The most commonly used compensators
are Series-Series, Series-Parallel, and Double-Sided LCC. This
paper analyzes the comparison between typical compensators
focusing on transfer efficiency. Due to these characteristics of
typical compensators, a hybrid compensation topology is designed
based on two compensators. Hybrid compensation topology is
capable of switching between Series-Series and Double-Sided
LCC topologies. Two AC switches are used on the transmitter
and receiver for switching mode in hybrid compensation topology
with wireless communication links, and its variation algorithm
is clarified. A novel compensation topology guarantees system’s
efficiency for a wide range of loads based on the maximum
efficiency of two compensation topologies. The possibility of a
proposed hybrid compensator is verified with an experimental
prototype used for massive vehicles.

Index Terms—Wireless power transfer (WPT), Double-Sided
LCC, hybrid compensator, T equivalent model, Optimization

I. INTRODUCTION

W IRELESS power transfer (WPT) using the magnetic
resonant concept was firstly proposed by Nikola Tesla.

WPTs have been widely studied due to their low main-
tenance advantages, high reliability, flexibility, safety, and
environment-friendly features [1]. WPTs have been used to
supply power and many other applications such as cell phones,
medical implants, electric vehicles, underwater power supplies,
and so on [2]. There are different categories of Electric
Vehicles (EV), namely, large or small, heavy or light. EVs
include electric buses, electric vans, electric cars, and electric
bicycles, some of which are popular in North American and
European countries [2]. One of the critical issues about electric
vehicles is their wireless charging which has made many
researchers carry out this subject. Nowadays, EVs’ charging
system is playing a crucial role in EVs’ progress [1]. It takes
more time to refuel EVs than gasoline engine vehicles, and
their charging stations are limited. Currently, EVs are charged
using extended plugging cables to connect the battery package,
which is difficult to handle [2], [3]. WPT technologies are
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an effective way to avoid concerns such as implementation,
management of batteries installed in an electric vehicle, etc
[4]. and can solve charging issues by increasing home charge
stations [1], [5]. WPT can charge a battery of EVs from
several millimeters to a few hundred millimeters distance at
various power levels [5]. This system transfers energy from
the transmitter coil to the receiver coil based on near-field
electromagnetic and nonradiative.

Research on WPT technology has been extending since
various applications needed increasing intervals between trans-
mitter and receiver. These studies would have different fields
such as compensation topology and circuit analysis [6], coil
design techniques for larger coupling coefficient [7], opti-
mization for high efficiency [8] and [9], control methods
[10]-[12], peripheral object detection, and safety issues [13].
Compensation topology and circuit analysis are important
because they determine resonant frequency, power factor, out-
put characteristics, regulate resonant frequency, and minimize
the VA rating of power supply [14]-[16]. The WPT system
has four fundamental topologies, namely, Series-Series (SS),
Series-Parallel (SP), Parallel-Parallel (PP), and Parallel-Series
(PS). The first letter represents the primary coil’s compensa-
tion, while the second letter represents the secondary coil’s
compensation.

Each of the topologies has several advantages and disad-
vantages. The SS topology has two capacitors on each side so
that the capacitors are in series with the coils. This topology
is applicable more than other types due to its simplicity to
implement [17]-[19]. The SS compensation topology has the
characteristic that the resonant frequency is independent of
the coupling coefficient and load. More voltage stress across
capacitors and more current stress across converter switches
are the main limitations for SS compensation topology [18],
[19]. The SS topology has less efficiency at lower load levels
than other topologies [19]. The PP topology has a simple
structure, which is composed of two coupling coils and two
capacitors that are parallel to the coils. This topology requires
current-fed inverters and supports the output short circuit [20]-
[22]. The PP topology has less efficiency than the SS topology.
On the contrary, the PP model can relieve efficiency’s descent
rate, but the load’s power supply is relatively low. The primary
side capacitance in PS topology depends on the output load
and magnetic coupling, and with an inverter feed, that needs
to have an additional inductor [21], [22]. At the same time,
it increases the cost and size of the converter [20]. The SP
topology is appropriate for a device’s charge via magnetic
coupling between transmitter and receiver [24]. It is a proper
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topology for high-power applications. The SP compensation
topology is not suited for a variation of the coupling coefficient
because the gap and misalignment between two coils change in
different applications [20]. The LCC compensation topology
has been recently used in WPT systems that consist of one
series inductor and two capacitors on each side. An integrated
LCC compensation topology can achieve a unity power factor
at the secondary side because it compensates for reactive
power [25]-[28]. Meanwhile, zero current switchings could be
performed when the compensator’s parameter is tuned [28].
Several research studies have been done on the WPT systems’
efficiency since it is an essential issue in the design and
implementation.

This research focuses on increasing WPT systems’ effi-
ciency by proposing a new hybrid topology that combines the
SS and double-sided LCC topologies due to their advantages,
and they are suitable for the same load range. The proposed
system can utilize the SS topology in the high load and
double-sided LCC in the low load based on the determined
control algorithm. Therefore, the proposed system has high
efficiency for a variety of loads. Furthermore, the control
function achieves boundary load and the controller switches
between the two topologies, and the system structure changes
at boundary load.

II. THEORETICAL ANALYSIS
This theoretical analysis includes two topologies for the

WPT system: 1) Double-Sided LCC 2) SS , both of which are
used for medium power levels. In WPT systems, two inductors
are placed as primary and secondary coils. These two inductors
are coupled to each other by mutual inductance M, the value
of which will change according to the distance between the
primary and secondary coils. Instead of using the M parameter,
the coupling factor, k, can be used, which can be calculated
based on the values of the coils and the mutual inductance.

A. Double-Sided LCC Compensation Topology

Fig. 1 shows the Double-sided LCC compensator topology.
This compensator is more complex than the SS compensator,
and this compensator has two more series inductors and two
more parallel capacitors than that of the SS. Therefore, on the
primary and secondary sides of this compensator there are two
inductors and two capacitors. On the primary side, the voltage-
fed inverter feeds the compensator circuit and the primary
side coil. Therefore, inductors Lf1 and Lf2 with primary
and secondary coils are not coupled in this compensator, and
only the two primary and secondary primary coils are coupled
to each other. With these interpretations in the Double-Sided
LCC compensator circuit, there is only one value for coupling
factor or cross-inductance. A constant operating frequency in
this compensator is obtained from the following equations to
obtain the design parameter.

(LfiCfi)i=1,2 = (LP − Lf1)C1 = (LS − Lf2)C2 = 1
ω2

r

(1)
As stated in the previous section, Kirchhoff’s laws are used

to obtain the voltage and current of the circuit. First, the
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Fig. 1. (a) Double-Sided LCC compensated topology and (b) T equivalent
model.

primary and secondary impedances must be determined. To
do this we use the KVL of double-sided LCC topology:

−V⃗
′

AB + (ZL1 + ZM )I⃗1 − ZMI2 = 0

(ZL2 + ZM + ZO)I⃗2 − ZMI1 = 0

−V⃗AB + ZLf1
I⃗Lf1

+ V⃗
′

AB = 0

(2)

where VAB is the input voltage for the primary side circuit
of the compensator and I1 is the current on the primary
side and I2 is the current on the secondary side. Also,
Z

′
= (ZLf2

+ RL)||ZCf2
, where RL is equivalent to AC

resistance load that RL = 8
π2Ro, which is the dc load of the

system.To simplify circuit analysis, the inductance resistors
Lf1 and Lf2 have been ignored. According to (2), the input
and output currents are obtained as follows:

I⃗Lf1
=

(ZCf1
(ZL2+ZO+ZM )+X) V⃗AB

Y

I⃗Lf2
=

(ZCf2
ZM )(ZCf1

(ZL2+ZO+ZM )) V⃗AB

(ZCf2
+ZLf2

+RL)(ZL2+ZO+ZM )Y

X = ZL1(ZL2 + ZM + ZO) + ZM (ZL2 + ZO)

Y = ZCf1
ZLf1

(ZL2 + ZM + ZO) +X(ZCf1
+ ZLf1

)
(3)

According to Equation (3), the voltage and current gains
between the output and input are as follows:

GV = VO

VAB
= RLZO

(SLf2+RL)(ZL2ZO)

1+S2Lf1Cf1+ZL1(1+S2Lf1Cf1)+ASLf1

GI =
ILf2

ILf1
= S2MC2

(SCf1W+1)T

A = SM+ZL2ZO

SM(ZL2ZO)

(4)

where S = jωr. The frequency response of the Double-
Sided LCC compensator obtained using the voltage gain is
shown in Fig. 2. According to the voltage gain magnitude,
this compensator can have two resonant frequencies, of which
only one is considered according to Equation (1). According
to Equation (3), the output power of this compensator is as
follows:
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Fig. 2. Frequency responses of the double-sided LCC compensation topology
to the load variation.

POLCC
= RL

∣∣∣I⃗Lf2

∣∣∣2 = RL(MI1)
2

(RLsRLCf2+Lf2)2
(5)

To calculate the efficiency of the LCC compensator, the
power loss must be obtained on both sides of the network.
According to relations (1), (2), (3) and (5), the efficiency of
the double-sided LCC topology is obtained:

ηLCC = 1

1+
RLp(RLsRLCf2+Lf2)2+RLs(RLCf2ωrM)2

(M)2RL

(6)

According to Equation (6), the values of Cf2 and Lf2 are
essential for higher efficiency. Additionally, as the RL value
increases, the system efficiency decreases, but it should be
noted that the slope of the efficiency reduction based on the
RL increase in the Double-Sided LCC compensator is less
than that of the SS compensator. If (Lf2

Cf2
)

1
2 has a value slightly

close to zero, the efficiency of this compensator depends on
the term (Cf2ωr)

2RL, and as a result, as the value of RL

increases, the rate of decrease in efficiency will decrease.

B. SS Compensation Topology

Fig. 3 shows the SS compensation topology. To simplify
the analysis, the amount of parasitic resistance of capacitors
and inductors is ignored. To analyze this compensator used in
WPT systems, the T model is used as less complex than other
models. The parameters of Model T are calculated below:

Z1 = jωrLf1 +
1

jωrC1
+ jωrL1

Z2 = jωrLf2 +
1

jωrC2
+ jωrL2, ZM = jωrM

(7)

The Z1 and Z2 are the primary and secondary side
impedances, and ωr is the angular frequency. Kirchoff rules
have been used to obtain voltage and current gain in this
compensator.

−VAB + (Z1 + ZM )I1 − ZMI2 = 0

(ZM + Z2 +RL)I2 − ZMI1 = 0
(8)

VAB and I1 are the fundamental harmonics of the inverter
output voltage and current expressed as phasors. I2 is the main
harmonic of the output current on the secondary side, defined
as a phasor, and RL is also equivalent to the AC resistance
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Fig. 3. (a) The SS compensation topology and (b) The T equivalent model.

load. The VAB input voltage relation can be used to obtain
the primary and secondary currents.

I⃗1 = (ZM+Z2+RL)VAB

Z1Z2+(Z1Z2)ZM+(Z1ZM )RL

I⃗2 = ZMVAB

Z1Z2+(Z1Z2)ZM+(Z1ZM )RL

(9)

According to Equation (9), the voltage and current gains
between the output and input are obtained:

GV = Vab

VAB
= ZMRL

Z1Z2+(Z1+Z2)ZM+(Z1+ZM )RL

GI = Io
Ii

= ZM

ZM+Z2+RL

(10)

where Vab is the output voltage on the secondary side and
while C1 and C2 are the resonance capacitors of the system,
which are obtained as follows:

ωrC1 = 1
ωr(LP+Lf1)

, ωrC2 = 1
ωr(LS+Lf2) (11)

According to (10) and (11), the voltage and current gains
can be expressed as follows:

GV = RL

ωrM
, GI = ωrM

RL
(12)

The frequency response of the SS compensator topology
based on (10) is shown in Fig. 4.

The switching frequency of SS is placed between two points
with a constant voltage gain, so it has a higher gain than those
points. According to Kirchoff’s laws and Equation (9), the
primary and secondary currents can be expressed as follows:

I⃗1 =
(RLs+RL) V⃗AB

RLp (RLs+RL)+ω2
rM

2

I⃗2 = jωrMV⃗AB

RLp (RLs+RL)+ω2
rM

2

(13)

The primary current is in phase with the inverter’s output
voltage; therefore, the power factor can become one on the
primary side. Also, assuming that the rectifier power losses
are ignored, from (13), the output current can be expressed as
follows:

IO = 2
√
2

π |I⃗2| (14)
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Fig. 4. Frequency response of the SS compensation topology to the load
variation.

Where Io is the rectifier output current. The output power
is:

POss
= RL

∣∣∣I⃗2∣∣∣2 = RL(ωrMVAB)2

[RLp(RLs+RL)+(ωrM)2]2
(15)

The coil structure design is one of the critical parts of
increasing power transmission. According to Equation (15),
the output power will decrease with increasing load. To
calculate the efficiency, the amount of power loss in both
the primary and secondary directions must be calculated. To
simplify the efficiency calculation, the inductance resistances
of Lf1 and Lf2 have been omitted. Accordingly, concerning
relationships (7), (8), (9), and (15), the efficiency value for a
system with an SS compensator is calculated as follows:

ηss =
RL(ωrM)2

RLp(RLs+RL)2+(RLs+RL)(ωrM)2
(16)

RLs and RLp are constant, and the parameters RL, M , and
ωr are variable. Given that RL >> RLs, the value of (RLs+
RL) ≈ RL and the efficiency are expected to change with
changes in load and the amount of constant factor coupling
between the primary and secondary coils. Given the efficiency
relationship, the higher the RL value, the lower the efficiency,
which is an essential principle in the design of WPT systems.

Due to both efficiency equations (6) and (16), the boundary
load for each coupling factor is obtained:

(RL)
2α1 +RLα2 + α3 = 0

α1 = RLp −RLs(ωr,ssωr,LCCMCf2)
2 −RLp(RLsCf2ωr,ss)

α2 = 2RLpRLs(1− (ω2
r,ssCf2Lf2))

α3 = RLpR
2
Ls +RLs(ωr,ssM)2 −RLp(ωr,ssLf2)

2

(17)

C. SWITCHED COMPENSATOR PROPOSED

Fig. 5 shows the proposed hybrid topology, which has a
double-sided compensation network and two AC switches on
each side. The Two AC switches on either side, the transmitter,
and receiver are used to change the system’s structure. Also,
these switches can consist of two anti-parallel connected IG-
BTs or two anti-series connected MOSFETs. In our proposed
structure, the MOSFET switch is used, as shown in Fig. 5 [19].

To change the structure of the compensator in the network, the
output impedance after the rectifier must be measured first.
To do this, the output voltage and current must be measured.
Then the efficiency curve of each of the compensators should
be obtained to achieve the boundary load. When the output
impedance is measured, it is compared to the boundary Rb,
and if it is less than that, the controller switches into the SS
topology. Otherwise, it switches into the double-sided LCC
topology.

For the system to be able to switch between two compen-
sators, it needs a topology selector that will work based on the
output voltage and current. Fig. 6 shows the block diagram of
the topology selector. In this way, using the impedance de-
tector measures the output voltage and current then, these are
sent to the controller at the output to produce the desired pulse.
In the main case, the AC switches on both ends, transmitter
and receiver, must be in off-state simultaneously; otherwise,
the voltage of capacitors Cf1 and Cf2 are peaky which will
damage the system. So, the accuracy of the controller is
paramount.Also, the output voltage is controlled by a single-
loop output voltage controller and the PI controller generates
the appropriate duty cycle value for inverter’s switches.

III. EXPERIMENTAL RESULTS

Fig. 7 shows a 380-watt prototype based on the circuit
shown in Fig. 5. Table I illustrates the parameters of the pro-
posed system. Some of the measured parameters are slightly
different from the designed values due to the tolerance of
the components. The SS topology is obtained when parallel
capacitors are eliminated from the circuit and the inductance
of the inductors and coils remains constant. As a result, the
SS topology resonance frequency is different from that of the
LCC topology. In both mentioned topologies, the operating
frequency of the system is set to the network resonance
frequency. The transmitter and receiver coils are formed as
a circle structure using Litz wire. The air gap between the
two coils is 120mm, based on which the coupling factor will
be 26%.

To simplify the tests, an electric load has been used instead
of the battery. During the test, an input voltage of 100V volts
is considered.

TABLE I
WIRELESS CHARGER SPECIFICATIONS

Specification / Parameter Value

Input DC voltage 100 V
Nominal gap 120 mm
Coupling coefficient 0.18 – 0.32
Primary coil inductance (LP ) ∼78.9 µH
Secondary coil inductance (LS) ∼80 µH
Primary coil AC resistance ∼0.1 Ω
Secondary coil AC resistance ∼0.09 Ω
Series compensation inductance (Lf1, Lf2) ∼23.6 µH
LCC Resonant capacitor (Cf1, Cf2) ∼157.5 µF
Primary Series Resonant capacitor (C1) ∼63.5 µF
Secondary Series Resonant capacitor (C2) ∼60.5 µF
Switching Frequency (ωLCC) 85 kHz
Switching Frequency (ωSS) 63.5 kHz
Maximum power ∼380 W
Maximum efficiency 92.2 %
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Fig. 7. The experimental lab prototype of the proposed system.

Inductance values are measured using an RLC meter and
are consistent with the theoretical values intended for them.
As mentioned, Equations (5) and (11) are used to calculate
capacitor values. The current values iCf1

and iCf2
tend to

zero after the AC switches are turned off, simultaneously, and
the voltage across the capacitors increases to 250 volts. After
the AC switches turn off, the primary side current will flow
through the Lf1 − CP − LP path, and the secondary side
current will flow through the L2 −CS −Lf2 path. Therefore,
capacitors Cf1 and Cf2 are discharged and the voltage on
them decreases, slowly. Therefore, the voltage of the primary
and secondary coils increases because the values diP

dt and diS
dt

are higher in the SS topology than that of LCC.

To measure the input and output parameters in both topolo-
gies, the load value has changed from 5Ω to 50Ω. When the
S1 and S2 switches are turned off, the microcontroller changes
the frequency from 85kHz to 63.5kHz. Fig. 8 shows the total
efficiency calculated based on the input power to the output
power. According to Fig. 8, the Rb boundary load changes
the system topology by the microcontroller and causes some
system behavior to change. When the system uses the SS
topology, the efficiency of the system should increase from
85.8% to 90.2% and finally reach 61.5% (when K=0.18). In
this case, when the load is equal to the boundary load, the
controller turns on the AC switches and the system will use
the LCC topology because according to research, the lower the
load, the greater the efficiency of the LCC topology compared
to the SS topology [16], [25].

The experimental prototype was tested under three coupling
factors of 0.18, 0.26, and 0.32, which are for 150mm,
120mm, and 100mm air gaps. Fig. 8(b) shows the efficiency
of the system with a coupling factor of 0.26. By changing
the air gap from 150mm to 120mm, the coupling factor also
changes to 0.26. As a result, with this change, the amount of
boundary load, Rb, changes from 17Ω to 13Ω. According to
Fig. 8(c), if the distance between two coils reduces to 100mm,
the coupling factor is 0.32, so under these circumstances,
Rb is 11Ω. Fig. 8(d) shows the error bars of the system’s
efficiency, which is calculated for three coupling factors based
on average output efficiency and load. The maximum error
occurs at lower loads because the efficiency difference between
the two topologies increases by reducing load. In addition,
the prototype was tested under misalignment conditions. To
do this, the secondary coil is moved along the x-axis from
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Fig. 8. Total efficiency of proposed topology and by coupling factor variation
(a) k = 0.18, (b) k = 0.26, (c) k = 0.32 and (d) error bar of the average
efficiency.

0 to 50mm. Due to this change, the coupling factor has also
changed to 0.18 and 0.14 for air gaps of 120mm and 150mm.
Fig. 9 shows the experimental efficiency of a system with
different coupling factors under misalignment conditions.

The maximum efficiency of the system in the case of 50mm
of misalignment and coupling factor of 0.18 is equal to 86.7%.
In this case, the boundary load will also decrease. As the
air gap increases, the coupling factor becomes 0.14, and the
LCC efficiency will always be higher than the SS efficiency.
Therefore, the system in this case will only use the LCC
topology. According to Fig. 9(c), the error bars of the system’s
efficiency for the two coupling factors are achieved under the
misalignment condition that the efficiency difference between
the two topologies increases when the coupling factor is 0.14.

Fig. 10 shows the experimental output power of the pro-
posed system for three coupling factors. The output power is
equal for both topologies based on the constant output voltage
controller. Due to the system’s design process, the maximum
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Fig. 9. Total efficiency of proposed topology with misaligns by coupling
factor variation (a) k = 0.18, (b) k = 0.14 and (c) error bar of the average
efficiency.
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Fig. 10. The experimental output power of the proposed system.

Fig. 11. DC output voltage for the double-sided LCC and the SS topology.

output power is achieved when the coupling factor is 0.26.
Also, the output power is shown for 0.18 and 0.32 and the out-
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put power reduces when the distance between the primary and
secondary coils increases. Fig. 11 depicts that the controller
achieves the output voltage’s constant value. A single loop PI
controller is used to sense the output voltage to achieve an
accurate duty cycle in this system. After calculating output
impedance by the microcontroller, when output impedance
reaches Rb, in the first stage, the microcontroller turns off
the MOSFET switches to change the system’s topology. After
changing the topology, the microcontroller turns on those
switches (nearly 150 ms delay). This process avoids instability
and current overshoot in the proposed system. Under these
circumstances, when the load is less than the boundary load,
the system’s topology changes from series-series to double-
sided LCC.

(a)

(b)

Secondary side

Primary side Secondary side

Primary side Primary coil

Series 
capacitor

Secondary coil

Series 
capacitor

Primary Coil

Series 
capacitor

Series 
capacitorSecondary coil

Fig. 12. Voltage of coils and series capacitors (a) the double-sided LCC
topology (b) the SS topology.

(a) (b)

Fig. 13. Series inductance (ILf1
) current (a) double-sided LCC topology (b)

SS topology .

Fig. 12 shows the voltages of the coils and the series
capacitors that are the same for both topologies. The coil
voltage and voltage applied to the series capacitors are higher
when the system operates with the SS topology than in the
LCC topology. This is also because the primary and secondary
coil currents are higher when the system operates with SS
topology. The series inductance currents are also shown in
Fig. 13. According to the ILf1

waveform, it is determined
that the circuit operates near the resonant frequency, and the

-300

-200

-100

0

4

Bode Diagram

M
ag

ni
tu

de
 (d

B
)

100 10 1 10 2 10 3 10
-630

-540

-450

-360

-270

-180

Frequency  (kHz)

Ph
as

e 
(d

eg
)

Fig. 14. Bode diagram of the SS topology.

maximum possible power is transmitted between the primary
and secondary.

IV. CONCLUSION

This paper combines the SS and double-sided LCC topolo-
gies to improve efficiency. The characteristics of these topolo-
gies will change as load resistance changes. Each of these
topologies has unique characteristics that distinguish it from
the other. Two compensation topologies make a hybrid topol-
ogy using AC switches and a series inductance in the primary
and secondary. When the load resistance changes and the
system efficiency decreases, the controller switches by the
AC switches according to the boundary load between the SS
and the double-sided LCC topologies. The double-sided LCC
topology is set for lower load and the SS topology for higher
load in the desired hybrid topology. The controller receives
the output feedback signals and specifies the impedance value
for the control algorithm. Based on these feedback signals,
the AC switches are controlled by this algorithm and make
changes based on the set boundary load.

The coupling factor of the desired system in alignment
and misalignment conditions varies between 0.14 and 0.32.
The experimental results confirm the effectiveness of the
proposed topology and illustrate its advantages as a high-
efficiency charger in various applications. In addition, the
experimental results show that the topology presented in the
coupling factors and different loads has better efficiency than
each of the topologies SS and double-sided LCC alone. In
the future, the control system will be optimized to increase
inverter efficiency by reducing losses and maintaining the
output voltage constant.

V. APPENDIX

Fig. 14 and Fig. 15 show the bode plot of GV , which
contains both the double-sided LCC and the SS topology.
These bode plots vary with changes in switching frequency
for the load. Based on the structure design, the maximum
magnitude is attained at the resonant frequency. The transfer
functions of the double-sided LCC and the SS topologies are
also obtained based on the proposed topology’s parameters.
Table II illustrates the transfer function parameters of the
double-sided LCC topology.
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Fig. 15. Bode Diagram of the double-sided LCC topology.

G
VSS= 7.9e−19S3

3.87e−23S4+3.94e−18S3+1.27e−11S2+6.36e−07S+1
(18)

GVLCC
= A+B

C+D+E+F

A = A1S
11 + A2S10 + A3S

9 + A4S8 + A5S
7

B = A6S
6 + A7S

5 + A8S
4 + A9S

3 + A10S
2

C = B1S
17 + B2S

16 + B3S
15 + B4S

14 + B5S
13

D = B6S
12 + B7S

11 + B8S
10 + B9S

9 + B10S
8

E = B11S
7 + B12S

6 + B13S
5 + B14S

4 + B15S
3

F = B16S
2 + B17S

1 + 2.37e - 18

(19)

TABLE II
THE COEFFICIENTS OF EQUATION 18.

coefficient Value

A1 3.45e-83
A2 1.78e-76
A3 3.89e-70
A4 4.8e-64
A5 3.93e-58
A6 2.36e-52
A7 1.03e-46
A8 2.91e-41
A9 4.43e-36
A10 2.72e-31
B1 4.95e-116
B2 3.21e-109
B3 9.56e-103
B4 1.8e-96
B5 2.51e-90
B6 2.79e-84
B7 2.57e-78
B8 1.99e-72
B9 1.31e-66
B10 7.48e-61
B11 3.63e-55
B12 1.5e-49
B13 5.23e-44
B14 1.49e-38
B15 3.37e-33
B16 5.47e-28
B17 5.42e-23
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