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Abstract

In order to solve the problems of the underground wireless sensor network sensor nodes’ power timely supply,
circuit model of wireless energy transfer system via magnetic resonance coupling is established. The calculation
model for the transmission power and its efficiency of the wireless energy transfer system was given by using
mutual inductance coupling theory. Orcad simulation software was used to get the maximum received power,
and further analyzed the relationship between the coupling coefficient, input frequency, the load and the received
power. When the coupling coefficient is different, the system will appear different degrees of frequency splitting
phenomenon, and received power obtained the maximum at inherent resonance frequency. To test and verify the
correctness of theory and simulation analysis, established relevant experiment system. When the input frequency
is near the inherent resonance frequency, get the best transmission distance and the best matching load. The best
input frequency will increase with distance away from the inherent resonance frequency.

Keywords: COAL MINE, WIRELESS POWER TRANSMISSION, RESONANCE COUPLING, MAXIMUM
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1. Introduction transmission, which has important significance for

Wireless sensor network (WSN) technology
greatly improved the level of coal mines safety pro-
duction in the application of coal mine safety moni-
toring system, especially plays an irreplaceable role
in post-disaster rescue [1-4]. Due to the small sensor
nodes’ battery capacity, it can’t satisfy the demand
of the coal mine in a long time. Changing the nodes
increases the cost of manpower[5]. In order to ensure
the wireless sensor network can effective work, we
charge the sensor nodes in time by wireless power
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ensuring smooth wireless network.

At present, there are four types of wireless power
transmission: induction type, electromagnetic radia-
tion type, electric field coupling and magnetic reso-
nance coupling[6]. The distance of Induction and
electric field coupling charging is only a few milli-
meter. However, electromagnetic radiation uses elec-
tromagnetic wave to transmit the power, which will
be influenced by multipath effect and is not ideal.
Compared with other power transmission technol-
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ogy, magnetic resonance coupling technology can
transmit larger power in long distance[7]. Many
domestic literature have studied on wireless power
transmission via magnetic resonance coupling. By
the literature [8], increasing the transmit coil and re-
ceive coil radius and the wire diameter can improve
the received power and transmission distance. How-
ever, that will be limited by the conditions of practi-
cal application. In addition, different system structure
will affect receiving power and transmission distance
[9]. For two coils structure, since the power supply
and load directly connect to transmit coil and receive
coil, Q value is very small. In order to increase the
received power and transmission distance, wireless
energy transmission system with four resonant coils
based on magnetic resonance coupling is established.
Receive power and efficiency calculation model are
given. The factors influencing the received power and
efficiency are studied. The simulation software and
experimental analysis are used to prove the validity
of the theory.

2. System Modeling and Theoretical Analysis

2.1. System Topology

To improve the Q value of the coil, the four coils
structure was used to energy transfer. Figure 1 is four
coils structure block diagram of power transmission
system. Four coils are excitation coil, transmission
coil, receiving coil and load coil respectively. Their
inherent resonance frequencies are the same. When
the frequency of power supply is the same as the four
coils inherent resonance frequencies, power trans-
ports through magnetic resonance coupling from the

excitation coil to the load coil.
transmission coil load coil

excitation coil receiving coil

S

1

Figure 1. Schematic diagram of system

2.2. Equivalent Circuit of Wireless Power
Transmission

The wireless power transmission system in Figure
1 can be abstracted as shown in Figure 2.

In Figure 2, Us is input voltage; L1, L2, L3, L4
are the equivalent inductances of the excitation coil,
transmission coil receiving coil and load coils respec-
tively. C1, C2, C3, C4 are the equivalent capacitances
of the four coils. Rs is equivalent resistance of the
power, RL is the load of the load coil. Transmission
coil’s ohmic resistance is R2, and receiving coil’s
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Figure 2. Equivalent circuit of wireless power
transmission

ohmic resistance is R3. The ohmic resistance of exci-
tation coil and load coil is far less than RS and RL, we
can ignore them. The best transmission frequency is
between 1 MHz and 50MHz. The radiation resistance
is far less than ohmic resistance, and therefore we can
ignore the effects of radiation resistance [10].

2.3. Receive power and efficiency

Cross coupling between coils will be ignored,
only the direct coupling between adjacent coils are
considered. Mutual inductance between the excita-
tion coil and the transmission coil is M, ,; Mutual in-
ductance between the transmission coil and receiving
coil is M,,; Mutual inductance between the receiving
coil and load coil is M,,.

The resistances of the four coilsare Z2,, 2., Z., Z,,
the current in the four coils are I, L, L, 1, respec-
tively. KVL equation can get (1):

US Zl jCOMlz 0 0 Il
0| _|JjoMy 2y joMy 0 5| )
0 0 JjoMs  Zy  joMs, | I3
0 0 0 ja)M43 Z4 14

Four loops will present pure resistance character-
istics, when the system is in resonance state. We can
get (2) from (1):

US RS ja)M12 0 0 Il
0| _|joMy By joMy 0 L) oy
0 0 ja)M32 R3 ja)M34 13
0 0 0 ja)M43 RL 14

So, I, and I, can be getting according to (2).

US (R2R3RL +a)2M223RL + 0)2M324R2 )

I = (3)
(RgRy + 0> MB)(RyR; +@* M3) + 0* M33RgR;
Uso® MMy Msy
Iy = 2.2 2.2 2.2 )
(RgRy + 0" M5 ) (R Ry + 0" M3y) + 0" M3Rg Ry

Then receive power and efficiency are :
P =I3R; (5)
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3. Simulation and Analysis
In conclusion, received power and efficiency are
affected by many factors. Not only coil inductance,
capacitance, resistance, number of turns, radius and
so on, but also the system input frequency, the load,
the mutual inductance between the coil will affect re-
ceived power and efficiency.

Orcad software simulation is used to analyse the
relationship between receive power, efficiency and
input frequency, the load, the mutual inductance
between the coils. Simulation circuit diagram is
shown in figure 2. Inherent resonance frequency (f,)
is1.7MHz. Input voltage is 7V.

The relationship between receive power, efficien-
cy and distance , input frequency

Mutual inductance is connected with the distance.
The distances that effect receives power and efficien-
cy are: the distance between excitation coil and trans-
mission coil (d,,), the distance between transmission
coil and receiving coil (d,,), and the distance between
receiving coil and load coil (d34). kj =M/ LL; .
(1,j=1,2,3,4). Therefore, we use K, K, ., K, represent
d,,, d,, d,, respectively.

3.1. The relationship between receive power,
efficiency and K, , input frequency

To study the impact of K , to receive power and
efficiency, K, and K, are fixed, K =K, =0.2. We
pick up four typical K , to illustrate, they are: 0.05,
0.35, 0.65, 0.95. The relationship between receive
power, efficiency and frequency are showed in Figure
3 when K, is different.

As is shown in Figure3, there will always be fre-
quency division phenomenon, when K, is different.
However, P, and n, will have maximum when the
frequency is f,. There is a K, that maximize P, and
n, when the frequency is f,. 1, will maintain bigger
value within1.5-2MHz, and fell sharply at others.

3.2. The relationship between receive power,
efficiency and K, , input frequency

Figure 4 shows the relationship between P, ,
and f (K=K =0.2), when K ; is 0.05, 0.35, 0.65,
0.95 respectively.

As is showed in Figure4, the optimal f isn’t f,
when P, and n, are maximum. Receive power achieve
the maximum doesn’t mean efficiency has maximum,
when fis f.

3.3. The relationship between receive power,
efficiency and K, , input frequency

Figure 5 shows the relationship between P, ,
and I(K, =K .=0.2), when K_, is 0.05, 0.35, 0.65, 0.95
respectively.

(6)
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(a) The relationship between P, and f when K ,=0.05, 0.35,
0.65, 0.95 respectively

=
2 (MH7

1.0
K12-0.65 g se-ki2=0).95
#
'
|
- 5 k1Z=0.35
K
{ k12=0.05

0 —Jﬁ 'JLA”" =

2.0MHz 2.5MHz

1.0MHz 1.5MHz
oo v s WRLY S W(¥1}
Freguency

(b) The relationship between n, and f when K, =0.05, 0.35,
0.65, 0.95 respectively

Figure 3. The relationship between P, n, and f, K, when
K,=K,,=0.2
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(b) The relationship between n, and f when K ,=0.05, 0.35,
0.65, 0.95 respectively

Figure 4. The relationship between P, n, and f, K ,, when
K,=K,=0.2
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Figure 5. The relationship between P, n, and f, K,, when
K, ,=K,=0.2

As is showed in Figure 5, receive power-frequen-
cy curve appears concave valley at the inherent fre-
quency. The optimal frequency centered on the in-
herent resonance frequency to move on both sides.
Compared FigureSa with 5b, n, is minimum when P,
is maximum in inherent frequency.

3.4. The relationship between receive power,
efficiency and load , input frequency

Figure 6 shows the relationship between P,
and f (K ,=K, =K, =0.2), when RL is 100€, 600<,
1100Q respectively.

R, will affect the receive power or efficiency can
achieve maximum at inherent resonance frequency,
when the distances are fixed. There is an optimal
matching RL that maximum the P, .

4. Experimental Results and Discussion

To study the transmission performance of the
system, set up a wireless power transmission system
base on magnetic resonance coupling according to
Figure2. Experimental device is showed as Figure7.
Four adjustable capacitances are connected to the
four coils in order to make the four inherent frequen-
cies of the four coils are the same in the experiment.
Coil materials are copper enameled wire. The wire
diameter is 2 mm. the turn of coils are 8 and radius
is 13 cm. The experimental parameters are shown in
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Figure 6. The relationship between P, n, and f, R, when
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table 1. Put voltage in a coil, measure the other coil’s
open circuit voltage, can get M ,, M, M, . Calculate
K., K,,, K,, according to the formula. The follow-
ing input frequency is inherent resonance frequency

f =1.7 MHz.

Table 1. Parameters of wireless power transmission sys-
tem

Coil name Inductance | Capacitance | resistance
uH pF Q
Excitation coil 66.8 131.3 50
Transmission coil 61.8 141.8 5
Receiving coil 73 120 4
Load coil 77.8 112 330

Figure 7. Wireless power transmission system experimen-

tal platform
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4.1. The relationship between P ,n, and K,

Make d,,=17c¢m, d,,=9cm, d, changes from 2¢cm
to 40cm. Receive power and output power can be
measured by measuring the load coil’s voltage and
excitation coil’s current and voltage respectively.
Figure8 is the comparison between theoretical value,
mulation value and experimental value of the system
power and efficiency with the variation of K .
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(b) The comparison between theoretical value, simulation
value and experimental value of the system efficiency with
the variation of K ,

Figure 8. The comparison between theoretical value,
simulation value and experimental value of the system’s
power and efficiency with the variation of K ,

As shown in the Figure8, P, has two maximum
with the variation of K,,. Receive power obtains
maximum when K =0.03, d =26cm. However the
efficiency is about 20%. The theoretical value and
simulation value of the efficiency will increase with
K, and basically remain unchanged. But in the ex-
periment, there will be a maximum efficiency. This is
because in theory and simulation analysis, the influ-
ence of cross coupling is not considered, which leads
to the error between the theory and experiment.

4.2. The relationship between P ,n, and K,

Make d,,=9cm, d,,=9cm, d,, changes from 2cm to
30cm. Receive power and output power can be mea-
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sured by measuring the load coil’s voltage and exci-
tation coil’s current and voltage respectively. Figure
9 is the comparison between theoretical value, simu-
lation value and experimental value of the system’s
power and efficiency with the variation of K.
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(a) The comparison between theoretical value, simulation
value and experimental value of the system power with the
variation of K,
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(b) The comparison between theoretical value, simulation
value and experimental value of the system efficiency with
the variation of K,

Figure 9. The comparison between theoretical value, sim-
ulation value and experimental value of the system power
and efficiency with the variation of K,

In the description of Figure 9, P, has two maxi-
mum with the variation of K. Receive power obtains
maximum when K, =0.1, d,,=15cm, and the efficien-
cy is about 44%. The maximum of 1, is obtained at
K,,=0.03, d,,=26¢m, which is about 81%.

On this basis, adjust the input frequency at every
K,, to maximum receive power. Figure 10 shows the
optimal input frequency along with the change of K.,
when received power achieves maximum value.

As can be seen from the Figure 10, each K, has
an optimal input frequency to maximum the receive
power. The optimal input frequency stays away from
inherent resonance frequency with the increase of K.

Compared the experimental values with theoreti-
cal value and the simulation values, there are errors.
This is because the signal source used in the experi-
ment has a certain power of high frequency signal,
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Figure 10. The relationship between the optimal frequency
and K,

and the output voltage is not stable voltage. In addi-
tion, the coil winded by hand is irregular, measure-
ment is accurate. The influence of cross coupling is
not considered in calculation process. All these lead
to the existence of error. But the changing rule of the
experiment and theory basic are similar.

Conclusions

Four resonant coils wireless power transmission
system based on magnetic resonance coupling is es-
tablished. The factors influencing the received power
and efficiency are so many. Factors, such as distance,
input frequency and load are analyzed in the simula-
tion and experiment. By the simulation analysis and
experiment, receive power and efficiency is closely
related to the distance and the input frequency. When
the input frequency is inherent resonance frequency,
there is optimal distance and load to maximum re-
ceive power. When distance is fixed, the optimal in-
put frequency and the inherent resonance frequency
are not the same, and the optimal frequency will stay
away from the inherent frequency with the distance
increases.
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