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Abstract: Supercapacitors (SCs) are widely used as energy storage devices in many practical applica-
tions of wireless power transfer. However, the modeling and analysis of a wireless power transfer
system are seldom based on SC load; thus, the effects of the charging process on the wireless power
transfer system cannot be analyzed clearly. In this paper, a variable-resistance-based method is pro-
posed for the modeling and analysis of the process of constant current charging. First, how to make
an SC equivalent in variable resistance is described, and the relationship between SC and variable
resistance is considered. Next, the charging process, including charging current, voltage, power and
transfer efficiency, is analyzed in detail. Furthermore, the effects of transmitting side voltage and
frequency offset on this system are studied, and the optimal design method for an SC-load WPT
system is provided on a preliminary basis. Finally, the theoretical derivation and analysis are verified
by means of simulations and experiments.
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Wireless power transfer (WPT) technology has been developed in recent years as a
new technology for electric power transmission. WPT technology avoids direct electrical
connection, and, thus, brings many advantages, such as the elimination of sparking and
risk of electric shock, safe and convenient charging, and ease of achieving an automatic
Academic Editor: Alon Kuperman power supply [1-3]. Due to these obvious advantages, WPT has been widely tested and
used in many fields, such as rail transportation vehicles, household appliances, biomedi-
cal equipment and other applications. WPT technology is conducive to reducing energy
storage devices and extending mileage for practical rail transportation vehicles. Com-
bined with energy storage devices, WPT technology can promote the development of
electric vehicles [4-6].

In some practical applications of WPT technology, there are various types of loads,
such as battery, supercapacitor (SC), and electric motor [7-9]. In the application of rail
transit vehicles, an SC is considered suitable as an on-board energy storage device, because

of the following characteristics: (1) high power density; (2) accurate measurement of state
of charge; (3) long cycle-life and low maintenance cost; and (4) lack of use of heavy-metal
Copyright: © 2022 by the authors. chemical materials and, thus, low environmental pollution [10,11]. With these advantages,
Licensee MDPL, Basel, Switzerland, O can be chosen as a WPT system load for power supply. For such a WPT system applied
This article is an open access article 111 €lectric vehicles, a three-phase rectifier is used to convert the grid alternating current
distributed under the terms and  (AC) voltage to the direct current (DC) bus voltage. Typically, the transmitter is fed with a
conditions of the Creative Commons ~ high frequency AC current which is converted via a single-phase inverter and generates an
Attribution (CC BY) license (https://  AC magnetic flux linkage; then, the receiver induces an AC current for supplying power to
creativecommons.org/licenses /by / the load. As the SC load requires a small DC current ripple, a filter is typically connected
40/). between the AC/DC rectifier and SC, as shown in Figure 1. When the load and system
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parameters are designed reasonably and remain constant, a constant-load-resistance WPT
system can easily work stably and effectively. However, the output voltage and power of
such an SC-load WPT system will vary during charging under a constant charging current,
which will lead to changes in the system characteristics. This is not favorable in terms of
the efficient and stable operation of the system.
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Figure 1. WPT system configuration in rail transit vehicle.

At present, the analysis of WPT systems is typically based on constant load resistance.
The rectifier and load in the receiver side are generally considered as a constant load
resistance [12-14]. Similarly, when studying only the variation of the coupling coils and
system frequency, the change in load is rarely considered [15-17]. Furthermore, refs. [9,18]
used a constant-voltage load model to analyze the battery load. These studies were based
on the constant value of a load, which is not fully suitable for WPT systems which use
the SC as the final load. The application of SC in a WPT system can be found in [19-24].
However, ref. [19] presents a technique for the suppression of voltage transients through
use of dynamically reconfigurable SC banks, in which SC is not a load, but, instead, a
parallel energy system. The authors of [20] considered an SC optimal control method in
order to satisfy the requirements of efficiency and power; however, they did not analyze
the charging characteristics. For the modeling and analysis of an SC-load WPT system,
refs. [21,22] used a classical SC model as the WPT system load, but only established the
relationship between the voltage, the current of the SC and the equivalent resistance of
the WPT system, but did not consider the whole WPT system for analysis. The authors
of [23,24] attempted to develop an SC as the WPT system load for relevant applications,
but did not analyze system models. To solve the problem, the present paper proposes a
variable-resistance-based (VRB) method which can describe the variation in the charging
process of SCs. The analytical derivations and analysis could serve as a basis for developing
WPT systems using SCs as on-board energy storage devices.

The remainder of this paper is organized as follows: In Section 2, the configuration
of the SC-load WPT system is shown. A variable-resistance-based method is proposed
for analyzing such a system, and the method is explained. The voltages and currents
of the transmitter and receiver are derived according to the VRB method. In addition,
the relationship between the output power and transfer efficiency with the voltage of
an SC are calculated. In Section 3, the variations in the charging process with time are
emphasized, including the voltage of an SC, the output power of the WPT system, and the
transfer efficiency. The effect of the transmitter voltage on transfer efficiency is analyzed.
Furthermore, the effects of frequency offset on the WPT system, including the effects on
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voltage gain and current gain, are studied, and then the design process for the SC-load
WPT system is described. In Section 4, a simulation model and experimental platform are
built to verify the theoretical analysis and calculation. Finally, the conclusions are drawn
in Section 5.

2. WPT System Model Using SC Load
2.1. Variable-Resistance-Based WPT System Model

The topology of the SC-load WPT system in Figure 1 can be modeled by circuit
theory, as shown in Figure 2. The system usually consists of a DC bus voltage, an inverter
(working at tens of kHz), transmitting and receiving coils, a rectifier, a filter and an SC-
load, where Uy, is the DC bus voltage, Usc is the SC charging voltage, S1-54 are the
full-controlled semiconductor switches, D1—Dy are the diodes, Ry (Ry), L1 (Lp) and Cq (Cy)
are the transmitting (receiving) side coil resistance, inductance and series compensation
capacitor, M is the mutual inductance of the transmitting and receiving side coils, C is an
SC equivalent capacitor, C; and L; are a DC side filter capacitor and inductor, respectively,
I; and I are the root-mean-square (RMS) value of the transmitter current and the receiver
current, respectively, and Isc and Ugc are the RMS values of the SC charging current and
voltage, respectively.
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Figure 2. Topology of SC-load WPT system.

The full-bridge inverter transforms DC power into high-frequency AC power, and
the receiving side rectifier converts AC power to DC power. Therefore, the AC voltages of
the inverter and rectifier are square waves with amplitudes of Uy,; and Usc, respectively.
According to the Fourier decomposition, only the fundamental frequency component is
considered because the high-order harmonic components are so small, and these harmonics
can hardly be transmitted. The equivalent circuit is demonstrated in Figure 3, where U,
and U, are the fundamental RMS values of the AC side voltages of the inverter and the
rectifier, I; and I are the transmitter current and receiver current, and R, is the equivalent
resistance load for the receiving coil.

I

Ui

Figure 3. Equivalent circuit of VRB transmitter and receiver.
Based on the Fourier decomposition of the square wave, U; and U, are expressed as

follows:
{ U = %ubus

1
U = ¥ Usc

Considering a WPT system charging for an SC with constant Isc, and according to the
characteristics of an SC, the terminal voltage will increase, which will lead to the equivalent
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resistance of SC varying, since its equivalent resistance Rgc can be defined as Ugc divided
by Isc. To consider the influence of using the SC as a load, the equivalent transformations
of the rectifier and SC are adopted.

First, let the equivalent impedance seen by the receiver be a resistive load Ry, as shown
in Figure 3. The key is to determine the relationship between the SC and R,; this method is
known as the variable-resistance-based method.

R, can be calculated as:

U, 8 Usc
RU = — = 727
12 7T ISC

@

Based on the above description, the AC impedance method can be applied to ap-
proximately analyze the steady-state performance, as shown in Figure 3. According to
Kirchhoff’s voltage law (KVL), the transmitter and receiver voltages and currents in the
equivalent circuit model are given as follows:

t
0

. Z1 *]’(UM
o —jwM  Zy;+ Ry

I
i ] ©)

where w is the real operating angular frequency, and Z; and Z; are the transmitter and
receiver coil impedance, as follows:

. 4
Zy = Ry +jwla + @)

{ Z1=R1+]‘OJL1+]-W%1

The I3, I, output power (Poyr) and transfer efficiency (#4+) are solved as follows:

I|_ 1 Zy+ R, —jwM] |l )
'12 Zl(ZZ + Rv) + w?M? —](UM /1 0

Pour = Uz 1> (6)

U I, @)

T = oL + I.2R; + L,2R,

2.2. Variable-Resistance Load Derivations

Typically, a transmitter and receiver are required under resonance to enhance the
system transfer capability and efficiency. The compensation is a series-series method
because the values of the compensation capacitor are not affected by load, and it is easily
achieved. In addition, the series-series compensation has the characteristics of a constant
output current, which is suitable for SC charging.

The resonant angular frequencies of the transmitter and receiver are obtained as follows:

w— 11 ®)
VLG VIG
In this case, Equation (5) can be simplified as follows:
Lo|_ 1 Ry+ Ry, — jwM} U, ©)
I Ri(R2+ Ry) + w?M? | —jwM Ry 0
If the self-resistance of the coil is ignored, the I; is solved as follows:
h=_L (10)

T wM
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It can be found that, if U;, w and M of the WPT system are all constant, I can remain
constant. Therefore, the SC charging current is also constant:

2V2 Uy
Jorp = X2 —2 11
¢ T wM (1
In this case, Ugc can be calculated. Now ugc is used to replace Ugc, because the voltage

is varying at the process of charging; thus, ugc can also be expressed as follows:

Isc
Usc = ffchar + Usc o (12)

where t.,, is the charging time, and Ugc ¢ is the initial voltage of SC.
Substituting (11) into (12), ugc can be rewritten as follows:

2v2 U

Ugc = Tmtchar + Usc o (13)

Therefore, the charging current and voltage of the SC power supplied by the WPT
system are determined. Furthermore, substituting (11) into (2), R, can be simplified
as follows:

(14)

Ry will change when ugc increases; it is also determined by Uj, w and M.

The power level of the system determines the choice of devices and the operating
frequency w of the system. Therefore, it is necessary to calculate and analyze the power
level as follows:

2V2 Uy

P, = — 1
ouTt oM sC (15)

As shown in Figure 3, the transfer efficiency is defined as the power consumed by R,
divided by the power generated by the source. Taking the transmitter and receiver power
losses into consideration, the transfer efficiency is derived as follows:

w?M?R,
R1(Rz + Ro)* + w2 M2(Ry + Ry)

Ntrn = (16)

Considering the charging process of SC causing the variation of Ry, the efficiency of
the WPT system using the SC as load can be obtained as follows:

23 122vV2 wM
WM™ T usc

Mtrn = (17)

2
Ri(Ra + %%Msc) + w?M?(Ry + %%usc)
Using the VRB method, it is easy to relate ugc to the WTP system parameters.

3. Analysis of SC-Load WPT System
3.1. Variation in Charging Process with Time

In the process of charging for SC, Ry, usc, Pour and 74+ vary with the charging time.
First, the charging time will cause a linear change of ugc under the constant current. Then,
R, will increase linearly, which will result in I; changing, as shown in Equation (10). Next,
U, will increase, then Poyr will increase with the charging time. In practical conditions,
the variations will occur at the same time. Based on the above deviations and analysis, the
relationship between these key parameters is shown as Figure 4.
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0 tchar

Figure 4. Relationship between some key parameters.

The SC voltage with charging time is shown as (13). Similarly, R, and Poyr with
charging time are calculated as follows:

8 2vV2 wM
Ry = %tchar + 771uSC—0 (18)
2V2 U 2v2 U
P, = t _ 1
our = — wM( o fenar +Usc 0) (19)

In practical applications, especially in high-power applications, such as rail transporta-
tion, WPT system efficiency is particularly significant. A miniscule decline in efficiency
will cause much energy loss. In addition, the transfer efficiency of the SC-load WPT system
is different from other types of load and is variable over a wide range. This is why it
is necessary to analyze the transfer efficiency, which is shown as (17), and the transfer
efficiency is maximized when:

an(usc) 0& %1 (usc) <0 (20)
8u5C ausc

Then, the optimal value (usc_opr_j;) of usc can be solved as follows:

7Tu1 Rz w?M?
u = — 21
SC.OPTn = 57 RiR, (21)
The maximum transfer efficiency (17:rn_max) is derived as follows:
1 + c},{Z]I\QIZ
Ntrn_max = L S 2 (22)
RyRy (14, / 1+ %45
2M2 1R2
T+y/1+ uéle + w?M?
The transfer coil quality factor (Tg) [9] is defined as follows:
wM
To = (23)
7 JRR,

Considering that T varies from 10 to 400, the theoretical result is shown as Figure 5.
It can be seen that higher T is beneficial to #4_max. From (33), it can be seen that high w,
large M and small R; /R, can improve the maximum transfer efficiency.

14+ TH2
Vo "Te 24)

1+4/1+T52)°
1+ /14 T2+ Ee

Hirn_max =
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Figure 5. Curve of the maximum efficiency vs. Tq.

The experimental prototype of the SC-load WPT system parameters are tabulated
in Table 1. For this platform, its Tg is equal to 35.47; thus, the maximum efficiency is
about 0.9452. However, as discussed above, the efficiency will vary over a wide range. In
addition, the variation in transfer efficiency must be analyzed. Substituting the system
parameters into (17), the transfer efficiency vs. ugc is plotted in Figure 6. When using the
WPT system charging an SC, ugc increases from 0 V to 100 V, and the transfer efficiency
tends to rise, then fall. When ugc is up to USC_OPT_y, trn_max €an be obtained. Therefore, in
practical applications, a suitable work voltage range of the SC should be chosen to obtain
high efficiency.

Table 1. Experiment platform parameters.

Symbols Note Value
Upys DC bus voltage 80V
f Operating frequency 58 kHz
Lq Transmitting side coil inductance 174.6 uH
L Receiving side coil inductance 175 uH
Ry Transmitting side coil self-resistance 023 O
Ry Receiving side coil self-resistance 0.29 O
M Mutual inductance 47 uH
Cq Transmitting side compensation capacitance 444 nF
C Receiving side compensation capacitance 44.2 nF
C Load SC 18 F
Ly Filter inductance 2.5mH
Cy Filter capacitance 500 uF
1
g
&
0.8 -
3
g
'50.6 -
'Ea
0.4 -
&
g 0.2 4-== I I I -
= 0.9 Ao oo
= 0 0,20 40 QO 80 100
0 20 40 60 80 100
Voltage of SC us(V)

Figure 6. Curve of the transfer efficiency vs. ugc.
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3.2. Effects of Transmitter Voltage on Efficiency

According to Equation (17), if the coupling coil is designed well, based on (23), a high
Tq can enhance the transfer efficiency, and the transfer efficiency can be determined by U;.
In addition, Uj is converted via an inverter. Typically, the phase-shift control is adopted to
adjust U;. According to the Fourier decomposition, the fundamental harmonic value of the
transmitter voltage U; can be expressed as follows:

2U 242U,
Ulz%\/l—}—coszx:%cos% (25)

where « is the phase-shift angle.
Substituting Equation (25) into (17), the efficiency can be rewritten as follows:

w3M? u
Upys cos 5 sC

wM 2 2A142 wM (26)
R](R2+WMSC) + w M (R2+W

Ntrn =

If the transmitter and receiver are almost the same, Ry is equal to Rp. Then, usc_opr 4

can be rewritten as follows: N
Usc_orT_n = Upys cos E (27)

First, only Uy, is considered, the phase-shift angle is assumed as zero, then (27) can be
simplified as usc_opr = Upys. For such a WPT system, if we seek to maintain high efficiency,
the work range of SC should be close to Uy, or Uy, should be controlled to match the SC
charging voltage.

Next, the effect of the diffident DC bus voltage on the transfer efficiency is considered.
Letting Uy,s of Equation (26) vary from 10 V to 100 V, the results are shown as Figure 7.
When Uy, increases, the maximum transfer efficiency can be obtained when Uy, is the
same as usc_opr_y, as the red line shows. It can be found from the surface that, if the
SC-load WPT system is intended to maintain a high transfer efficiency in the process of
charging, then Uy, should be optimally designed. For example, based on the Table 1, if
ugc operates on 30 V to 50 V, a 40 V DC bus voltage can be chosen.

'
60

40

0 0 20 1,{.5()(\”

0 7100
60 g
Gy * 20

Figure 7. Transfer efficiency vs. Up,s and ugc.

Then, the phase-shift angle requires to be considered. Assuming that Uy, is a constant
60 V and R; is equal to Ry, « is normally controlled in the range of 0° to 180°, and the
radian is about 0-3, then the results obtained are those plotted in Figure 8. The results show
that the transfer efficiency can be adjusted by the value of the phase-shift angle. When
Equation (27) is satisfied, the maximum transfer efficiency can be obtained, as shown by
the red line.
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Figure 8. Transfer efficiency vs. « and ugc.

The transmitter voltage is decided by both the DC bus voltage and the phase-shift
angle, and these two factors further affect the transfer efficiency.

3.3. Effects of Frequency Offset on WPT System

In practical applications of the WPT system, the value of the compensation capacitor
cannot be selected continuously, and the operating frequency may need to be adjusted to
achieve the soft-switching of the inverter. Therefore, it is possible to cause the operating
frequency to deviate from the resonant frequency, so it is necessary to analyze the effects of
frequency offset on the SC-load WPT system.

The requirements for SC charging are constant current and fast charging. These can be
satisfied under resonance, as shown in the above analysis. It is easy to determine how the
frequency deviation will result in the receiver current varying from the R;. Then Isc cannot
remain constant; thus, the characteristics of the SC-load WPT system will be different.
Under the non-resonance of the transmitter and receiver, I, can be obtained according to
(5), and Is¢ can be calculated as follows:

_ 22wMU
- Z1(Zy + Ry) + w?M?

Isc (28)

It can be observed that Isc will vary with the change in Ry, and that Ry is affected
by Isc. Therefore, the variation in R, cannot be calculated as shown in (14). However,
R, can be calculated based on (2), by testing the voltage and current of SC, or by another
calculation method, as shown below.

Assuming Isc can remain constant at a slight time delay (t), the initial value of Isc
(Isc_o) can be obtained from (28), when R, = 0 and the initial SC voltage (ugc o) is zero.
Therefore, the SC voltage (ugc k) and current (isc x) at every moment can be calculated as

follows:
22, muy

8 USC k-1 2 M2
SR S AL (29)

_ IsC k-1
Usc k = Usc_k—1 + ¢ At

isc k=

where k represents the moment of SC charging.
Then the variable resistance R, can be calculated as:

8 8 Usc k
Rv = 72RSC =5 =
7T 7T ZSC_k

(30)

Ry has two variables, ugc x and igc x, compared with the constant charging current,
which can be expressed as a variable usc. We can use a variable (Rsc) instead of two
variables (ugc x and igc ); then the characteristics of the SC-load WPT system under
frequency deviation can be analyzed based on the VRB method, and the difference can
be used simultaneously to measure the voltage and the current to determine the variable
resistance Ry.



Energies 2022, 15, 5867

10 of 15

The voltage gain (Gy) refers to the ratio of the output voltage to the input voltage, so
Gy can show the change in receiver voltage when U is constant. The current gain (Gy) is
analyzed similarly. The analysis below and calculation are based on the equivalent circuit
model shown in Figure 3.

Here, the angular frequency offset (w;) is defined as the operating angular frequency
(w) divided by the resonant angular frequency (wy):

w
- 1
Wy @0 (31)
Gy is defined as:
(2 jwMRy,
Gy =|—|= 32
v 0; ‘ (Zl +Zr)(Zz+RU) ( )

where Z, = w?M?/(Z, + Ry). After ignoring the coil self-resistances, and substituting the
parameters into (32), Gy can be obtained as:

.3
Jw CpCsMRL
Gy =—7F—7-"7" 33
v Re + jln (33)
Considering the above formula, it can be further deduced as
k 3

Gy = e . (34)

.

\/a)nz(l — wp?)? 4 (Fseucla lgﬁ;’éﬁﬂz) ((1 —w2)? - kzwn"f)

where k = M/+/L;L; is the coupling coefficient of the transmitter and receiver coils, and
n = +/L1/ L, is the effective turn ratio of the transmitter and receiver coils.
Similarly, Gy can be calculated as follows

1w, 2k

8Rgcwy \2 2
B 1 (1 )

G = (35)

Taking Table 1 into consideration, the results can be plotted as shown in Figures 9
and 10. At the point w, = 1, it is consistent with the above analysis. The voltage gain is a
linear rise, and the U, and SC voltage will increase linearly if the U is constant. However,
if wy, is shifted, G; will decrease when Rgc is larger. In contrast, Gy; will increase and have
two peak points when Rgc is smaller, as shown in Figure 9.

008 0.9 o

Figure 9. Voltage gain Gy vs. Rgc and w;,.



Energies 2022, 15, 5867

110f15

12

0 0.8
Figure 10. Current gain Gy vs. Rgc and wy,.

As for the current gain shown in Figure 10, I, will remain constant, and I; will increase
linearly under the resonant frequency; thus, the curve of Gy is an inverse proportion
function when w;, = 1. When the operating frequency is shifted, G; will decrease, especially
when Rgc is smaller. Based on this analysis, it can be concluded that a small Rg¢ is not
favorable, and the system will demonstrate better characteristics when Rgc is chosen as the
suitable value.

3.4. Design Process of SC-Load WPT System

Based on the above analysis, the characteristics of the SC load WPT system can be
determined, and the optimal design method for the SC-load WPT system can be prelimi-
narily given. First, the key parameters of the SC load need to be determined according to
the application. Considering the constant current charging for the SC, and the range of the
operating voltage and time of SC requirements, the capacitance value of the SC can be cal-
culated. Furthermore, the parameters of the WPT system can be designed. According to the
SC maximum charging power, the higher frequency of the switching devices is conducive
to improving the transfer efficiency. Next, the DC bus voltage can be set suitably, and, if
it is limited, the phase-shift angle can be designed according to (27). Then, the mutual
inductance can be determined. Finally, the coupling coils should be designed to meet the
requirements of the mutual inductance and achieve the smallest equivalent resistances of
the transmitter and receiver coils. The design procedure is shown as Figure 11.

Boundary conditions: C dUge
Usc , Isc s tehar Tscepar
| l
Adjust Uy, Consider power
and o device, set @

_ 8 Uy cos(/2)
e

I

M

Design coil M,
reduce R;/R,

Object:Myn_max

END

Figure 11. Design process.
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4. Simulation and Experiment Verification
4.1. Simulation and Experimental Setup

To verify the theoretical derivations and analysis, an experimental prototype was
fabricated as shown in Figure 12. The topology of the WPT system using SC as a load shared
the same configuration with that in Figure 1. The parameters were consistent with Table 1.
A SanRex three-phase bridge DF100AA160 was used to convert the grid AC to DC. A CREE
SiC MOSFET C2M0080120D was adopted as the active switch of the inverter (DC/AC).
Since the value of the compensation capacitor is limited, the inductance of the coupling coils
is resonant with the compensation capacitor on the 58 kHz switching frequency. Therefore,
this switching frequency was chosen as the system operating frequency. The transmitter
and the receiver inductors were circular coils with a single layer and a turn number of 18,
composed of tightly-wound litz wires with a diameter of 3 mm. The external diameter of
the coil was 40 cm and the gap between the transmitter and receiver was 15 cm.

Figure 12. Demo SC-load WPT system.

The inductor and capacitor were chosen under the resonance for both the transmitter
and receiver, and their resonant frequencies were the same as the operating frequency
to improve the efficiency and reduce the VA rating of the WPT system. The SC voltage,
charging current, transmitter and receiver AC currents and voltages were tested using a
Tektronic DPO3034 digital phosphor oscilloscope. The series experiments were conducted
in which the DC bus voltages were 40 V, 60 V and 80 V, respectively, with & = 45° under
Uy,s = 60 V, together with the corresponding simulations in PSIM, as displayed in Figure 13.
For each series experiment, the SC was charged from non-energy (0 V) to 100 V under
constant current charging.

Upl: Vout
>

Vdc T

e
=i

Driving Signal

Figure 13. PSIM simulation model.

Under the 40 V DC bus voltage and phase-shift (0° and 45°), the recorded experimental
waveforms of the transmitter input voltage (1), transmitter input current (i1), receiver
output voltage (1), and receiver output current (i) are shown in Figure 14.
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Figure 14. Experimental waveforms of w1, i1, up, ip (a) Up,s =40 V & a = 0° and (b) Up,s =40V &

a =45°,

4.2. Results and Discussions

When using the WPT system charging for the SC from non-energy to 100V under a DC
bus voltage of 60 V, the charging current and the output power are illustrated in Figure 15.
The calculations of Isc are constant, because the equivalent resistances of the transmitter
and receiver (R; and Rp) are ignored. However, in the simulations and experiments, due to
the existence of the R; and R, the charging current and output power decreased slightly,
which was to be expected; thus, it can be concluded that the simulation and experimental
results agree with the calculations, verifying the validation of the VRB method.
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Figure 15. Calculations, simulations, and experiments of Isc, Poyr-

For adjustment of the DC bus voltages to 40 V, 60 V and 80 V, the calculations, simula-
tions and experiments for transfer efficiency vs. ugc are shown in Figure 16. The transfer
efficiency 74, increased then decreased, as in the analysis, and the maximum transfer
efficiency point was where ugc = Uy,,s. When Uy, increased, the corresponding optimal
SC voltage increased, as shown in Figure 16a—c. The mismatches of the calculations, simu-
lations and the experiments were generally caused by inaccuracy in the parameters. For
Uypy,s = 60 V, the phase-shift angle was set at @ = 45°, and ugc opr was equal to 55V, as
shown in Figure 16d. The existence of the phase-shift angle resulted in the waveform of the
transmitter U distortion, as shown in Figure 14, and when ug¢ increased the voltage shock
increased. Due to the limitations of the experimental prototype, usc was only charged to
60 V, but it was verified that the optimal SC voltage dropped compared with a = 0°.
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Figure 16. Curves of the transfer efficiency: (a) Upys = 40 V, a« = 0°; (b) Upys = 60 V, a = 0°;
(C) UBUS =80V, a= 00; (d) uBus =60V, a= 45°,

5. Conclusions

In existing WPT system model analysis methods, the equivalent resistance is often
used to analyze various loads. For an SC load, the equivalent load will change in real
time during the charging process, and the conventional model cannot accurately establish
the relationship between the load and the system. To address this problem, a novel
variable-resistance-based method was proposed to describe the relationship between the
WPT system parameters (including equivalent load, output current, system power and
transmission efficiency) and the SC parameters (including charging voltage, time and
capacitance). Based on the method, a mathematical model of the WPT system using SC as a
load was built. Additionally, the effects of the transmitter voltage on the transfer efficiency
and the effects of frequency offset on the voltage and current gain were investigated. Based
on the results, an optimal design process for the SC-load WPT system was provided to
guide the system design. Finally, an experimental prototype and simulation model were
constructed and the correctness of the theoretical analysis verified.
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