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Abstract: In recent years, the concept of the negative resistor (NR) has been proposed and applied in
the magnetic coupled wireless power transfer (MC-WPT) system to improve the stability of power
transfer. However, it remains a fundamental challenge to find the characteristic differences and
applications of the four basic NR-based MC-WPT topologies. In this paper, the circuit models of
the four basic NR-based MC-WPT topologies: series-series (SS), series-parallel (SP), parallel-parallel
(PP), and parallel-series (PS) are established, and their characteristics are analyzed and compared
by using circuit theory, which enables engineers to determine and select topologies to suit different
applications and requirements. Theoretical analysis shows that the compensation methods of the
transmitter and receiver of the NR-based MC-WPT system would affect the operating frequency
and output characteristics of the system. Moreover, by comparative analysis, the conditions and
applicable ranges for a stable output of different topologies were provided. Finally, the experimental
prototypes are set up by using the power electronic inverter and operational amplifier, and the voltage
gain ratios of the four basic NR-based WPT topologies under the variations of transfer distance and
load are observed. The experimental results validate the correctness of the theoretical analysis.

Keywords: negative resistor; wireless power transfer; magnetic coupled; SS; SP; PP; PS

1. Introduction

Due to its convenience, intelligence, safety and reliability, magnetic coupled wireless
power transfer (MC-WPT) technology has been widely studied and applied in various
fields, such as consumer electronics, household appliances, electric vehicle charging, and
biomedical implants [1-8].

Generally, MC-WPT systems are eager to achieve stable and efficient power transfer
characteristics, which are crucial factors to evaluate MC-WPT systems [6,9,10]. However,
the output power and transfer efficiency of the conventional MC-WPT systems are sensitive
to variations in the coupling strength [11-14]. Especially for MC-WPT systems in the
process of dynamic change, the change in the coupling coefficient is a great challenge to the
stable transfer characteristics of MC-WPT systems [15-17].

So far, many methods have been investigated to guarantee stable and efficient power
transfer to electric devices. The first method is to design a complex coupling mechanism so
that the coupling coefficient between the transmitter and receiver does not change with
the change of the receiver’s position, so as to obtain stable transfer characteristics [18-22],
for example, using a Helmholtz coil, 8-shaped winding structure of coils or a 3-D coupled
formed by two orthogonal coils to generate a uniform magnetic field to improve transfer
characteristics. The second method is to design the compensation topologies, such as
LCL, LCC, CLC, and a combination of series (S) and parallel (P), etc., to improve the
misalignment tolerance and thus achieve constant output characteristics [23-30]. The
third method is to use the capacitor array to dynamically adjust the resonant frequency,
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so as to maintain maximum power transfer efficiency in the case of varying coupling
coefficients [31]. However, these three methods increase the volume, weight, and cost
of the system. The fourth method is to adopt the variable frequency control strategy by
tracking the zero-phase angle (ZPA) between the input voltage and current or the input
voltage and the receiver’s current, so as to obtain a constant transfer power [12,32,33].
But this method increases the complexity of the system, and the communication delay or
interruption between the transmitter and receiver will affect the stable power transfer of
the system.

In recent years, some new circuit characteristics have been discovered when adopting
new resistive devices in circuit systems, such as a negative resistors (NR) [34] or memris-
tors [35]. Among them, a robust MC-WPT system is proposed by using NR [36], which does
not require any communication between the transmitter and receiver, and there are no ad-
ditional circuits. For the robust MC-WPT system composed of the NR, there are four basic
compensation topologies, including series-series (SS), series-parallel (SP), parallel-parallel
(PP), and parallel-series (PS). In [35,36], the coupled-mode model of the PP compensation
topology of the NR-based MC-WPT system is established and the transfer characteristics
of the system are analyzed by the coupled-mode theory, in which the negative resistor is
realized by an operational amplifier (op amp) to enable robust wireless power transfer. [37]
develops a switch-mode amplifier to construct the negative resistor and applies it to the
SP compensation topology of the NR-based MC-WPT system that can wirelessly transfer
around 10 W of power to a moving load with a nearly constant transfer efficiency. In [38],
the SS compensation topology of the MC-WPT system with the negative resistor constructed
by power electronic converter is implemented and successfully applied to a drone-in-flight
wireless charging platform. [39-42] extend the application of the SS compensation topology
of the NR-based MC-WPT system to logistic robots, cordless kitchen appliances and electric
vehicle charging. [43,44] present the S/PS compensation topology and multiload NR-based
MC-WPT systems, which extend the transfer distance with constant output power and
transfer efficiency. [45,46] discuss the operating frequency, output power and transfer ef-
ficiency of domino NR-based MC-WPT systems based on the coupled-mode theory, in
which the output power and transfer efficiency are constant in the strongly coupled region
where the operating frequency has multiple solutions. However, the coupled-mode theory
is an approximation analytical method, which is suitable for weakly coupling coefficient
and higher quality factor [47-49]. Furthermore, the comparative analysis between SS, SP,
PP, and PS compensation topologies of the NR-based MC-WPT system has been little
explored, resulting in a lack of guidelines or references for engineers and researchers to
select topologies for different applications.

Therefore, this paper focuses on the comparative analysis of SS, SP, PP and PS topolo-
gies for NR-based MC-WPT systems, and the proposed analysis can be generalized to
MC-WPT systems with all compensation networks, because other compensation networks
can be derived from the combinations or transformations of these four basic topologies.
The contributions of this paper are mainly as follows:

(1) Circuit models of the four basic topologies of NR-based MC-WPT systems are estab-
lished.

(2) The transfer characteristics of the four basic NR-based MC-WPT topologies are sys-
tematically compared, and the applicable scenarios for each topology are proposed,
providing the reference for the MC-WPT design in the real-world.

(3) Two methods for implementing the NR are compared, and their applicability in
different topologies is given, providing the reference for the selection and design of
the NR in different MC-WPT topologies.

The remainder of this paper is organized as follows. The basic topologies of the
NR-based MC-WPT system are described in Section 2. The circuit models of the four basic
NR-based MC-WPT topologies are established in Section 3. The system characteristics of
the four basic NR-based MC-WPT topologies are analyzed in Section 4. Section 5 presents
the experimental prototypes to compare and analyze the four basic NR-based MC-WPT
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topologies, and the experimental results validate the theoretical analysis. Finally, Section 6
concludes this paper.

2. Basic Topologies of the WPT System Composed of the Negative Resistor

Currently, WPT systems using a negative resistor have four basic topologies, including
an SS, SP, PP and PS topology, as shown in Figure 1. Here, LT and Lr denote the inductances
of the transmitting and receiving coils, Ct and Cr denote the capacitances of the transmit-
ting and receiving circuits, and it and iR are currents flowing through the transmitting
and receiving circuits, respectively. —Ry in the transmitting circuit is a negative resistor,
which is used as a gain source to provide the electrical energy. Ry, is the load resistance.
Uin is the voltage across the negative resistor, which is also defined as the input voltage.
U, is the voltage across the load resistance, which is also called the output voltage. M is
the mutual inductance. Particularly, the coupling strength is defined as k = M/(LtLg)'/?,
which always satisfies 0 < k <1 [50]. The natural frequencies of transmitting and receiving
coils are defined as wt = 1/(LtCt)'/2 and wg = 1/(LgCr)*/2, respectively [51].

(-I:T iT M iR CR CIT iT M IB
+ 1 ¥ Y + 4+ I ¥y <[~ +
%o ° o o
Vin[] -Rn Lt Lr Ry [] Vo Vin[] -Rn Lt Lr ==Cr RL[] Vo
(a) (b)
i i I ir Cr
+ > ¥ < + 4+ > ¥ ‘ s
° o o
Vi”[]'RNCT== Lt Lr==Cr RL[] Vo Vin[]'RNCT== Lt Lr RL[] Vo
(0 (d)

Figure 1. Basic topologies of the WPT system using a negative resistor. (a) SS topology. (b) SP
topology. (c) PP topology. (d) PS topology.

3. Circuit Models
3.1. SS Topology

According to KVL and KCL, the circuit equation of the SS topology shown in Figure 1a
can be written as

1, . . L .
wlgow) ek .
. L —1 . e - Y
ki Qs - w) U
where j is the imaginary unit, and w is the operating angular frequency of the WPT
system. It and Iy are the phasor forms of it and ig, respectively. Qr = wtLt/RyN and
Qr = wrLR/Ry are used to represent the quality factors of the negative resistor and load
resistor, respectively. The natural frequencies of transmitting and receiving coils are set to
be identical, i.e., wT = WR = wy.
Equation (1) has nontrivial solutions only if its coefficient matrix has a zero determi-

nant, that is
2
_o=1 (W _wo —1_ (W _Wo iy ¥
[QT +](wo W>HQR +]<w0 w)]er%k 0 @
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Separating the real and imaginary parts of (2) yields

2 2
-1n-1 w W w2
0P - (S ) e ©
w wo _
<w0—w)(QT1—QR)—0 )

3.2. SP Topology

The circuit equation of the SP topology shown in Figure 1b can be deduced as

(- 1)

Vin| _ . (5)
—Jugk ﬁQT 1—;%4-](70@11 °
Then, the frequency characteristic equation can be written as
2 2 2 2
w w w w
1= |+ — (125 |QrQr — —KQrQr =0, ©)
wj wj w w§

W\ (1@ | pe? 0. 7
T2 _“To + 0 QT—QR— (7)

Substituting (7) with (6) to eliminate the QT yields
k) )k S c) e o

Considering k? << 1 and Qg 2 << 1in a general WPT system with an SP topology, (8)
can be approximated as

(‘;’;—1>{2:(1_k2) wz[(l_kz)%‘z}“}ﬂ- ©)

3.3. PP Topology
The circuit equation of the PP topology shown in Figure 1c can be derived as

{ 1—“—2—1(%0& —ak LT( ~iQx)] v, iy w0
akyi(arion)  1-Sejgor Vel
and the frequency characteristic equation can be written as follows:
S (1-8)+ (1)o7 110 m
>
(Qr - Qr) [1 2 (1- kZ)] ~o. (12)
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3.4. PS Topology
The circuit equation of the PS topology shown in Figure 1d can be written as
1« Ne) i@k /o )
o o PRV I Vil (13)
2 . =0
Sk (4 +ior) —j:;;(l—f,g)QR—l Vo

Then, the operating frequency can be derived as

(Uz (,l.)2
[w% (1 — k2> - 1] QrQr + (1 - w2> —0, (14)

0
e

Substituting (15) with (14) to eliminate Q yields

Qr—Qr =0. (15)

6 2 4 2
W1 2 Y (h-2_ 2\ L Y (a2 -2\ _q1_
wg(l k) +w3(QR 3+3k)+w%<3 k QR) 1=0. (16)
Considering k* << 1 and Qg 2 << 1in a general WPT system with PS topology, (16) can
be approximated as

[Zg(l—kz) —1] [zi(1—k2)+zg(QR2—2)+1

0

=0. (17)

4. Characteristic Analysis
4.1. SS Topology

From (3) and (4), there are two cases of the operating frequency, as follows:

1) w#w
In this case, the operating frequency can be derived as

2
_ W 152 o2 gk
ws = WJ1 5Ox i\/(l SQ:?) —(1-#), (18)
and the negative resistor automatically satisfies
RN = ERL. (19)
Lr

In order to ensure that the operating frequency is positive real, the constraint condi-

tions can be deduced as
1
-1 -2
k> ke = Qg'\/1- ;Q:% (20)
RLgRLC:wOLR,/z(l—\M—kZ), 1)

where kc is the critical coupling strength, and Ry ¢ is the critical load resistance. It can be
noted that the region where the operating frequency has multiple positive real solutions is
defined as the strongly coupled region, that is k > k¢ and Ry, < Ryc. In contrast, the region
with only one solution of the operating frequency is defined as the weakly coupled region,
that is k < kc and Ry, > Ryc.
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(2) w=wy
In this case, k < k¢, the operating frequency works steadily at w = wg, and the negative
resistor satisfies

a)é LT Lsz
Ry
By substituting the above solutions of operating frequencies into (1), the current ratio
can be written as

(22)

Ly /L
LR: Ak L; _ i,kaC 23)
It _ 2 Ligop, k< ke
\/QR2+</\_)1\) LR QRI C

where A = w/wy is the ratio of the operating frequency to the natural frequency, It and I
are root-mean-square values.
According to V, = IrRy, and Vi, = ITRy, the voltage ratio can be derived as

Lg
VO IRRL T+’ k 2 kC
GV = — = — T 7 (24)
Vin ItRN ,/%%Qﬁl,k<kc
where V, and Vj, are root-mean-square values.
4.2. SP Topology
From (9), it can be found that the operating frequency has two cases, as follows:
1) w#w
In this case, the operating frequency can be derived as
wi=—2_ 1 ta_pees/i-ta—ee 27(1—k2) (25)
VIR 2 R 2 R /
the negative resistor automatically satisfies
2 2
w, LTLR 1—k
y = cobrlx(1=6) 26)

Ry '

and the constraint conditions can be obtained as

kaC:ngz\/(lQ§)23+2\/1+2Q§, (27)

/1 — k2
Ry > Ric = wolrvl —k : (28)
2(1 V- k2)

(2) w=wo
In this case, k < k¢, the operating frequency works steadily at w = wy, and the negative

resistor satisfies L
Ry = —LK?R;. (29)
Lr
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By substituting the above solutions of operating frequencies with (5), the voltage ratio
can be deduced as

A2+Q%
v, Ay /2 Qr b (200 §>2,k2kc
Gy = 3> = . - O - (30)
nJa-a7 g EL k< ke

4.3. PP Topology
From (11) and (12), the operating frequency has the following two case:

(1) w# wo
In this case, the operating frequency can be deduced as

2
wo 1 1
= 1—-(1-K)Q3++/[1-(1—-k)Q3| —(1—k2 1
and the negative resistor automatically satisfies
L
RN = — Ry (32)
Lr

Then, the constraint conditions can be obtained as

ksz:QRZ\/(l—Q§)2—3+2\/1+2Q§, (33)

(U()LR\/W .
2(1 - \/W)

Ry > Ric =

(34)

(2) w =X Wwo

In this case, k < k¢ and the operating frequency has a steadily solution, that is

)
V1—k2

Substituting (35) with (11), the negative resistor can be obtained as

(35)

_ wiLrLr(1—K?)

Thus, by substituting the above solutions of operating frequencies with (10), the
voltage ratio can be deduced as

/Lr /72 2 L
Gy Yo _ MVLyA O _{ Vo = ke (37)

4 Irx kO
o Ja-wreagy | VB k<

4.4. PS Topology

From (17), the operating frequency can be found as follows:
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1) w#w
In this case, the operating frequency can be deduced as
we =20 Loy [(1-L1o= 2—(1—k2) (38)
VIR 2R 2R ’
the negative resistor automatically satisfies
(U%LTLR
Ry = ——, (39)
Ry

and the constraint conditions can be obtained as

ksz:QIQH/l—A%QIQZ, (40)
RLgRLC:wOLR,/z(l—\/l—ié). (41)

In this case, k < k¢, the operating frequency has a steadily solution, that is

2) w=uwy

W,
W= “2)

and the negative resistor satisfies

~ LtRp

~ Lgk?’
Hence, by substituting the solutions of operating frequencies with (13), the voltage

ratio can be given by

Ry (43)

2 _
Vo VU= 10200 [ /EAgel k> ke
Vin Ak %T{QR ﬁ—?k, k < kc

(44)

According to the above characteristic analysis, the SS and PP topologies give accurate
solutions to the operating frequency, while the operating frequencies of the SP and PS
topologies have a certain approximation. Figure 2 shows the comparison between the exact
and approximate solutions for the operating frequencies of SP and PS topologies; it can
be seen that they are in good agreement, which verifies the correctness of the analytical
expressions for the operating frequency shown in (25), (38) and (43). The circuit parameters
are shown in Table 1.

Table 1. Main circuit parameters.

Parameter Units Value

Inductance of transmitting coil Lt nwH 67.56
Inductance of receiving coil Lg wH 66.39
Capacitance of transmitting coil Ct nF 11.76
Capacitance of receiving coil Cr nF 11.78

Natural frequency of coils f kHz 180




Energies 2023, 16, 7336

9o0f 16

N
o
a1

. . 205 . . .
| —— Exact
------ Approximate

— Exact
----- Approximate

8

)
S

=
[{=]
(3]

195}
190
185
180

[EETN N
® O W
o 01 O

=
N~
=
T T
1 1

Operating frequency f (kHz)
Operating frequency f (kHz

[a=y

[o2]

a1
T

-
D
o

1 1 1 1 1 1
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
Coupling coefficient k Coupling coefficient k

(a) (b)

Figure 2. Comparison between the exact and approximate solutions for the operating frequencies.
(a) SP topology. (b) PS topology.

Furthermore, the operating frequency of the SS and PS topologies are approximately
equal, resulting in the same constraint conditions of the coupling coefficient and load
resistance, as are the SP and PP topologies.

5. Comparison of Characteristics

Currently, there are two approaches to constructing negative resistor; one is based
on operational amplifiers and the other is based on power electronic inverters [34,36—46],
whose discrepancies are listed in Table 2.

Table 2. Comparison of two construction methods of negative resistance.

Type Efficiency Power (Level) Cost Applicable Topology
Based on power . . .
electronic inverter High High (W~kW) High S5, 5P
Based on the op amp Low Low (mW) Low PP, PS

Due to the limitation of the power level of op amps, the output power provided by
the negative resistance based on op amps is small, only at a milliwatt level, which cannot
meet the high-power requirements of SS and SP topologies. However, its simple structure
and low cost can be used for PS and PP topologies, which are suitable for the wireless
charging of low-power devices such as implantable medical devices and sensors. On the
contrary, the output power provided by the negative resistance based on power electronic
inverters is high, a watt level and even a kilowatt level, which can be applied to SS and
SP topologies for the wireless charging of high-power equipment such as electric vehicles
and automated guided vehicles. Therefore, SS and SP topologies use a power electronic
inverter to achieve negative resistance, while PP and PS topologies adopt an op amp to
construct negative resistance.

Figure 3 gives the experimental prototypes of the NR-based MC-WPT systems, and
the corresponding schematic diagram of the negative resistance is shown in Figure 4. In
Figure 3a, the negative resistance is realized by a full-bridge inverter, which is used for the
experiments of SS and SP topologies, and its schematic diagram is shown in Figure 4a, in
which the transmitter current signal is sampled by the current trans-former CU8965 and
converted into the voltage signal through a high-speed operational amplifier OPA2690,
and then fed into the comparator TL3016 to obtain the phase of the transmitter current,
and sent to the digital signal processor TMS32028335. The signal processed by the dig-
ital signal processor is then sent to the drive circuit (here the drive chip used in the
drive circuit is Si8271), and the drive signal generated by the drive circuit ultimately con-
trols the switches S1~54. In Figure 3b, the negative resistance is constructed by an op
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amp (LM6172), which is used for the experiments of the PP and PS topologies, and its
schematic diagram is shown in Figure 4b, where the negative resistance can be represented
by _RN = _VRN/IRN = —Rle/Rz.

¥

- < S A
Negative/ + s Neghtive
Fesistance -Ry ¥ esistance -Ry

Figure 3. Experimental prototype of the NR-based WPT systems. (a) With the negative resistance
constructed by a full-bridge inverter. (b) With the negative resistance constructed by an op amp.

+
Irn R¢ R Irn
v =
Ve v Vrn
_ RN -
R,

e

Drive Circuit | | Sampling c;rcuit
| | |

| Digital Signal Processor |
(a) (b)

Figure 4. The schematic diagram of the negative resistance. (a) With the negative resistance con-
structed by a full-bridge inverter. (b) With the negative resistance constructed by an op amp.

To evaluate the transfer properties of the four basic NR based MR-WPT topologies,
the output-input voltage ratios are measured in the experiment. For SS and SP topologies,
the input voltage waveform is a square wave, as shown in Figure 5a. Hence, the input
fundamental voltage Vi, ¢ of SS and SP topologies can be acquired by fundamental wave
analysis method. Therefore, the output-input voltage ratio of SS and SP topologies can be
calculated by V/ Vi, ¢. For PS and PP topologies, the input and output voltage waveform
are sinusoidal, as shown in Figure 5b, so the input voltage V;, and output voltage V,
can be measured with an oscilloscope. Then, the output-input voltage ratio of PS and PP
topologies can be calculated by V/Vin.

From the above analysis, the operating frequency of SS, SP, PP and PS topologies can
be described as shown in Figure 6. It can be seen that the coupling region of the NR-based
MC-WPT system can be divided into two parts: the strongly coupled region (k > kc) and
the weakly coupled region (k < k¢). In the strongly coupled region, the bifurcation of steady
solutions of the operating frequency occurs, the operating frequency of the four topologies
has two real solutions w, and w_, which are related to the compensation topology of
the receiver. When the coupling coefficient decreases, the two real solutions w, and w_
coincide at the critical coupling coefficient kc. In addition, the maximum and average
errors between the experimental and theoretical values of the four topologies are calculated.
The maximum errors of the SS, SP, PP and PS topologies are —0.64%, —0.73%, 1.70% and
0.78%, and the mean errors are —0.17%, —0.17%, 0.34% and 0.18%, respectively. Therefore,
the experimental results have a good agreement with the theoretical analytical results.
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= Agilent
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2.0065a/s
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190.02kHz
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4.2v
Frequency (0
189.58kHz

(a) (b)

Figure 5. The waveforms of the input voltage and output voltage of the NR-based MC-WPT system.
(a) With the negative resistance constructed by a full-bridge inverter. (b) With the negative resistance
constructed by an op amp.
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Figure 6. Operating frequency of the NR-based MC-WPT systems with SS, SP, PP and PS topologies.
(a) SS topology. (b) SP topology. (c) PP topology. (d) PS topology.

By changing the distance between the transmitting and receiving coils, the voltage
ratio under different coupling coefficients can be obtained. Figure 7 depicts the output-
input voltage ratio V,/ Vi, of the NR-based MC-WPT system with the SS, SP, PP and PS
topologies. It can be seen that the change trend in the voltage ratio V,/Vjj, is related to
the compensation topology of the transmitter. When the transmitter adopts the S topology,
in the weakly coupled region (k < kc), the voltage ratio V,/ Vi, decreases rapidly with
the increase in the coupling coefficient k, while in the strongly coupled region (k > kc),
the voltage ratio V,/ Vi, of the SS topology is constant equal to 1, and the voltage ratio
Vo/Vin of the SP topology increases slowly with the coupling coefficient k, close to 20.
Similarly, when the transmitter adopts the P topology, the voltage ratio V,/V, increases
rapidly with the increase in the coupling coefficient k in the weakly coupled region (k < kc),
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but in the strongly coupled region (k > kc), the voltage ratio V,/ Vi, of the PP topology
remains constant equal to 1, and the voltage ratio V,/ Vi, of the PS topology increases
slowly with the coupling coefficient k, close to 0.06. Moreover, the maximum and average
errors between the experimental and theoretical values of the four topologies are calculated.
The maximum errors of the SS, SP, PP and PS topologies are 1.90%, 23.08%, —3.00% and
3.55%, and the average errors are 0.66%, 3.24%, —1.57% and —0.13%, respectively. It can
be noted that the 23.08% of the maximum error in the SP topology is due to the larger
slope of the voltage ratio of the SP topology in the weakly coupled region. Therefore, the
experimental results agree well with the theoretical analysis results.

f T T T T T
2.5 50 1
E E
\c \O
K20 a°40 ) .
2 k=)
g B
& &
g 151 —=— SS:Theory & 0r e o
§ O SS:Experiment § 0 SP:Experiment
1.0+ = - - o 20+
0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.02 004 006 008 0.10 0.12 0.14
Coupling coefficient & Coupling coefficient &
(a (b)
10} - ‘
_0.05F
B B
e a
i 1 .go004
8 g
o ()
g g
E 0. —=a&— PP:Theory E 0%t —=— PS:Theory
O PP:Experiment 0 PS:Experiment
0.4) 0.02%
0.02 004 006 008 0.10 0.12 0.14 0.02 0.04 0.06 008 010 0.12 0.14
Coupling coefficient k Coupling coefficient &
(c) (d)

Figure 7. Voltage ratio as a function of the coupling strength k for the NR-based MC-WPT systems
with SS, SP, PP and PS topologies. (a) SS topology. (b) SP topology. (c) PP topology. (d) PS topology.

When the coupling coefficient k is determined to be 0.1, by adjusting the load, the
voltage ratio V,/ Vi, of the SS, SP, PP and PS topologies as load resistance Ry, varies is
presented in Figure 8, it can be seen that the load changes of the four topologies have
different effects on their output characteristics. First, the voltage ratio V,/Vj, of the SS
topology remains constant equal to 1 in the range of Ry, < Ryc ~ 7.58 (), but is affected by
the load resistance Ry, in the range of Ry, > Ry ¢ ~ 7.58 (). For the PP topology, the voltage
ratio V/ Vi, remains constant equal to 1 in the range of R, > Ry ¢ ~ 753 (), but changes
with the load resistance Ry, in the range of Ry, < Ric =~ 753 (). Furthermore, the voltage
ratio V,/ Vi, of the PP topology changes in the opposite trend to the SS topology. Second,
the SP topology works at w = w( and its voltage ratio V,/ Vi, is independent of the load
resistance Ry, in the range of Ry, < Ric ~ 753 (), but in the range of Ry, > Ryc ~ 753 (),
the system’s voltage ratio V,,/ Vi is affected by the load resistance R} . Meanwhile, the PS
topology with a critical resistance Ry ¢ = 14.3 Q) works at w = wp+/(1 — k?), and its voltage
ratio V,/Vin changes in the opposite trend to the SP topology. Third, the critical load
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resistance Ry is related to the compensation topology of the receiver, where the receiver
has the same topology and its critical load resistance is the same. Furthermore, under
the same coupling coefficient and circuit parameters, the voltage ratio V,/ Vi, of the SP
topology is relatively large, but the voltage ratio V,/ Vi of the PS topology is very small.
Furthermore, the maximum and average errors between the experimental and theoretical
values of the four topologies are calculated. The maximum errors of the SS, SP, PP, and
PS topologies are —1.99%, —4.94%, 4.28% and 1.00%, and the mean errors are —0.24%,
0.58%, 1.57% and 0.44%, respectively. Therefore, the experimental results agree well with
the theoretical analysis results. As can be seen from the above analysis, in the practical
application where the transfer distance is determined, the corresponding compensation
topology can be selected according to the working range of the load resistance to obtain
stable output characteristics.
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Figure 8. Voltage ratio as a function of the load resistance Ry, under k = 0.1 for the NR-based MC-WPT
systems with SS, SP, PP and PS topologies. (a) SS topology. (b) SP topology. (c) PP topology. (d) PS
topology.

6. Conclusions

This paper systematically compares the transfer characteristics of the four basic NR-
based MC-WPT topologies and analyzes the operating principles and applicability of
two different NRs. By theoretical analysis and experimental verification, the following
conclusions can be obtained.

Firstly, for the NR-based SS or PP topology, as long as the topologies operate in the
strongly coupled region, the output-input voltage ratio remains constant (equal to 1 in
this paper) even when the coupling coefficient or load changes. Moreover, in the strong
coupling region, the load resistance of the PP topology is much greater than (approximately
equal to 356.75 times in this paper) that of the SS topology, so the output power of PP
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topology is much smaller than (approximately equal to 0.0028 times in this paper) that of
the SS topology in the strong coupling region.

Secondly, for the NR-based SP or PS topology, as long as the topologies operate in the
strongly coupled region, the output-input voltage ratio is robust against the variation in
the coupling coefficient, but would vary significantly with changes in the load resistance.

Thirdly, the voltage ratio of the SP topology is much greater than (approximately equal
to 333.33 times in this paper) that of the PS topology, making it easier for the SP topology
to transmit greater power than the PS topology.

Fourthly, since the NR based on the power converter can output greater power than
(approximately equal to 356.75 times in this paper) NR based on operational amplifiers with
more efficiency, the the NR based on power converter is suitable for S5 and SP topologies,
and the NR based on the operational amplifier is suitable for PP and PS topologies.

Finally, based on these four NR-based MC-WPT topologies, more NR-based topologies
can be developed, such as domino NR-based topologies or crossed-couple NR-based
topologies. Therefore, the above conclusion can also provide a reference for further research
into other NR topologies.
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