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Abstract: Due to the effects of splitting frequency and cross coupling, the resonant frequency of the
WPT system usually deviates from the given frequency band, and the system operating at the given
frequency band suffers a very low output power. Ensuring that electric vehicle wireless power transfer
(EV-WPT) systems operate at a resonant state is the prerequisite for efficient energy transfer. For
this purpose, a novel design method by manipulating the eigenstate parameters is proposed in this
paper. The proposed system can make a EV-WPT system with arbitrary coil successfully to resonate
at any given bands, not just a single band. Therefore, the method designed in this article cannot only
eliminate the problem of low power caused by frequency deviation, but also realize the application
requirements of multiple frequency bands. Firstly, this article establishes an accurate state space
model of an n-coil fully coupled EV-WPT system, and after that, the analytical current response on
each circuit is derived. Based on that, a detailed frequency spectrum analysis is presented, along with
several essential spectrum parameters’ derivations, including center frequencies and bandwidths.
Then, with the center frequency and bandwidth as the design indexes, a novel methodology of
designing to make EV-WPT systems achieve resonant-state at arbitrary given bands is derived.
Finally, simulation and experimental verification are carried out. Simulation and experimental
results show that whether it is a single-band or multi-band system, the accuracy of the value under
designed resonant frequency is less than 0.01, which can effectively eliminate the frequency deviation
phenomenon and obtain the maximum power output at the given frequency band.

Keywords: EV-WPT; magnetic coupling; multi-band; system design; frequency splitting

1. Introduction

Magnetic coupling wireless power transfer (MC-WPT) system transfer energy from
power sources to electric loads by coupled magnetic field. Due to the electric isolation
between the sources and loads, this technology has advantages such as enough flexibility,
full reliability, and high security. New research hotspots have emerged since the inspiring
work in which researchers transferred 60 W power to a lamp over a distance of 2 m in
2007 [1,2]. Considerable research of this technology developed over the past decades has
paved the way towards practical applications of this technology, such as electric vehicles
(EV) [3/4], consumer electronics [5,6], and so on. With the development of MC-WPT
technology and the expansion of the application field, more complicated multi-coils MC-
WPT systems, such as multi-transmitter systems [7,8], multi-receiver systems [8,9], and
multi-repeater systems [10-12], has received great attention in recent years.

For an electric vehicle wireless power transfer (EV-WPT) system, multiple industry
consortia are developing corresponding standards for the components of EV-WPT sys-
tems, including the standard for operating frequency [13-15]. It is well known that the
overwhelming majority of EV-WPT system designs are on the basis of the “resonant cou-
pling principle” proposed in paper [1], which aims to make the natural frequency of each
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oscillating circuit in the system and the operating frequency of the system equal to the
given frequency for the maximum power transfer [16-18]. However, since the phenomenon
termed as “frequency splitting”, there are multiple resonant points deviated from the
designed circuits’ natural frequency. Hence, the system operating at the given frequency
suffers a much lower energy efficiency [19-21]. This ensures that the system operating at
resonant state is a key point to efficient power transfer [22].

At present, frequency tracking [23], adding impedance matching network [24,25] and
adjusting the coupling strength [19,20] are the most common methods used to compensate
the energy efficiency against the frequency splitting. However, frequency tracking makes
the system capable of operating at a varying optimal frequency, but not a given frequency.
The essence of adding an impedance matching network and adjusting the coupling strength
is adjusting some inner parameters to eliminate frequency splitting phenomenon. Since
the number and position of the resonant points are determined by several parameters such
as self-inductances, capacitors and resistances, the specific impedance matching network
or adjusting method of coupling strength is different from system to system, and then
they are difficult to apply in multi-coil EV-WPT systems. So far, there are no systematic
design methods for the EV-WPT system to achieve resonant-state at a given band, which is
a bottleneck problem that needs to be solved.

In addition, the multi-band EV-WPT systems have been receiving greater attention
in recent years. The multi-band EV-WPT systems can not only satisfy multiple frequency
standards, but also can transfer power and data simultaneously. The traditional multi-band
EV-WPT systems are usually achieved by subjoining extra LC circuits [26,27] or extra
coils [28-30]. The LC circuits or coils must increase with the increase of bands, which will
make the system become complicated. Since the traditional design process of multi-band
EV-WPT systems is based on the actual characteristic equation of maximum power transfer
points versus the operating frequency, it is only suitable for simple EV-WPT systems with a
few bands, but not for complicated multi-coil or multi-band EV-WPT systems.

In this paper, a novel design method by manipulating the eigen parameters is proposed
in this paper. The proposed system can design an arbitrary coil EV-WPT system to resonate
at arbitrary given bands, thereby not only eliminating the problem of low power caused by
frequency deviation, but also realizing the application requirements of multiple frequency
bands. The proposed method in this paper does not have to add any extra LC circuits or
coils, and it suits arbitrary coil EV-WPT systems with arbitrary given bands (no more than
the coils). Moreover, unlike the traditional design method of EV-WPT systems, in which
the design indexes usually only consider the center positions of bands, here, the indexes
of the proposed method include center frequency and bandwidth. Since the purpose of
this paper is to design lumped parameters, not geometric parameters, there is no in-depth
discussion on coil geometric parameters, voltage and load characteristic.

The arrangement of this paper is as follows: In Section 2, the state-space model of a
general n-coil fully-coupled EV-WPT system with any number of transmitters, repeaters
and receivers is established, and the current response on each circuit is derived at the
same time. Based on that, the analytical expression of frequency spectrum parameters,
including center frequencies and corresponding bandwidths, is deduced. In Section 3,
the detailed design process with the center frequencies and bandwidths as the design
indexes is presented, and then a systematic design criterion which suits designing arbitrary
coil EV-WPT systems to resonate at arbitrary given bands is derived. According to the
derived design criteria, a practical two-coil EV-WPT system with dual-band and single
band is designed in Section 4. Finally, in Section 5, this article validates the proposed design
method by building prototypes and tested it.

2. Theoretical Analysis
2.1. The Necessary Concepts

Before the theoretical analysis, several essential concepts related to the frequency
spectrum of EV-WPT systems need to be clarified:
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1.  Frequency spectrum curve: Frequency spectrum curve is the curve of output power
versus the operating frequency, which usually is a multi-peak curve.

2. Band: The frequency range when the current amplitude is reduced to 0.707 times
the maximum current amplitude (the power is reduced to the half of the maximum
output power), referred to as the band.

3. Center frequency: The frequency of the peak is termed as the center frequency of the band.

4. Multi-band system: Multi-band system means that the frequency spectrum of the
system is a multi-peak curve. The number of peaks equal to the number of bands.
Single-band system indicates that the frequency spectrum curve is a single-peak curve,
dual-band system indicates that the frequency spectrum curve is a dual-peak curve,
and tri-band system indicates that the frequency spectrum curve is a tri-peak curve.

5. Cut-off frequencies: the frequencies at which the current amplitudes equal to 0.707
times the maximum current amplitude in a band term as the cut-off frequencies of the
band. In a band, there are usually two half-power frequencies, one of which is greater
than the center frequency, and the other is less than the center frequency.

6. Bandwidth: the frequency range of the two cut-off frequencies is termed as the
bandwidth of the band.

2.2. System Modeling

Figure 1 shows the equivalent circuit diagram of an n-coil fully coupled EV-WPT
system with arbitrary number of transmitters, repeaters and receivers. The system consists
of n coils and each of these is connected with a capacitor in series, resulting in forming an
oscillating circuit.

Figure 1. The equivalent circuit diagram of a general n-coil fully coupled EV-WPT system.

In Figure 1, the subscript m represents the parameters in the m-th oscillating circuit
(m=1,2,...,n). Rpm and Ly, represent the equivalent series internal resistance (ESR)
and self-inductance of the m-th coil respectively, M, is defined as the mutual inductance
between the m-th coil and r-th coil (m # r and Mpyy = Mim). Cm and uy, stand for the
compensating capacitor and corresponding capacitor voltage of the m-th circuit. vy, is the
supply voltage and Ry, is the load’s resistance of the m-th oscillating circuit, respectively.
It must be noticed that v, and Ry, cannot exist simultaneously. The role of the coil varies
with the values of vy, and Ry . The role of the coil varies with the values vy, and Ry, as
shown in Table 1.

Table 1. The role of coils.

Condition The m-th Circuit
Um # 0and Ry, =0 transmitter
Um =0and Ry, #0 receiver

Um =0and Ry, =0 repeater
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For mathematic analysis, assume that the power is a sinusoidal power supply voltage
with an angular frequency of w. Based on the Kirchhoff’s voltage law (KVL), the mathematic
model of the system in Figure 1 can be established as

L1Cyu1 + Mq1pCotig + - - - Mq,Cpity, + RyCrutq + 17 = 04
M1pCriutg + LyCotin + - - - My, Cyity, + RoCotty + Uy = vy

' M)
My, Cyity + M, Cottp + - - - LyCytiy + Ry Cppttyy + 1ty = vy
where Ry = Rpm + Rpm (m # n) and Ry = Rpm + Ry (m = 1).
Letv=[v v - - vy }T,i: (i1 iy -+ in }Tandu: [ up -+ uy |
be the supply voltage vector, current vector and voltage vector for capacitor in the system
T
illustrated above, respectively. Moreover, x = [ uT ] and vy, = [ v 01yn ]T

are defined as the state vector and input vector of the system respectively; the model
established in Equation (1) can be equivalent to the new formula as

A).(ﬁLBXIV,'n (2)
where
| RC LC _ | Inxn Ouxn
A‘[Lc 0} B_[om —LC} )

0y xm stands for n x m order zero matrix and I« is expressed as a n X m unit matrix.
L, C and R are the inductance matrix, capacitor matrix and resistance matrix of the system,
which are given by

Ly Mp -+ My G 0 - 0 Ry 0 - 0
My Ly s My, 0o G - 0 0 R, --- 0

L=| | ) o= .| R= . . 4)
My My -+ Ly 0 0 - Gy 0 0 --- R,

Equation (2) refers to a state space model. From Equation (2), the system matrix (S)

can be derived as
0 In Xn

_ _A-lp
S=-A"B L]t —[LC]'RC

Q)

2.3. Frequency Spectrum Analysis

According to [21], we can find out that there are at most n bands in an n-coil EV-WPT
systems. If the number of bands is less than the number of coils in a EV-WPT system, it
indicates that in the system exists a band overlap phenomenon. In general, for an actual
physical system, even if the center frequencies are very close, the overlapping bands do
not completely coincide because the bandwidths and peak heights are difficult to be equal
completely at the same time. In other words, the system matrix of an actual physical system
usually does not have the exact same eigenvalues and it can be normalized to a diagonal
matrix. In this case, the current response iy, in the overlapping bands is superimposed by
multiple vectors with different amplitudes and phases [21], and then the bandwidths of the
overlapping bands are difficult to determine.

Aiming to quickly and accurately determine the bandwidths of bands and simplify
the design process, in this paper, the overlapping bands are designed to be coincident
completely and the non-overlapping bands are designed to be separated from each other.
The existence of completely overlapping bands indicates that the system matrix has identical
eigenvalues. In this case, the system matrix cannot be normalized to a diagonal matrix
but to a Jordan matrix. Supposing that there are k (k < n) different eigenvalues labeled
as A, Ay, - - - Ag, and the multiplicity of eigenvalue A;is 75 (7 = 1,2, - - - k), then we can get

T
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k
that ) r; = n. On the basis of the practical system’s physical properties, the real part of

g=1
eigenvalue A, is a negative number with a small absolute value [31]. Then A4 and A can
be written as two conjugate complex numbers A = —ay + jwg and Ay = —ag — jw,, where

a; and wy are positive number, moreover, &, is ordinarily pretty small.

Under this circumstance, according to the matrix theory, we can get that there are
two non-singular matrixes A = diag[ Ay Ay -+ Ay A} A} - A ], ., and
® = [¢jj],, ., Which makes S® = ®A. The operator diag[] represents the generation of
an diagonal matrix with the elements in the parentheses as the diagonal elements, A; and
A; are conjugate complex matrix and Ay is a Jordan matrix as shown in Equation (6).

Ag 1.0 -+ 0
0 A 1 -+ 0

v A ©)
o o o0 --- 1
0 0 0 1 drgxry

According to S® = ®A, the state space model in Equation (2) can be equivalent to the
new formula as
y = Ay +V (7)

. T
wherey = @ !xand v/ = ® A" lv;,. Accordingtoy = Ay + v, x=[ ul u' | = ®y
and the relationship between current vector i and capacitor voltage current u (i = Cu), the
current response on the m-th circuit (i;;) can be derived as

i = Im(lmef<wf+”/ 2>) )
where .
Im = Z qu
q=1
Rong )

‘11’" ey q
<7q —‘*’+f2”‘q)

The derivation process of iy, in Equation (8) is given in Appendix A. The operator I; ()
represent the imaginary part of the variable value, Qg = /a2 + w3 and Ry is a plural

as shown in Equation (A11) in the Appendix A. Equation (8) revealed that the amplitude
of current iy, is equal to the modulus of plural I, that is |ij,| = |I|. Meanwhile, from
Equation (9) we can know that plural I, is superimposed by the k vectors ;I (9 = 1,2, - - - k)
and the amplitude of ;I;; can be deduced as

| = Rogl (10)

(o) o)

‘qlm ‘ will achieve the maximum value ‘qlm ‘max while the operating angular frequency

w equals to O (w = (), i.e.,

ot

- ‘qlm’ - (11)

max w=0y (Zaq)rq

Since g is generally pretty small, |,I, ‘max will be pretty large. In addition, since

the overlapping bands are designed to be coincident completely and non-overlapping
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bands are designed to be separated from each other, that is, the k different eigenvalues
A, A, A (@1, Qy, - - - Q) are far apart from each other, hence ’qu ‘ will be much larger

than other items

qIm ’ (j=1,2,...,kand ] # q) when the operating angular frequency w is
close to (). In this case, I;; can be approximate as

Inlasy 7 ol (12)

The analysis indicates that there are k bands in the system, whose center angular
frequencies are ()1, Oy, ..., Q. The plural I, in the g-th band can be approximated as
Il S0, N Iy. From Equation (10) we can obtain that the amplitude of ;I, versus the
operating angular frequency w is an unimodal curve, which can be roughly plotted as

In Figure 2, the points a and b are half-power points. On the basis of the definition of
half-power point as elucidated in Section 2.1, we have

1
|q1m|w:wq/7 - ‘qlm’wzwq/Jr - \ﬁ’qlm (13)

max

|qlm‘max

q-m

Wy Q2 wg. w
Figure 2. | I;y| versus the operating angular frequency w.

According to Equations (10), (11) and (13), the frequencies of the two half-power points
can be derived as shown in Equation (14). The derivation process is given in Appendix B.

Wot = \/(21”4 ~1)a2+ 02+ (V21— 1)
W, = \/(qu ~1)ad + 02— (V2 —1)a

Then the bandwidth B, can be deduced as

By = wg+ —wy,— = 2(\/ 21/ — 1) ag (15)

Then we can get that, for a EV-WPT system with k different and separate eigenvalues
Ag = —ag+jwy (9 =1,2,...k), there are k-bands in the system, whose center angular
frequency w, 4 and corresponding bandwidth B, of the g-th band can be expressed as

(14)

Woq =t G=1,2,...K) (16)
quz( 21/rq_l)aq q IZIERE

3. Method to Design of Multi-Band EV-WPT Systems

It is well known that the center angular frequency and the bandwidth are two key
indexes of frequency band. On the basis of the analysis in Section 2, we can know that
the number of bands as well as the corresponding center frequencies and bandwidths of
a EV-WPT system are determined by the values under eigenstate of the system matrix.
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Therefore, in turn, suitable eigenvalues can be determined according to the given center
frequencies and bandwidths.

Supposing that k-band is required in an n-coil EV-WPT system and the required
center frequencies and corresponding bandwidths are w1, w, 2, - - - w,x and By, By, - - -, B
respectively (k < n1). On the basis of the analysis in Section 2 we can be aware of that k
bands indicate that there are k different eigenvalues of the system matrix (A1, Ay, - - - Ag).

Supposing that the multiplicity of the eigenvalue A, is r;, which can be determined by

k
the designer on the premise of ) r;, = n. In this case, according to the given center

q=1
angular frequency (w,4) and it's homologous bandwidth (B;) of the g-th band, the suitable

eigenvalues Ay = a4 + jwy and A; = ay — jw, can be quickly obtained as shown in
Equation (17) by using Equation (16).

Qq - C()o,q
By

z(m) (9=12-k) (17)
wy = ,/Qé —a%

By using Equation (17), all eigenvalues satisfying the performance requirements can be
quickly and accurately determined. Then the next step is to design the system parameters
so that the eigenvalues of the system matrix equals to the expected values as shown in
Equation (17).

According to the derived k different eigenvalues A1, Ay, - - - A that are as shown in
Equation (17), the expected characteristic formula which satisfy the performance require-
ments can be obtained as

Déq:

f(/\)expcted = (/\ - Al)rl (/\ - /\T)rl e (A - Ak>rk(/\ - /\:l)rk

= A" 4y, AP oy, SAPPT2 g A dag =0 18
In addition, on the basis of the definition of eigenvalues, we have
[S — Alixn| =0 (19)
Substituting Equation (5) into Equation (19), we can get that
' _ [)Iilé]xnl —[LC] *111221— Apn | =0 (20)
Evaluating Equation (20) by block matrices, we can get
‘AZ [LC] + A[RC] + Lyxn| =0 (21)

Replacing the inductance matrix L, capacitor matrix C and resistance matrix R into
Equation (21), the characteristic formula of the system can be deduced as

f(A) =A% 4 bzn_1)\2n_1 + bznfz}\zn_z b A+bg=0 (22)

actual —

By comparing Equation (18) with Equation (22), we have

a2p—1 = boy_1
a2p—2 = boy_o
: (23)
a| = b1
ap — bo
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From Equation (23), the suitable system parameters that satisfy the performance
requirements can be quickly and accurately determined.

According to the analysis referred above, the design criteria of multi-band EV-WPT
systems can be summarized as

S1. Determining the number of coils (1), inductance matrix L, capacitor matrix C and
resistance matrix R according to the practical application, where the parameters need
to be designed are represented by corresponding symbols as shown in Figure 1.

S2.  According to the application requirement, determining the number of bands (k) and
corresponding center frequencies w, 1, W, 2, - - - W, and bandwidths By, By, - - - , By.

S3. Determining the multiplicity r; of the g-th band. The value of 7 is freely determined

k
by the designer, but it need to satisfy ) r; = n.

q=1
54. Determining the expected eigenvalues (A = ag + jwg and A; = ay — jwy) of the g-th
band by using
Oy = woy
wg = 1

2(VaTi)  (@=12-K) (24)

_ 2 .2
wqf./Qq g

S5. Calculating the expected characteristic equation by using

FW)expeted = A=A (A= A1)+ (A = A (A = A7) (25)

= \2n + a2n,1)\2”_1 + Hzn_z)tzn_z ceeaqA4a9 =0

S6. Substituting matrix L, C and R into [A2[LC] 4+ A[RC] + L, | = 0, the actual charac-
teristic formula of the system can be calculated as

F ) qetuar = A" + ban 1A% 71 4 by 2A2"72 - biA 4 b = 0 (26)
S7.  Then the parameters in expected system can be defined by using

a2p—1 = boy_1
a2p—2 = boy_o
: (27)
a) = bl
apg = bQ

4. Practical System Design

In Section 3, the design method for EV-WPT systems to achieve the state of resonance
at given frequencies is proposed, which is suitable for arbitrary numbers of coils EV-WPT
systems with arbitrary number of resonant points (no more than the coils). Aiming to verify
the method proposed above, designing examples of tri-coil EV-WPT systems are illustrated
in this Section.

4.1. The Nonlinear Programming Model of Tri-Coil EV-WPT Systems

According to the above analysis, we can obtain that a tri-coil EV-WPT system can be
designed as the system with a single given resonant point, two given resonant points, or
three given resonant points. No matter the system with how many resonant points, the
design steps are the same expected for seeking the expected eigenvalues.

Supposing that the expected eigenvalues of system matrix of the tri-coil EV-WPT
systems which determined by practical performance requirements are A; = —ay + jwy,
Ay = —ap +jwr, A3 = —a3 + jws and A] = —a1 — jwy, A = —ap — jwr, A3 = —a3 — jws.
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Substituting the expected eigenvalues into Equation (18), the characteristic equation of the
system can be derived as

f()\)gxpctgd = A% £ asA° 4 agAt + a3A® + A2 +aA 4+ ag =0 (28)
where

as5= 201 +20+2u3

ay = 40 + 4oy + 4oy + Q% + Q% + Q%

az = 8aqaong + 200 (Q% + Q%) + 20 (Q% + Q%) + 203 (Q% + Q%)
ap = 40(10(20% + 4061063()% + 40(20(30% + Q%Q% + Q%Q% + Q%Q%

a1 = 2010303 + 20,0203 + 2030203

ap = 30303

(29)

For tri-coil EV-WPT systems, the inductance matrix L, capacitor matrix C and resis-
tance matrix R can be expressed as

Ly My M CC 0 0 Ry 0 0
L=| Mp L, My |,C=] 0 C 0 |,R=]| 0 Ry, 0 (30)
Mz My L 0 0 G 0 0 R;

Substituting Equation (30) into [A*[LC] + A[RC] + I x| = 0, the practical characteris-
tic equation of two-coil EV-WPT systems can be established as

F) petuar = A8+ b5A% + bgA* + 5343 + baA? +bjA + by =0 (31)
where
be — L1LyR3+L1L3Ry+Ly L3Ry — M2, R3— M2, Ry— M3, Ry
5 LyLoLs— Ly M2, — Ly M2, — L3 M2, +2Myy Mi3 Mas
by = C1C2C3(L1 RoR3+Ly Ry R3+ L3Ry Rp)+C1 Co (Ly Lo — M2, ) +C1 C3 ( Ly Lg— M2;) +CoC3 (Lo L — M3,

C1CoC3 (L1 LyLs—Ly M3, —Ly M2, —L3M2,+2M12 M13Mp3)
bs C1GC3R1RpR3+C1 Co (L1 Rp+ Ly Ry ) +C1 C3 (L1 R3+L3 Ry ) +CoC3(La Ry + L3 Ry)
C1CyC3 (L1 LoLy—Ly M3, — Ly M2, — L3 M2, +2M15 My3Mp3)

bZ — C1CR1Ry+C1C3R1R3+CoC3RyR34+C1 L1+CoLy+C3L3

C1C2C3( Ly LoLg—Ly M3;— Lo M2, — L M2, +2My M3 Ma3)
b = C1R1+CRy+C5Rs

C1C2C3( Ly LoLg—Ly M3; — Lo M2, — L M2, +2My5 M3 Ma3 )

1

C1C2C3(Lq LoLg—Ly M3;— Lo M2, — L M2, +2My5 M3 Ma3)
(32)
According to Equations (29) and (32), the nonlinear equation of tri-coil EV-WPT
systems can be established by

b5 = a5
b4 = a4
bg, = a3
by = a5 (33)
by =m
bo = 4a

The nonlinear equation of tri-coil EV-WPT systems in Equation (33) is too complex to
be solved precisely. Then, the nonlinear equation of the tri-coil EV-WPT systems can be
converted into

min  f(x) = i(”i —b;)? (34)
x i=0

The self-inductances Ly, Ly, L3 and corresponding inner resistance Ry1, Ry2, Ry3 are
coil dependent and can be predetermined. In the set of examples, the self-inductance L, L
and L3 are fixed at 57 uH and the inner resistance R;1, Ry» and Ry are fixed at 0.13 Q). In
addition, for tri-coil EV-WPT system with given coils, if the mutual inductance Mj; and
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M3 are determined, then the mutual inductance M3 is fixed. All compensation capacitors
are usually set to be equal in the actual systems, that is C; = C; = C3 = C. Then, the nonlinear
programming model of the EV-WPT system with tri-coil can be established as

5
min  f(x) = ,ZO(“J' —b)?
i=
L1:L2:L3:52},LH
Rpl = sz = Rp3 =010 (35)

s.t. G=CG=0C
Mz = f(Miz, Mp3)
Mi]' <52 H.H

There are also four parameters waiting for the setting of the system: compensating
capacitor C, mutual inductance Mj,, M3 and load resistance Ry, which are able to be
determined accurately by using Equations (32) and (35).

4.2. Parameter Design

In the set of examples, the self-inductance L1, L, and L are fixed at 57 uH, and the inner
resistance Ry1, Ryp and Ry are fixed at 0.13 (). A tri-coil EV-WPT system can be designed
as a single-band system, a dual-band system, or a tri-band system. This is providing that,
on the basis of the actual requirement, the given center frequency and its corresponding
bandwidth of the three systems are given, as shown in Table 2.

Table 2. The given spectrum parameters.

Center Frequency (kHz) Bandwidth (kHz)

The Si(ﬂgzlel'bz nf;y stem for1 =150 by =10
The dual-band system fo1 =100 by =10
(k=2,r1=r=2) fo2 =150 by =20
»1 =100 by =10

The tri-band system Jor !
(k=3,7r =1 =r3=1) fo,2:150 by =30
fo3 =200 bs =10

Substituting the given parameters and given spectrum parameters shown in Table 2
into Equation (17) to Equation (35), the nonlinear model of the single-band system, dual-
band system and tri-band system can be obtained. Solving these nonlinear models with the
help of the genetic algorithm in Matlab software, the expected electric parameters of the
systems can be determined as shown in Equation (36).

C] = Cz = C3 = 22.01 nF

My, =337 uH

My =951 uH (k=1)
Mz =123 pH

R = 1846 O

C1 = G, = C3 = 32.03 nF
My, = 17.59 uH

Mos = 18.84 uH (k=2) (36)
Mz =756 pH
R, = 19.516 Q

Cy =Cy = C3 =27.49 nF

My, = 2387 pH

My = 25.19 uH (k=3)
Mz = 10.92 uH

R, =968 Q
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5. Experimental Verification
5.1. Experimental Setup

A practical EV-WPT system with three coils is established as shown in Figure 3 to
verify the design method proposed in this article. The schematic diagram of the circuit
of the system is shown in Figure 4, where an H-bridge consisting of four MOSFETs is
used as the voltage source. Meanwhile, it acts as the transmitter which is coupled to the
intermediate coil. The intermediate coil serves as a repeater, and the right coil is the receiver
with a load. The geometric parameters of the three coils are set to be equal to the value
listed in Table 3. In addition, the coils are aligned to the coil centers r = 0 along the z-axis.
The measured self-inductances of the three coils are 57 pH and the inner resistances of the
three coils are 0.13 () depending on a LCR digital electric bridge.

|
Trans /

Figure 3. The layout of the experimental setup.

£F €1

Ry Ry Ry
— —
s |F4 s, [F4
] —

Figure 4. Circuit schematic of the practical system.

Table 3. The Geometric Parameters of the Practical Coils.

Parameters Value
Number of turns 18
Inner radius of coil (m) 0.03
Width between per turn (m) 0.01
Radius of copper wire (m) 0.00125

5.2. Practical Measurements

In the first set of experiments, the compensating capacitor Cq, C; and Cs are fixed at 22
nF and the load resistance Ry = 20 Q). The transfer distance d1, = 0.29 m and d3 = 0.16 m.
For the given transmission distance, the mutual inductance M1, M3 and M3 are 3.34,
9.94 and 1.28 uH, which are pretty close to the optimal values of the single-band system as
calculated in Equation (36). Meanwhile, simulation with the measured electric parameters
are conducted. The supply voltage is adjusted at 8 V. And the operating frequency changes
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from 100 kHz to 200 kHz with a interval of 1 kHz. The power simulated and measured

versus the operating frequency is plotted as shown in Figure 5a.

25 T X: 151 1 -
Y: 22.01 Simulated value
see *  Measured value
~ 207 %
= *
Q
S 15f
é X: 145 M
by Y:10.42
=5 *
& 10 *
3
__2':) *
%
= 51
o i ’ :
120 130 140 150 160 170 180
The operating frequency f(kHz)
(a
X: 151
7 Y:6.732
Simulated value | |
% Measured value
S~ %
= X: 101
o 51 Y: 4477 W
5 s X135 f [ x: 150
40 Mg Y:344 Ji ¥Y:3.439 |
2 |x 98 @ I [ 4 n
E—1 * %
S 3|v:2617 |4 \x / ]
E = ok #* i
S o x 108 (¥
22 \
= e Y: 2.595 3
%
1 ¥ &
J %e
0% 1 1 1 n
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IN

Shes

The output power P (W)

0

1207
12.242

Simulated value

*  Measured value [

80 100 120 140 160

180 200 220

The operating frequency f(kHz)

(©)

Figure 5. The simulated and measured power versus the operating frequency of the tri-coil systems.

(a) single-band system (k = 1). (b) dual-band system (k = 2). (c) Three-band system (k = 3).

In the second set of experiments, the compensating capacitor C;, C, and Cjs are fixed at
33 nF and the load resistance Ry, = 20 Q). The transfer distance di» = 0.1 m and dy3 = 0.09 m.
For the given transmission distance, the mutual inductance Mjy, M3 and M;3 are 18.39,
20.42 and 7.56 uH, which are pretty close to the optimal values of the dual-band system as
calculated in Equation (36). Similarly, simulations with the measured electric parameters
are conducted. The supply voltage is fixed at 8 V. And the operating frequency changes
from 100 kHz to 200 kHz with a interval of 1 kHz. The power simulated and measured

versus the operating frequency is plotted as shown in Figure 5b.
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In the third set of experiments, the compensating capacitors Cy, C; and Cz are fixed at
27 nF, and the load resistance Ry, = 10 (). The transfer distance d;; = 0.08 m and d,3 = 0.07 m.
For the given distance of energy transmission, the mutual inductance M1,, M3 and M3
are 22.7, 25.3 and 10.9 uH, which closes the optimal values of the three-band system as
calculated in Equation (36). Meanwhile, simulations with the measured electric parameters
are conducted. The supply voltage is fixed at 8 V. And the operating frequency changes
from 100 kHz to 200 kHz with a interval of 1 kHz. The power simulated and measured
versus the operating frequency is plotted as shown in Figure 5c.

As indicated in Figure 5a, only one band emerges in the system, whose measured
center frequency is 150 kHz and its corresponding bandwidth is about 10 kHz. The
measured results fully satisfy the required performance indexes, illustrating that the design
method proposed in this article is effective and accurate. In Figure 5b, there are two bands,
whose measured center frequencies are about 101 kHz and 151 kHz, and the corresponding
measured bandwidth are about 10 kHz and 24 kHz, respectively. In Figure 5c, there are
three bands, whose measured center frequencies are about 100 kHz, 150 kHz and 200 kHz,
and the respective corresponding measured bandwidth are about 5 kHz, 20 kHz and 15 kHz.
The performance indexes are pretty close to the given values, which indicates that the
proposed method is effective and accurate. In Figure 5, there are some deviations between
the simulated value and measured value, which mainly caused by the deviation between
the practical value and optimal value of the electrical parameters.

6. Conclusions

Multi-band EV-WPT technology is one of the important research trends of EV-WPT
technology. In this paper, a novel generalized design method of multi-band EV-WPT
systems is proposed by employing and utilizing frequency splitting. The design theory and
design criteria of multi-band multi-coil EV-WPT systems are presented and explained, and
have been verified by practical prototypes. Compared to the traditional design methods,
the method proposed in this paper has the following advantages:

1.  The design indexes of the method proposed in this article include not only the center
frequencies of the bands, but also the bandwidths.

2. The proposed method does not have to add any extra LC branch circuits or extra coils.

3. The proposed method suits for arbitrary coil EV-WPT systems with an arbitrary
number of bands (no more than the coils), including a multi-coil EV-WPT system with
a single given band (without frequency splitting phenomenon).

Author Contributions: Conceptualization, Q.Y.; Data curation, Y.X. and C.W.; Formal analysis, Y.X,;
Methodology, Y.Y., C.W,, YJ. and Z.L.; Software, Y.Y.; Validation, Q.Y.; Writing—original draft, Y.Y., Y.J.
and Z.L.; Writing—review & editing, Y.J. and Z.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.
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Appendix A

Derivation of the Current Response Is Shown in Equation (8). For mathematic analysis,
assuming that the power is a sinusoidal power supply voltage with an angular frequency of
w. Then, the supply voltage v,, can be rewritten as v, = Ly, (|v |ef%om ef‘*’t) , where the opera-
tor |-| represents the amplitude of the variable and I (-) stand for the imaginary part of the
variable, i.e., vy = Ly (|om|ef%melt) = |vy, | sin(wt + 65, ). Under these circumstances, the
supply voltage vector v and the capacitor voltage vector u of the system can be expressed

asv = I, (Vef“’t) and u = I, (Uef“’t) respectively, where V.= [ V; V, .-+ V, ]T,

U=[Ul U - U }T and Vi, = |vgle/®om, Uy = |uy|e®m (n=1,2,...,n). Ac-
T

cording to x = [ ul {IT 1 vin = | vl 0 1Xn]T, y = ® xand v = & 1Ay,
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the vectors y and v/ can be obtained as y = I, (Yef‘*’t) and v/ = I,(V elwt ), where
Y=¢1[ U jwUT ]T and V' = <I>’1A_1[ VT 014, ]T. Substituting y = I, (Ye/“)
and v/ = I, (V'el“!) into y = Ay + v/, yields

d(Yel“t)

= AYel“t Vel (A1)

Substituting Y = @[ UT jwUT ]T into Equation (A1), we have

/

U . _
[ jwU } = ®(jwlpxom — N) v (A2)

Matrixes @5, 2, A and V' can be rewritten as block matrixes as shown in Equa-
tions (A3)—(Ab), respectively.

d — |: [‘Du]nm [Qa};txn :|, oy = [(pi]‘}nxn = [[‘pl]nx] [(02]11><1 [(p”]nxl] (A3)
[cbl]nxn [Cpﬂnxn = [ [Ql}nxrl [cpﬂnxrz [(Dk]nxrk
[Au] [0] } :
A= wen - Bl | AL~ digel Ay Ay - A A4
| gy, A da A
| [Vulna - Ty
V= [ Vilnxa ) Vu= { [Vl]’ x1 [VZ]”“ [Vk]rk“ ] N |:Vj}n><1 (A5)

Evaluating (A2) in terms of block matrixes as shown in Equations (A3)—(A5), the vector
U can be derived as

. — . -1
U = @y (jwlin — Au)” Vi + @ (jwlixn — Af) V)

k . -1 . -1 A6
= <q>q (]wquxrq - Aq) Vug + @ (]wquxrq - A;) qu) (A6)
q:

-1
According to the definition of Jordan matrix Ag, ( ij,qxrq — Aq) can be calcu-

lated as
M1 1 1 1 1 7
1M (jo=ng)” (o) (o=ng) Tt (w=ag)"
0 % I LI LI
ot (je=Ag) (jw—2q)" (jw=2q)"
-1 0 0 1 I 1
. Jw—A ., \q—3 T\ 2
(J“Jqu Xrq A‘l) - 4 (fo=ta) (jo=2a) (A7)
o 1 1

0 0 0 Jo—7Aq (].wi/\q)z

i 0 0 0 0 = i P

By simultaneously solving Equations (A6) and (A7) and i = Cu, the current vector i of
the system can be defined asi = I (Ief(“’t+”/2)), where

k
I=wCU= Y (I
q=1

_ -1
g = wC( @y (jlhin = Ag) Vi + @5 (jewhun — A} ) V*>
ﬁ;gq <'(p/'Vj/ N w}‘("f')ﬁ) +j”’+;:q_l< @Vii o+ (V/:) >+ (A8)
j=ig+1 i (i -

j=ig+1 \ U@~ /\’4) (i

. * .

+ ]q+2 (prHrq—Z + (Pf (Vj/Jrrq—Z) + qurl ‘PJ )+m + @
T\ G i ) G
J=ig 1\ U= ] j=igt1 7

= wC
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where j; =71 +72+ -+ 7,1+ 1. Then the current response on the m-th circuit can be
derived as i, = I, (Imej(“’t+”/2)), where

I = ): In
atra [ g,V q) () lq*’rl p 193 (V1)
— ] m/ mj ]+1 mj\ "j+1
qlm = wCy . Z jw— /\q jw— )\* + + 2 + - (A9)
j=ig+1 j= jq+1 (jo— /\q) (jw=27)
— ) * *
+ It 907”/‘/1'/+qu qu/ ]+rq ) 47,7,/ 1+n7 1 + quJ( jtrg— 1)
T T
=g (],wi}\q)rq 1 jw /\* g1 ] /q+1 ]w Aq) q (jw /\*) q

Substituting Ay = —ay + jwy and Aj = —ag — jw, into Equation (A9) we can get that

i . . * .
q[m _ < /diﬁi (cmq;mjvi’ (/w+4xq+]wq)+cqu;xj (V]’) (jew-+ag—jey) ) n

, - 02 ]
j=jq+1 L —wtjang

i dr— : SN2 . o SN2

Jatrg—1 Cmq),,,jVj/H (]w+1xq+/w,]) /w+owq)m/(Vj/H) (]u’Jraq—]wq) /w

LT 02 2 ot

J=lg+1 (T?—w+j2uq>

(A10)

: . . 7 -1 * o, . 7, -1

It | Cngmg Vg (jeo g +jeoq) " /"0 +wcnz<ﬂ§j(vf’+rq—l) (jootag—jewg)" /'

.- 02 q

J=ig+1 (%7w+j2aq>

_ RWIA]

= 7@2] . 7

w0 —wtj2ay
where
g tra 13 . « (yr 2 q-1
Rug = ¥ (Cm«’m;‘/f(Jqu + jog) +Cm¢m,-( ,) (jew +ag = jeoq )(0 —w +12w%)
j=ig+1
N
Jqtrg—1 Cin @i V! (]w+a +jw, )Z Cmg? -(V/ ) Jjwtag— ]uq rg—2
+1 q q mj\ "j+1 q

+ X el s + (Q — W+ j2wey ) (A11)

J=ig+1

jg+1 Cm<ijVj’+,.q,1(jw+a,,+jwq) q C’”‘/'m;( (T 1) jow-+ag— ]wq
+ot . Z rg—1 rq—
j=ig+1 w @
Appendix B

The Derivation of the Half Power Point Frequency Shown in Equation (14). According
to Equations (10) and (12), we can get the current amplitude of i, in the g-th band to be

deduced as
) R
|Zm‘w%nqz ’qlm’: | 2m£7| - (A12)
a2 2 :
(Uj — w) + (204)
Then, according to ‘qlm’w:wq,, = ‘qlm ‘w oot % qlm‘ , we have
‘qu ’w:wqri 1 ’qu ’w:oq

TV ) o

Generally speaking, the angular frequencies of the half-power points wg + of the
g-th band are close to the center angular frequency ();. In this case, on the basis of
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Equation (A11), we can get that |Ryu]| ~ |qu|w:04' Substituting |Rpq|

~
W=wg,+ W=Wyq,+

’qu ’w:Qq into Equation (A13), we have

02 2 ) Tq 1 rq
— 7q A y2
<(‘”‘*'q* _w"’i> + ) ) - (2 Wq) (Al4)

= Wg+ = \/(21/“1 - 1)0(% +Q§ + (\/21/“1 - 1)¢xq
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