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Abstract: Wireless power transfer (WPT) is gaining much attention for battery charging of electric vehicles (EVs). Resonant

WPT systems play a crucial role in achieving efficient power transfer from source to load. An overview of two-element resonant

compensation techniques and their characteristics under various operating conditions are presented. Also the converter and control

strategies used for different topologies are reviewed. The behavior of the performance factors are evaluated against the operating

conditions and compared for the different topologies.
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1 Introduction

Wireless power transfer systems (WPTSs)
transfer power from supply (grid) to load without any
[1-5

galvanic connection '), Wireless charging of electric
vehicle (EV) batteries offers a number of advantages
compared to the wired counterpart such as safety,
water-resistance, durability, possibility of in-motion
charging, better industrial design, and aesthetics (lack
of clutter). WPTSs are hence expected to play a major
role in future EV charging equipment 71,

The general scheme of WPTS is shown in Fig. 1. It
consists mainly of two sections: transmitting (or
primary) and receiving (or secondary), each of them
includes a coil that is coupled to the other one with a
large air-gap in between. Both the WPTS sections are
equipped with power conversion circuitry. On the
transmitting section, the grid feeds the relevant coil
through a capacitor-output diode rectifier and an
in-cascade inverter operating at high frequency. Grid,
rectifier, and inverter constitute the power supply for the

transmitting coil and are equivalent to a power supply

formed by a voltage generator and an internal resistance.

Only the fundamental component of the voltage
delivered by the generator is of interest for the energy
transfer so that the generator can be considered
sinusoidal. On the receiving section, the voltage
induced across the receiving coil charges the battery
through another capacitor-output diode rectifier and an
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in-cascade chopper, which adapts its output current/
voltage to the battery charging requirements. Rectifier,
chopper, and battery constitute the load of the receiving
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coil and are equivalent to a resistance '),
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Fig. 1 Wireless power transfer (WPT) system

The major concern of a WPTS is an air gap
between the coupling coils, which leads to large
leakage inductance and small mutual inductance.
This results in a large primary current requirement in
order to transfer given amount of power !'®. This
high current increases loss in the system, which leads
to poor efficiency. A method to overcome this
problem is to compensate the reactive elements by
using capacitors, so that only resistive elements
remain in the system, which reduces the losses
caused by circulating current, thereby efficiency will
increase """l Primary-side compensation decreases
VA rating of the source side converter thereby
ensuring power transfer at unity power factor, while
secondary compensation enhances power transfer
capability of the system [16]

Arrangement of capacitor in a WPT plays a
crucial role in behavior of the system. Capacitor(s) can
be arranged in different ways resulting in single

[26-28]

resonant compensation , and multi resonant
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[29-56] (using two and three elements)

compensation
respectively, with series or parallel arrangement or
both. In two-element resonant topology (TERT) four
fundamental topologies of resonant WPTSs can be
arranged: series-series (SS), series-parallel (SP),
parallel-series (PS) and parallel-parallel (PP), depending
on how the capacitors are inserted in the two sections of
the WPTSs '%. Under the category of three element
resonant topologies (THERT), SSP (LLC) [44. 381 “and
SPP (LCC) "), and double sided LCC ), topologies
are investigated.

Power flow in WPT system can be controlled
from the primary side or the secondary side or the

(7% Choice of control depends

combination of both
upon the architecture and application of the WPT
system. For an inductive power transfer (IPT) system
with multiple receiver coils coupled to a single
transmitter coil, primary current and frequency are
maintained constant, and power flow regulation is
maintained on the secondary side by the combination
of rectifier and DC-DC converter for each receiver
coil " Power flow regulation can be obtained by one
of many methods such as shorting control or variable
frequency control on the secondary side. This type of
architecture and control is very common in material
handling system and monorail or automatic guided rail
system where supply and track are required to provide
power to a number of independent loads 7'”7?. For
charging application where there is only one receiving
coil coupled to the transmitting coil, it is better to use
primary side control. This eliminates the additional
DC-DC converter stage but has a simple rectifier and
filter 3. This architecture eliminates additional losses
incurred in DC-DC conversion stage which in turn
leads to considerable efficiency gain even at light load
condition as compared to secondary side control. This
has added benefit in biomedical implants because it
makes the system compact and light enough to be
inserted inside the skin . A combination of both
primary side and secondary side regulation is being
used in bidirectional WPT system to send power from
vehicle to grid (V2G) 7] However, it requires extra
components and control which need to be justified,
given there is less time available to consider power
flow back to the grid. Moreover, frequent charging and
discharging of EV battery reduces its life. Hence there is

a tradeoff between actual energy recovered and money
invested in maintenance and replacement of car batteries.
This paper carries out a thorough review of the
characteristics of the resonant WPTS pertaining to
dynamic WPT charging. Section 2 introduces a basic
overview of single resonant and multi resonant
topologies. Section 3 analyses the characteristics under
different operating conditions such as varying load,
varying coupling coefficient, frequency mismatch, and
component tolerances respectively. Section 4 reviews
the converters and control of resonant topologies.
Section 5 compares the different aspects of the resonant
topologies, and Section 6 concludes the paper.

2 Resonant WPT system

2.1 Inductive WPTS

The electric circuitry of an inductive WPTS is
drawn in Fig. 2, where Lt and Ly are the self-
inductances of the transmitting (primary) and the
receiving (secondary) coils, M is their mutual
inductance, and Rs and R; are the source and load
resistances. A parameter that is crucial in assessing the
performance of the inductive WPTSs is the coupling
co-efficient of the two coils, given by

M
A
k== (1)
TR
— M —
Ry It «— Iy 1_L>
7+ L L]
Vs Lt Ly Ry

Fig. 2 Inductive WPT circuitry

Voltage equations of the transmitter and receiver

sections are

{175 = 7.1, +joMI, -

0=joMI, + ZI,

Where Z, and Z, are the impedances of the

transmitter and receiver sections, given by

Z. =R+ jolL,

. 3
Zy =R, +joL, G)

and o is the angular frequency of I7S from formula
(2), the currents flowing in the transmitter and receiver

sections are given as
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From formula (4), it is observed that the
transmitting current (/) is co-related with Zp and
(wM)*/Zy, where (wM)*/Zy is referred to as the
receiver-to-transmitter reflected impedance, labeled as
Z.. Similarly (@M)*/Zy is the transmitter-to-receiver
reflected impedance, labeled as Z, The load power

and efficiency of inductive WPT can be given as !'*!

PLVSZQJ2M2
12,2, + 0?M?|

©)

L:|

n = R o’M’
‘ |ZR|2 Re|Z,|+ 0*M*Re|Z, |

(3a)

Usually efficiency is expressed as a function of
the parameter £ and the quality factors of transmitter
(Q1) and receiver (Qg) of the coils, defined as

A a)LT
Ry

A oLy

O =

Or
(6)

L

Substitution of formulas (3) and (6) into formula
(5) leads to 8]

k010

= e
140, +£°0,0,

()

2.2 Necessity of compensation

In an inductive WPT, without secondary resonant
capacitors, power transfer to the load cannot be
sufficient unless the input voltage is large. The reason
is that the impedance of the receiver coil is large and
therefore is responsible for significantly reducing the
current in the load resistance. One solution is to
increase the input voltage so that the power transferred
to the load is sufficient, but this is not optimal because
it requires higher current in the primary coil, which in
turn generates greater energy losses, thus reducing
efficiency. Therefore, these resistances are required to

be as small as possible. At the same time, the

self-inductance of the coils has to be maximized, since
it represents their ability to generate a magnetic flux
intensity for a given current. Generally, high
inductance goes with high resistance, so there is a
trade-off with an optimal solution for every application
which has to be investigated. The goal is then to use
coils with the highest possible quality factor.

The previous point leads to necessary addition of
resonance capacitors (RCs) to the transmitter and
receiver sides. By decreasing or even cancelling the
large reactance of a coil, the RCs allow to reduce the
current amplitudes and therefore to improve the
efficiency of WPT system, and the optimum is reached
at the resonance frequency. RCs involve an alternating
exchange of energy between the capacitor and the
inductance of the coil, and the amount of energy
required to maintain the oscillation is minimal. RCs
are used in WPT applications in order to minimize VA
rating of the power converter and maximize the power
transfer capability, make constant current or constant
voltage, increase the efficiency and the power transfer
capability of the system they are used in, and obtain
zero phase angle (ZPA) to avoid bifurcation analysis.
These capacitors store and supply reactive power to
and from the secondary and primary, reducing the

amount of reactive power drawn from the supply .

2.3 Level of compensation

Level of compensation is quantified by means of
quality factor of the transmitter (Qr) and receiver (Qr).
Quality factors Ot and Qg are important parameters to
decide the VA ratings of transmitter, receiver and
power transfer capability. The choice of Or is an
important consideration in deciding the amount of
power transferred, the larger Qg envies the higher
power transfer capability of the WPT system. The ratio
of Or to Qg may be grouped into one of three
categories namely Or>0Or, O1=0r, and O1<QOg. From
a stability point of view, it is preferable that Or>Qk,
but this does not

always result in the most

cost-effective design 21

2.4 Bifurcation phenomenon

In Ref. [29], authors explained the bifurcation
and frequency splitting phenomenon of the WPT

system. A bifurcation phenomenon occurs when a
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system has more than one zero phase angle frequency.
It has been shown in Refs. [31-39] that the bifurcation
phenomenon highly depends on the quality factors of
the coils. So to avoid the bifurcation phenomenon in
the WPT system, the quality factor of transmitter
should always be greater than that of the receiver coil
and thus the system will operate on a single zero angle
frequency. The condition for quality factor, to achieve
ZPA is tabulated in Tab. 1.

Tab. 1 Quality factor dependency on bifurcation
139]

phenomenon
Topology Condition for quality factor
0 < |1
R
ss ' 2(1—\/1—1(2)
1 2
SPand PS O < N1-k
0, <+
PP RS

2.5 Performance factors (PF)

Prior literature proposes various performance
factors and parameters such as efficiency (77), power
supply sizing factor (PSSF), receiving coil sizing
factor (RCSF) "™ power factor (PF)
magnitude of load current (PUMLC), voltage ratio

¥ per unit

(M,), current ratio (M;) *”). The quantities in formulas
(8) and (9) are B ,R,A4, 4.1, ,and V, /oM , which
are the active power absorbed by the load, the active
and apparent powers delivered by the power supply,
the apparent power of the receiving coil, the load
resistance current, and the base value of current,

respectively. Vr, Vs, Ir, Is are receiver voltage, source

voltage, receiver current, and source current
respectively.
P A I
77=_Laa=é>ﬁ=_R:IL(pn)=—L (®)
R RTR Vol oM
P V. I
PF=-%:- M =2 M="2 )
Ay Vs I

2.6 Compensation alternatives

Schematic diagram of receiver and transmitter
compensation is shown in Fig. 3. Impedances of the

resonant tank for series (Z_) and parallel (me)

ser

configurations are given as
Zser :ZL +ZC (10)

Z.7Z
A 1; (11)
L C
where Z; and Zc are inductive and capacitive

impedances respectively.

| Zer | [ R

(a)

A ||-

©) (d)

Fig. 3 Transmitting and receiving section compensation

Substituting values of Z; and Z¢ in formulas (10)

and (11), then series and parallel impedances become
(@?L,C; -1
z, = @D (12
oC.
oC
thlr = 2—T
.](a)o LTCT - 1)

At resonance, impedance of series RLC circuit

(13)

becomes minimum, while impedance of parallel RLC
circuit becomes maximum. Under such conditions the
receiver impedance and reflected impedance from
secondary to primary is given as
2712
oL
R.,Z, = o R

=Rl = 14
R,ser L R,p RL _ _]a)oLR ( )

Z

and the reflected series and parallel resistances are
given as
M’ _M’R, ja)onz
Rtr,ser RL Rtr,par L; LR

(15)

Total impedance of the primary as seen by

voltage source is given as
2

Z

Tot M2 _.]wLT (16)

2.7 Resonant topologies (RTs)

The RTs can be classified depending on reactive
structures into single-resonant and multi-resonant
types. The single-element resonant structures associate
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a capacitor to each coil whereas multi-resonant
topologies employ multiple reactive components in the
and/or the

compensation capacitances Ct and Cr for the main

transmitter receiver side. The two
topologies give two degrees of freedom in the system.
In addition to their simplicity, there exists a wider
study on the single-resonant structures so that some
design guidelines have already been identified [25-29]
and the detailed analysis explained further in
following sections.

(1) Single element resonant
(SERT).The different types of

topologies is shown in Fig. 4 and it can be grouped as

topologies
single resonant
transmitter and receiver compensation. Theoretically,
the power transfer capability of receiving coil will be
effective only when system operates at resonant
frequency which is given by

1
W= 17
I.C. (7)
L I Tx Cr I
R T ﬁ» I Ly R L
A oy Ir B I
A T oMy —jeoMly TVR Ry

(a) Receiver series

CroLr L T
R T It IR, Ly ,
S R
v, T JjoMIg TVR R

(b) Transmitter series

R
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Ry T ﬁ» Ir L

+ _ 1+ [+ _
,751 joMIy —joMIy

(c) Receiver parallel

R Ly It R Ly
S —_—> —> YN _—>
+ 1+ I+ ~
v, T T Cr joMIg —joMl TVR Ry,

(d) Transmitter parallel

L
—>

T

Fig. 4 SERT

The simplest SERT compensation circuit that
contains only a capacitor in series with the transmitter
has been studied by authors *'??, and in Refs. [24-25],
the single resonant topologies analyzed based on
voltage gain, current gain and power factor for four
different cases shown in Fig. 4, and concluded that
except for the transmitter series structure, in which
power factor can reach a high level (near to unity) for

any QOg, and the other three compensation topologies
have very low pf for normal values of Qgr. Power
factor of transmitter series topology can reach unity
only when the load is very heavy, and for secondary
parallel topology, only when the load is very light
which reveals that the series compensation is not able
to satisfy all the requirements.

The simple impedance matching techniques using
capacitor in the receiving side, are elaborated in Ref. [35],
and in Refs. [28-29], authors proposed an additional
transformer behind the capacitor that would reduce the
total transmitter inductance “seen” by the capacitor.
Both of these methods are not suitable because of
dependency of load and transmitter current, and VA
ratings of the capacitor which is unacceptable for high
power applications. And also the conclusion drawn
from Ref. [8], claims that series insertion of a capacitor
modifies only the imaginary part of the impedances. On
the other hand, the efficiency according to formula (5a)
is a function of both the imaginary and real parts of Zg,
and only of the real part of Zr. Therefore, the insertion
of a capacitor in series to the transmitting coil does not
affect the WPTS efficiency. the WPTS
efficiency is affected and enhanced by inserting a

Instead,

capacitor in series to the receiving coil and by choosing
for the capacitor a value that makes it resonating with
Lg at the angular frequency w.

From the above discussions, it is clear that SERTSs
are not able to preserve a constant primary current for
different load or coupling conditions. Therefore, the
analysis that follows below focused on multi resonant
topologies.

(2) Multi resonant topologies (MRTs). Multi
component topologies use two or more capacitors and
numerous ways of the connecting resonant tanks
considered in Refs. [27-39] as shown in Fig. 5 and Fig.
6. All of them have been investigated in Refs. [40-42].
MRTs can be further divided into two distinct categories
namely: two element resonant topologies (TERT) and
three element resonant topologies (THERT). TERT
can be classified as series-series (SS), series-parallel
(SP), parallel-series (PS), and parallel-parallel (PP) are
widely adopted U718 The SS and SP topologies were
more commonly used in literature as voltage-fed
resonant converter power supplies, whose resonant

networks require series-tuning at the input port, are
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more readily accessible. For SP compensation, the
circuit is easily mistuned since the primary
compensated capacitance relates to the coupling. In
comparison, the compensation capacitance can be a
constant value for fully-compensated SS method
regardless of the coupling and load variation. However,
it has poor output voltage regulation capability 5]
The PS and PP topologies, requires additional inductor
in series which increases the complexity of the system.
The traditional TERT can’t solve the most of the issues
such as capacitance tolerances and voltage regulation.
This can be improved by using THERT such as LLC
and LCC resonant topology (49-55] In Ref. [59], excellent

(d) PP topology

Fig. 5 TERT resonant topologies

P
—

(¢) Double sided LCC

Fig. 6 THERT

explanation is provided why the LCL topology is so
successful. Authors state that it effectively integrates
the load matching feature of the parallel scheme with
the characteristic of the series compensation to include
all parasitic inductances of the resonant circuit and
power switches. Additionally, its overall structure
allows inherent protection against a short circuit
condition anywhere on the transmitter (3] The feature
of the load independent track current is a unique
characteristic of this topology.

For LCC circuit an inductor of LLC is replaced
by a capacitor as shown in Fig. 6b. By utilizing LCC
compensation network, a zero current switching (ZCS)
condition could be achieved by adjusting capacitor

parameters 7]

Also, when this compensation is
applied in the secondary side, the reactive power at the
secondary side could be compensated to form a unit
power factor pickup 61,
stability of the system, the double sided LCC topology

shown in Fig. 6¢ proposed in Ref. [47], in which

To further improve the

topology and tuning method ensure that the resonant
frequency is independent of coupling coefficient and
load conditions, and the ZVS condition for the Switch
is realized. However, the inductances of the additional
inductors and capacitor increases the complexity of the
circuit as well as the control aspects of the circuit.
Each topology has its own merit and demerit and
it is not possible to present a detailed analysis of each
in the same paper, therefore focus of the paper will be
on TERT topology in proceeding sections. A detailed
analysis of TERT to identify its operating conditions in
load wvariation, coefficient,

terms of coupling

frequency variations and component tolerances

thereby answering the questions regarding the

operating loading conditions and frequency
optimization and power transfer efficiency has been

presented in detail in next sections.
3 Analysis of the resonant topologies

The compensation capacitance (CC) values are
function of the parameters of the coil. For the TERT,
the secondary compensation capacitance has to be
selected as the first step. The primary one has to be
computed as the second step. The order of these steps
is not mandatory but is mere convenience since the

value of the secondary compensation capacitance is
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independent of the primary one but the primary
compensation capacitance depends on the secondary

one [39]

. The modelling and design guidelines of the
selection of compensation capacitors is mostly based
on the coil self, mutual inductances and resonant
frequency which are shown in the appendix. From
formulas (5) and (7), it can be observed that, the PFs
of the resonant topologies are functions of load
resistance (Rp), coupling coefficient (k), frequency (f)
and component tolerances (ct)

PF:func(RL,k,f,ct) (18)

The analysis performed for the one of the PF is
efficiency, in that case the first derivative of the

efficiency with function of control variables as follows

0
—(7,)=0,i=0,1,2,--,
{a(RL,k,f,cr)(n’) ! o

3.1 Load

In the applications of multiple battery charging

systems where load continuously changes, the
topology selection problem becomes difficult as we
can choose a load in favour of either topologies and
hence one left with the question of which topology to
use under any loading conditions. The load
characteristics of the WPT system are very important
to model the coil when the load resistance Ry is
variable. Formula (19) emerges as mostly PFs depends
on function of load, for example, the efficiency is
increases up to one when frequency increases and
moreover, by observing the charging profile in Ref. [17],
the Ry increases abruptly at about 100 times of the
constant voltage mode. So it is interesting to evaluate
characteristics under varying load condition 2**'/,

Refs. [17-18, 21] describe the condition that
depends on the load. In applications where the load is
variable, such as in EV battery charging, meeting of
formula (17) entails that the supply frequency must be
continuously tuned to maintain the resonance
condition in the receiving section, and if the resonance
condition is maintained in the receiving section, this
can be not done in the transmitting section where the
resonance frequency is fixed. The main concern about
the resonant topologies is change of receiving quality
factors. It is worth to note that the quality factors of
in the

the receiving and transmitting sections

resonance conditions can be expressed as

1
O=——7 (20)

Tab. 2 Values of transmitter capacitance and quality factors

of transmitter and receiver °!

Transmitter Receiver

Topology Transmitter capacitance quality factor quality factor
(9r) (9r)
s L, Cy LR, oLy
L, oM? R,
L C, oL L R
SP
L.L, - M* M’R, oL
L 2 oL
2
PS M? LTz LT LZ R
+ oM RL
LR CR RL LR CR
(Ll = M) L Cy oL, R,
P M*RC +(Li L ~M?) MR, ol

From Section 2, it is observed that the equivalent
impedance Zr is inversely proportional to the load
resistance Ry. Thus, the system is short-circuited, if it
is driven by a constant voltage because the current
becomes zero. Removing the load or the secondary
part of the coils leads to a huge primary current
(theoretically infinity).

In Ref. [20], the impact of efficiency, PSSF,
RCSF and PULMC:s are well explained with respect to
load variation for the four types of topologies and
comparison with traditional one is made, shown in Fig. 7
and Fig. 8, which claimed that the SS topology is a
better option for the case of varying load. Taken to
evaluate the characteristics of a WPTS, analytical
expressions of them have been worked out for the
resonant WPTSs with all four topologies, and as an
point of reference for the inductive WPTSs. As an
example characteristics of efficiency, PSSF is shown
in Fig. 7 and Fig. 8, and it has appeared that the
resonant WPTSs with the SS topology are the best
overall choice because they feature many merits such

o =
=)

Efficiency

—

k RL/Q

Fig. 7 Efficiency of different topologies and of inductive
WPTSs vs. R and £!'®
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PSSF

Fig. 8 PSSF of different topologies and of inductive
WPTSs vs. R and k I8!

as higher efficiency, lower power supply sizing factor,
higher p.u. magnitude of the load resistance current,
and lower sensitivity to the quality factor of the
receiving section. The only shortcoming is the higher
receiving coil sizing factor that increases with the
quality factor of the receiving section.

Most of the literature focused on the efficiency
oriented compensation but in Ref. [37], authors

introduced a novel compensation methodology called

“control-oriented compensation” with the aim is to
cancel the reactance of the coil and to get the value of
the capacitances independently of the load value.
Although the efficiency is not maximal compared to
efficiency-oriented compensation, a high value is still
obtained. And authors also claimed that the behavior
of the WPT system can be either a voltage or current
source for all topologies in the control-oriented
compensation which is unlike in the efficiency-
oriented compensation where a current source for SS
topology and a voltage source for PS topology.
However, the load voltage V1 is function of the load
current /i, for the SP and PP topology. One can note
that for the two controls at imposed currents, an
additional closed-loop control must be used. Tab. 3,
compares the efficiencies of the above two oriented
methodologies.

Tab.3 Efficiency-oriented v.s. control-oriented "

By applying constant voltage

Topology
Efficiency-oriented Control-oriented
V vy
J =S J =—S_
58 " oM YoM
M 2 M
SP Isz (I/S._Mzwzlf) VL=ZVS
T
VL, VsL,
PS VL :7;4‘{ VL — jMR
M M
Vz—\/MZVZ—MZ—LL 'L =
PP LTI ( < L) LT) b (4L -M e
Tonol By applying constant current
opolo
polosy Efficiency-oriented Control-oriented
SS Vs = wMI; Vs = oMI;
L L
SP ILzﬁT[S [L:ﬁls
M M M M
PS 1L=ElT LT=ZIT1L=EITIL=Z1T
op . (il - M), (L -M?)1,
C(LM) P -12M? Lo M
Tonol Coil driven with constant primary coil current
opolo
polosy Efficiency-oriented Control-oriented
SS VL = a)MIS VL = a)MlS
2
Sp V, = oMI, V, = oMI, - “’24 I,
T
M M
I, =—1 I, =—1I
PS L LR T L LR T
M M
I, =—1 I, =—1
PP L T L T
LR LR

In Refs. [32-34], authors proposed the equivalent

circuits and mathematical models based on the circuit

theory. The formulas of transfer efficiency and the
system efficiency of these four topologies are deduced.
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With certain parameters, the transfer efficiency of the
four topologies is proved to be the same. However, the
system efficiency of the primary parallel connection is
higher than that of the primary series connection.
Making resonant the receiver stage endowed the WPTs
with the lowest variations of efficiency and power
supply sizing factor due to variations of their reactive

parameters.

3.2 Frequency

Increasing the power by increasing the frequency
is something of an illusion and may not bring about
the benefits expected. This has been explained below:

Since the frequency of interest in WPT system
usually lies from 20 kHz to 200 kHz % and the litz
wire is the common choice for winding purpose.
However, litz wire is selected based on operating
frequency range. For example, for 50-100 kHz of
frequency range, one will select a litz wire made of
40AWG strand ™. Therefore, operating the system
made of 40AWG wire with 100 kHz or more will give
no advantage of litz wire effect and therefore copper
losses will increase with increasing frequency.
Operating below 50 kHz is also not recommended
since then litz wire will be underutilized as they are
expensive and therefore using wire made of 40 AWG
for less than 50 kHz is not a good design choice. IPT
system with and without core has been presented in
Ref. [90]. Choice of core type also depends on
operating range of frequency. For example, 3F3 ferrite
magnetics from Ferro Cube Company can operate in
the frequency range from 200 kHz to 500 kHz, while
3C90 ferrite magnetics can only work below 200 kHz i
Again these are selected at design level only, and
therefore operating frequency should not be deviated
from permitted operating range of selected core
material.

Varying the frequency within the operating range
can affect the system either adversely or irrefutably
and cannot be predicted beforehand without having
any experimental results. Increasing the frequency
(within permitted range of use) at same voltage lowers
the flux density in air-gap and the core material. This
permit the use of smaller volume of core material.
However, it also increases the core losses and
therefore without experimental results it is hard to find

an optimum frequency which gives the PF in WPT
system. Even for air cored coils inductances of circuit
such as mutual inductance and self-inductance of coil
pair varies with frequency variation. Besides this heat
generation in switching circuit increases with
increasing losses.

Based on above discussion it is safe to say that
for a designed WPT system optimum frequency can
only be decided through experimental analyses or FEA
analysis. And therefore finding an optimum frequency

for high PF will be not presented in this paper.

3.3 With varying coupling coefficient

When the receiver coil is positioned above the
transmitter coil, the coupling coefficient (k) between
the coils is proportional to the ratio of the overlapped
area of the coils to the area of the transmitter coil and
inversely proportional to the third power of the
distance between the coils. This leads to a coupling
coefficient lower than the expected one.

Refs. [13, 27, 37]
efficiency under varying k, for different values of QOk.

report performance of

The graph claims that PS and PP topologies maintains
higher values throughout k& and the SS topology
behavior is the same as PS and PP for the higher
values of k. SP and inductive coupling follow the same
behavior of SS but efficiency is less.

3.4 Components tolerances

When the transmitter inductor or capacitance is
varied, the reactive impedance on the transmitter side
no longer cancels each other out. For the resonant
WPTS, the components inductances, Lr, Lr and
capacitors Ct, Cr are subject to variation with the
different operating conditions which depends on the
frequency of operation, and changes in the load and
environmental conditions which affect the resonant
condition in WPT system.

In Ref. [69], authors investigated the effect of
variation of self-inductances and capacitances for the
SP and PS topologies. In which they claimed that
variations in the Ct, when is in the series with the
transmitter coil strongly impact on the efficiency and
the load voltage. For the SP topology, the value of
efficiency is reduce by 30%, for the variation of 10 %
of Cr and PS topology efficiency is unaffected. Instead
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it shows the opposite behavior for both SP and PS
topologies, for the load variation when variation of the
Cr. On the other hand, modifications of the Lt
provoke a decrement of the system efficiency.
Diminishing of 10% of this inductance makes the
efficiency be reduced up to a 30% in the SP topology
and a 20% in the PS topology. The variations of the
inductance which is in parallel with the capacitance is
associated to an incremented load voltage. However,
for the SP topology, this occurs when the secondary
inductance is increased. Under these circumstances,
the efficiency is drastically degraded for the PS
topology.

In Ref. [91], authors explained that the topologies

with a series compensated transmitter side are very

sensitive to a decreased distance between the two coils.

The change in self-inductances due to the opposite
core increases the reactive currents of the system and
decreases the power factor. Reactive currents lead to
additional losses in the system. On the other hand,
increasing the distance between the two coils does not
affect the power factor, and the efficiency remains
high. Increasing the distance between the two coils by
10 cm only slightly decreases the efficiency.

4 Converter and control for resonant topologies

4.1 Converter

Converter and control depends upon the type of
compensation topology and application of WPT
system respectively. Although most WPT systems are
based on two stage AC-DC-AC conversion, there have
been attempts to achieve direct AC-AC conversion
from grid ™. IGBT based push-pull converter '
were famous during early stage of WPT development
but due to recent advances in the MOSFET technology
for medium voltage (600-1 200 V) and an increase in
the switching frequency have made full bridge
MOSFET-based topologies as widely accepted power
[82-83] primary

topology . For series
compensation topology voltage-source converter is

converter
preferred and for primary parallel current-source
converter is preferred. However, since voltage-source
converter has been proven to be more efficient, having
higher reliability and faster

dynamic response.

Therefore, voltage-source converter is converted into

current-source converter by either operating in current
controlled mode or connecting a series inductance in
series with the DC link forming current fed topology
or connecting series inductance in primary side
forming LLC topology. Since full bridge converter
offers more control possibility it is generally preferred
over half bridge topology. At frequency range in
excess of 10 kHz-10 MHz power amplifier is generally
used. Today, there are several classes of power
amplifiers available such as class A, class AB, class C,
class D and class E. Among these, class D and class E
amplifiers are the mostly used at high frequency
because of their ability to provide a great efficiency
at such frequency ¥, Fig. 9 shows all primary side
converter topology used for WPT system transferred
high frequency power is rarely directly delivered to
the load, and a power conditioner is necessary to
transform it into DC power or controllable AC

voltage 831,
Lseries
Y
Stk Sisd St Sid
Lseries
A A
+ + E
Vdc—__t Ip CPJ_ ng Vdc_—; Ip Gy L,
B B
SZJn— Sﬂ»— Sﬂ'_ S4J>—

(a) Current fed full bridge converter (b) Voltage fed LCL converter

+
Vieerm Co Ly Vie

(c) Voltage fed half bridge converter ~ (d) Voltage fed half bridge converter

Vie =

(e) Voltage fed class D amplifier (f) Current fed class E RF amplifier

Fig. 9 Primary side converter

A power conditioner is used to maintain the
specified voltage or current to the load in the face of
changes in coupling between coils and load variation.
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The type of power conditioner used is a function of the
compensation circuit structure. It almost always
contains a rectifier, and DC-DC converter with a
smoothing output filter. When miniaturization is an
important goal for the receiver design, as in the case of
an implantable medical WPT receiver, the power
conditioner might be simplified, consisting of only the

rectifier ¢

. Apart from these the primary and the
secondary sides are equipped with all necessary
sensors and control circuits to generate the firing
signals for switches and to control transferred power.
Additionally,

installed, which add a further level of intelligence and

communication modules might be
controllability to the system. Fig. 10 shows the two
most common type converters used in WPT system.

Series compensated

secondary Rectifier with Buck converter
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(b) Boost converter for parallel compensated secondary
Fig. 10 Buck converter for series compensated secondary and

Boost converter for parallel compensated secondary

4.2 Control

Power flow regulation in WPT system can be
achieved by primary side control or secondary side

87, However,

control or combination of both
application of two controller in both primary and
secondary sides will not only increase the cost but also

881 Therefore, either

render the system less reliable
primary side control or secondary side control will be
less costly and reliable solution for a WPT system.
Both primary side control and secondary side control

can be variable frequency or fixed frequency control.

With primary control DC-DC converter after rectifier
can be eliminated but it does require a wireless
link between

secondary side to enable safe power regulation.

communication the primary and
Primary side regulation can be achieved by varying the
DC link voltage, controlling the switching frequency
or controlling the phase shift between the two legs of
the inverter (fixed frequency control).

Varying the DC link voltage will require an
additional power electronic device, for example a
DC-DC converter, which induce more losses into the
system and makes system costlier. Variable frequency
control works on the principle of maintaining zero
phase angle frequency in primary side with varying
load and mutual inductance. However, relation
between power transfer in WPT system and frequency
has found to be linear therefore deviating much from
resonant frequency or perfect tuning condition will
affect the peak power transfer capability of the system (391,
Moreover, it may also result in a loss of frequency
stability and controllability because of the onset of
bifurcation with increasing load, where more than one
primary ZPA frequency exists. Therefore, variable
frequency control should be avoided wherever
possible such as in the case of series-series topology
where compensation is unaffected by load or mutual
inductance variation. Therefore, for variable frequency
control narrow band frequency range control should be
used. There are mainly three narrow frequency-range
control techniques used for control of resonant
converters, namely asymmetric duty cycle control
(ADC), asymmetrical voltage cancellation control
(AVC) and phase shift control (PS) "%\, These three
control strategies can be used in both fixed frequency
mode and variable frequency mode. Fig. 11 shows the
switching scheme and waveform of all three control

strategies for full bridge converter.
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o AVC the reliability of the system.
1 . . . . .
S, ! Besides having unidirectional power flow there
S5 H | ‘ have been attempts to maintain bidirectional power
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Narrow frequency band control strategies

Fig. 11

However, primary side control strategies maintain
the power flow regulation by varying the primary
input voltage or primary input current which will
affect all the secondary pickup and some of the pickup
may be unable to deliver the necessary power.
Therefore, primary side control is more suited with
WPT system having only one pick-up such as for
charging applications. For multiple pick-up system
secondary side control is preferred and an additional
DC-DC converter is employed to maintain the desired
voltage and current required for the load. This allows
each pick-up to be controlled separately or even
decoupled completely from the primary. However, it

increases the cost, switching losses and compromises

flow especially in the case of electric vehicle charging
system using WPT. However how much power can be
generated by this means and how much extra cost
would be incurred in replacing the batteries need to be
taken into consideration before adopting such control
scheme. Since bidirectional power flow requires
batteries to be charge and discharge more frequently
than this

compromises the life of the battery. Besides this

unidirectional power system and
solution might work for only stationary charging
application since in the case of dynamic charging there
is little time available to consider power flow back to
the mains and it may not bring the desired benefits as

expected.
5 Comparison of resonant topologies

The two-element topologies are compared for
different PFs at different operating conditions such as
variation of load, coupling-coefficient and component

tolerances etc. Result obtained are tabled in Tab. 4.

Tab.4 Comparison of TERT
Topologies
Parameters
SS SP PS PP
Output Current source Voltage source Voltage source Current source

In sensitive to changes in

Efficiency
PSSF
RCSF
Normalized current
Equivalent impedance

Tolerance of efficiency on variable

frequency
Output power
Control alternatives
Sensitivity to distance
Pf @distance

Dependent on Load

Receiver capacitance
(Cr)
Very high
Very high
Low
High

Minimum
Lower

High
Output current
Very much sensitive
Unaffected
No

Receiver capacitance
(Cr)
Lower
Lower
High
High

Minimum
Higher

High
Output voltage
Very much sensitive
Unaffected
Yes

Transmitter capacitance
(Cr)
Lower
Lower
Low
Low

Maximum
Lower

Low
Output voltage
Less sensitive

Increases

Yes

Transmitter capacitance
(Cr)
High
Lower
Low
Low

Maximum
Higher

Low
Output currnet
Less sensitive

Increases

Yes

The power factor of the SS compensation
topology is unaffected by the increased distance. With
an increased distance the output levels increase. This

means that the topologies with a series compensated

primary side are well suited for transferring large
amounts of power over large distances. The topologies
with a parallel compensated primary side are less
sensitive to a decreased distance between the two coils
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than the topologies with a series compensated primary
side. The efficiency is increased when the two coils are
moved closer to each other. The power factor is
reduced when the distance between the two coils is
increased however, and so is the efficiency. With a
decreased distance the output levels increase. This
means that the topologies with a parallel compensated
primary side are well suited for transferring large
amount of power over small distances. The comparison
of various topologies is provided in Tab. 4.

In the Fig. 12a, the efficiency is observed against
load variation, which claims that in light load
condition, series compensation is preferable to the
parallel compensation, when the load is smaller
impedance than the impedance of compensation
capacitors, where as in parallel compensation, the
parallel impedance is dominated by the load, so the
resonant condition is weakened. In the Fig. 12b, the
efficiency is observed against coupling coefficient,
where for all topologies, for the lower value of £k,
efficiency is low and it increases with increased value
of k. The complete PFs dependency of the TERT are
tabulated in Tab.4.

T~ 5 a
08 /\>~ \\\SP S/S PP
i B S
g o6p-d B LS S—
5 T
£ 04
0.2
100 200 300 400 500 600 700
RUQ
(a) WPTSo0S vs. R
1.0 — S J—

08f =
> I -7
£ 0.6+ N \
g 04 o . .7 "Op(1): Op(PS,PP)
= l, // .
0.2
17
L QR(SPI)

0.1 0.2 03 0.4 0.5 0.6 0.7 0.8
k
(b) WPTSs VS. Ref.[18]

(e

Fig. 12 Efficiency of different topologies and of inductive

Fig. 13 shows the measurement results for the
efficiency against load resistance which are well agree
well with the values of simulated and analytical

results™.

6 Conclusions

This paper presented a thorough review of the
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I

. 08 [ SP/PP
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Fig. 13. Measurement of different topologies vs. Ry

WPT system. The paper discussed the single element
resonant topologies as well as multi element resonant
topologies. It is shown that mutual inductance, and
quality factor of transmitter and receiver are the three
most important parameters of the WPT system which
determine its characteristics. While mutual inductance
directly influences the efficiency of WPT system,
quality factor on the other hand determines the VA
rating and stability of the system. Selection of material
such as litz wire and core material has also been
discussed briefly. In addition, the paper discussed
different types of converter and control methodologies
which have been in use for WPT based EV battery
charger.
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Appendix

The design guidelines of primary and secondary
two-element resonant topologies is explained in
following steps.

1 Finding the load resistance

From Ref. [8], it can be observed that reflected
resistance (Rp) decreases during the charging process

at constant current, getting a minimum when the
battery voltage reaches the maximum voltage, and
then increases again, in a somewhat appreciable
manner, during the charging process at constant
voltage. From R, the resistance reflected at the input
of diode rectifier, i.e. the equivalent load resistance Ry
for the WPTS, is determined as

8 8V
R =—R =—-b¢ Al
L 7_[2 (0] 7_[2 PB ( )

2 Load current estimation

From Ref. [11] and formula (6), expression of the
load current, that is equal to the current in the

receiving coil, is obtained from formula (2). It is

_|A__ B
AR 22 (A2)
7[2 VR

But formula (12) can be rewritten as considering the
formula (8)~(10)

V.
I =— ) A3
L Ja)Mnl ( )

From (A2), the mutual inductance can be evaluated
taking into account an estimated efficiency of 0.95.

3 Mutual inductance and coupling coefficient

calculation

10

M :I I
"V, A9
Given the equivalent R; and the working

frequency, the specification for Qr can be easily

translated into specification for Lg by means of

formula (11) and the coupling coefficient is given by

Minaz

= ma
(1= 77,,)0:0x (A5)

4 Calculation of self-inductances

Self-inductances Ly and Ly can be evaluated as
P
LT — %
a)QRk |1s |
7]
Ly = : 5. =5 (A7)
(@O ) KLy | 1|

The compensation capacitance (Cr and CgR)

(A6)

values can be obtained for different topologies by
knowing values of Lt, Lr and @.
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