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KUNWAR ADITYA

General Motors-Automotive Center of Excellence (GM-ACE), Faculty of Engineering and Applied Science,
Department of Electrical, Computer and Software Engineering, University of Ontario Institute of Technology,
Oshawa, ON L1H 7K4, Canada

e-mail: kunwar.aditya@uoit.ca

MS received 17 June 2015; revised 1 September 2016; accepted 1 October 2016

Abstract. Characteristics of series—series and series—parallel topologies when fed from a constant-voltage
fixed-frequency supply have been studied. Characterization helps understanding the fundamentals of the
topologies and helps in selection of particular topology for a particular application. For studying the charac-
teristics a prototype of IPT coils has been developed in the laboratory. Parameters of the coil have been found
using finite-element analysis software JMAG. Characteristics have been simulated in MATLAB Simulink and
results obtained have been compared with those obtained from the hardware implementation of the character-
istic. It has been shown in this paper that series—series topology has ideal current-source characteristics and

series—parallel topology has ideal voltage-source characteristics.
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1. Introduction

In recent years wireless power transfer (WPT) for charging
of electric vehicles (EVs) has gained worldwide attention.
At the heart of this wireless power transfer is two coils
separated by air gap [1]. Way side coil, also called trans-
mitter coil or primary coil, is installed on the ground,
whereas pick-up or secondary coil is installed underneath
the vehicle. Due to the absence of any galvanic contact
between the primary and secondary, the charging process
becomes automated, convenient and unaffected by dirt,
chemicals and the weather, therefore making it robust,
reliable, safe and free from inconvenience of traditional
plugs [2, 3]. In literature this method of power transfer has
also been referred to as WPT, contactless power transfer
(CPT), contactless energy transfer (CET), inductively
coupled power transfer (ICPT) and inductive power transfer
(IPT) [4]. In this paper, the term IPT will be used hereafter
for consistency. To allow for inconsistency in the road
surface and better clearance between the road and vehicle, a
large air gap is required between primary and secondary
coils, due to which coupling is poor and leakage inductance
is large compared with mutual inductance. Therefore this
system of power transfer can be put into a loosely coupled
system as compared with transformer and induction motors,
which are classified as a closely coupled system [5].
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Poor coupling in loosely coupled systems leads to poor
transfer of power. To compensate the effect of poor coupling
and leakage inductance, capacitive compensation in primary
and secondary windings is required. For this purpose, a
capacitor can be connected in either series or parallel of both
windings giving a total of four topologies namely Series—
Series (SS) topology, Series—Parallel (SP) topology, Paral-
lel-Series (PS) topology and Parallel-Parallel (PP) topology
[6]. Since the capacitor is made to resonate with self-induc-
tance of primary and secondary coils it is more appropriate to
call it a resonant inductive coupling rather than merely
inductive coupling [7]. Resonant inductive coupling, also
called as electrodynamic induction, was used as early as 1894
by Nikola Tesla to wirelessly light up phosphorescent and
incandescent lamps at the 35 South Fifth Avenue laboratory,
and later at the Houston Street laboratory in New York City
[8]. In literature it has been suggested that the choice of
topology depends upon application. There has been research
to find out the most suitable topology for particular applica-
tions such as battery charging [9]. For example for charging
application the topology that can act as a constant current
source will be a good choice [10]. However there is hardly
any paper on characteristics of these topologies that gives
definite relation for current transfer ratio and voltage transfer
ratio of these topologies. They have been mentioned in
papers but there is no proof of concept presented [11].
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For EV battery charging, the charging process usually con-
sists of four main stages: trickle charging, constant current (CC)
charging, constant voltage (CV) charging and charge termina-
tion [12]. A CC charging stage and a CV charging stage, as
shown in figure 1, is the preferred charging algorithm for Li-ion
battery chemistry [13]. During the CC charging stage, the bat-
tery is charged at CC until the specified peak voltage of battery
cells is reached. During the CV charging stage, the charging
takes place at CV. At the end of CC charging stage, the battery
cell voltage is at the specified peak value and this voltage is
maintained across the battery cell throughout the CV charging
stage. Hence for charging application the topology that can act
as a CC source or as CV source will be a good choice.

In this paper, analysis of SS and SP topologies has been
presented using two-port network theory. From two-port
parameters, a steady state transfer function between input
parameters (i.e., input voltage and current) and output
parameters (i.e., output voltage and current) has been
established. The aim is to establish the trend of variation of
output parameters when the primary is supplied by a CV
source of fixed frequency nature. For this purpose a pro-
totype of IPT coils has been fabricated in the laboratory.
The primary of IPT has been fed from a CV source of fixed
frequency for both topologies. This paper has been arran-
ged in the following manner: in section 2, design of IPT
coils used in the analysis has been discussed; in section 3,
analysis of SS topology has been presented; in section 4,
analysis of SP topology has been presented; in section 5,
analysis has been supported by simulation and experimental
results and section 6, concludes the paper.

2. Design of IPT coils

For the proof of concept of theories presented in this paper
a prototype of coreless IPT coils has been developed in the

laboratory as shown in figure 2. In high-frequency
Current
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Figure 1. Typical charging profile of Li-ion batteries.
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Figure 2. Primary and secondary coils.

Table 1. Coils specifications.

Wire diameter: 1.2446 mm
Coil inner diameter: 1 cm
Coil outer diameter: 15 cm
Number of turns: 50
Wire diameter: 1.2446 mm
Coil inner diameter: 1 cm
Coil outer diameter: 7.5 cm
Number of turns: 25

Primary coil

Secondary coil

operation, equivalent series resistance (ESR) of wire and
therefore copper loss increases due to the skin effect and
proximity effects. To mitigate skin effect and proximity
effect, braided enamelled conductors, also known as litz
wire, can be used for making the coils. Therefore, litz wire
90/38 SPN SN (90 strands, 38 AWG each strand) has been
used to build the coils. Table | gives the specification of
primary and secondary coils.

Parameters of the coils such as mutual inductance and
self-inductance were measured experimentally and were
verified using a finite-element analysis (FEA) software
named JMAG. A simpler way of calculating mutual
inductance between two coils is by measuring the open
circuit voltage across one coil if a current of known mag-
nitude and frequency is flowing in another coil, i.e., if V.’
is open circuit voltage in a coil and ‘/,’ is the current of
known magnitude and frequency ‘w’ flowing in another
coil then mutual inductance ‘M’ is given by

M= V°C.
COI]

(1)

Self-inductance and resistance of any coil can be cal-
culated by measuring the current flowing in the coil when
an alternating voltage of known frequency is applied to
the coil [14]. To separate resistance from inductance,
phase difference between voltage and current can be cal-
culated using an oscilloscope. Experimental set-up for
measuring self-inductance of secondary has been shown in
figure 3.
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Figure 3. Set-up for calculating self-inductance of secondary
coil.

For the verification of experimental results, coils have
been modelled in JMAG software. A 3D 1/2 model using
magnetic field/frequency analysis and 2D axisymmetric
model of the coils were created and were compared with
experimental results. As mentioned in table | the diameter of
the litz wire used was 1.2446 mm and it consist of 90 strands,
each having its own insulation, due to which it was practi-
cally impossible to model each and every strand individu-
ally. To tackle this problem the coils were modelled as a
single solid region as an approximation to the litz wire and to
make current density uniform throughout the cross-section
of wire ‘allow eddy currents’ is not selected in material
settings of the coil in JIMAG. This approximation works due
to fact that litz wire makes the current density uniform
throughout the cross-section of the conductor. Figure 4
shows the JMAG model of the coils for calculating mutual
inductance between coils at 20 kHz and 25 mm air gap.

lagim Flas st B4}
e e 1 T

[§) =i

T
|H bR
i
I FE
Aol h Y
[
Mt | 3983

(a)

165

Table 2 compares the parameters obtained experimen-
tally with the values obtained through 2D and 3D IMAG
analysis at 20 kHz and 25 mm air gap.

From table 2 one can observe that self-inductance and
mutual inductance obtained with experiment and JMAG are
in close agreement. The 3D model is more accurate and
close to experimental results since magnetic flux in the
axial direction is ignored in the 2D model but it is present in
the 3D model. In this paper, experimental results were used
in the simulation.

3. Characteristics of SS topology

Figure 5 gives the IPT coils with SS compensation.

The subscripts ‘p’ and ‘s’ represent primary and sec-
ondary side, respectively. Necessity of compensation has
already been discussed in Aditya and Williamson [2, 3].
Value of primary and secondary capacitance at resonance
frequency (w,) is given by Stielau and Covic [15]

LG,

G L (2)
1
Co=op (3)

Since IPT coils are air cored they behave as a linear
transformer and therefore linear circuit analysis can be

Table 2. Parameters of coils at 20 kHz and 25 mm air gap.

2D IMAG

137.73
21.75
33.35

0.2244
0.1174

3D JMAG

140.91
22.01
32.24

0.2244
0.1174

Parameters

L, (WH)
Ls (uH)
M (puH)
R, (Q)
R, ()

Experimental

142.12
22.25
314

0.2244
0.1174
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Figure 4. JMAG model for calculating mutual inductance: (a) 3D model, isometric view and (b) 2D model.



166 Kunwar Aditya

Figure 5. SS compensated IPT topology.
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Figure 6. Two-port model of SS topology.

applied in this case. Figure 6 gives the two-port network
circuit of the circuit shown in figure 5.

The circuit inside the red box can be viewed as a two-
port network with V,,, I, as input variables and Vi, I as
output variables.

Here
= i R 4
211 joC, +joL, + Ry (4)
212 = 221 = joM (5)
= jcoL R, 6
222 joC. + JoLs + R; (6)
I =—I. (7)

Using z-parameters, equations that describe the circuit in
figure 6 can be written as follows:

Vp :Z111P+212[; (8)
Vs = 21l + 2] )
Vo= —I'Ry. (10)

Solving Egs. (8)—-(10) gives voltage transfer character-
istics (V¢/V,), current transfer characteristics (I/1,), input
impedance characteristics (V,/I,) and output current by

input voltage characteristics (I/V}). These characteristics at
any general frequency o and at resonance frequency w,
have been presented in table 3.

From table 3 two important observations can be
abstracted: first, one can observe that reflected impedance

. ‘ w*M? N
at resonance, 1.€., &jr—&
resistive. This means there is no VAR loading on primary
by secondary, when secondary is perfectly tuned. Moreover
the secondary operates at unity power factor.

Second, if winding resistance is neglected then secondary

current [ is given by

component in Z;,, is purely

Yo
|| = M (11)

From Eq. (11) one can understand that when coils are fed
from fixed-frequency constant-voltage supply then sec-
ondary current is independent of load and depends only on
mutual inductance, i.e., SS topology is simply an equivalent
ideal current source. This type of characteristics is useful in
EV’s battery charging application, for example in case of
stationary charging or in-motion charging for guided
motion such as monorail system [13]. Because of this
property, SS topology has inherent short circuit protection.
However this also means that output voltage cannot be
regulated when the secondary is open circuited—a major
drawback of this topology.
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Table 3. Characteristics of SS topology.

167

Characteristics At general frequency, @ At resonance frequency w,
. — 221 JjooM

higs Is/Ip Ri+z2 RL‘OFRs

hyss = VIV, S 17— __ JoMRL

voss Sp Rizi+znzii—2n2 RyRL+RRy+2M?
A _ 212 w:M?

Zin = Villy o - g Ry + 20

LIV, 221 JjwoM

s ¥p Rizi1+z22211 —212221 RyRL+RRy+w2M?

v

Figure 7. SP compensated IPT topology.

4. Characteristics of SP topology

Figure 7 gives the IPT coils with primary series and sec-
ondary parallel compensation.

Value of primary capacitance and secondary capacitance
for SP topology at resonance frequency o, is given by

L,Cs
C=F" s (12)
(=)
P T L
1
Co=——. 13
= L (13)

However, in the derivation of C,,, effect of primary and
secondary coil resistance has been neglected. Figure 8
gives the two-port model for SP topology shown in figure 7
in terms of z parameters.

Here, C; and R, are series equivalent of parallel C; and
R and given by

Ry
Rl=———F—— 14
1 2R C?
C :&C& (15)

2p2 (2
w*R; C?

Other z parameters are given as follows:

211 :j +jowL, + Ry

wCp
212 = 221 = joM

222 :]st + R

[ =—I (19)

1
L =Ry ++

: 2
ot (20)

Using z-parameters, equations that describe the circuit in
figure 8 can be written as follows:

Vo :lelerleI; (21)
Vo = 211, + 2ol (22)
Ve=—17. (23)

Solving Egs. (14)—(23) gives the characteristics of SP
topology. These characteristics at any frequency o and at
resonance frequency w, have been presented in table 4.

When winding resistance is neglected, reflected impe-
dance (Zg) at resonance can be derived from Z;,, expression
in table 4 and is given by

M2R,  jo,M?
T = L JWo

12 L,

. (24)

From Eq. (24) one can observe that reflected impedance
is not purely resistive but rather consists of a load-inde-
pendent capacitive reactance. This means secondary is not
operating at unity power factor at m, as opposed to SS
topology discussed previously. Moreover this capacitive
reactance will oppose the primary inductance L, causing a
reduction in Z;,. This means a larger capacitor will be
required to tune out the additional VAR loading on the
primary by secondary coil. This can also be justified by
comparing Eqgs. (2) and (12).
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Figure 8. Two-port model of SP topology.

Table 4. Characteristics of SP topology.

Characteristics At generalized frequency () At resonance frequency (@)
/’li_sp _ ]S/Ip - 21 JwoM(14jwoRLCs)
L+ RL+(Rs+jwo L) (1+jwoRLCy)

hysp = VIV, 212, joo M

v-sp s Tp 21211222211 212221 o TG,

. R .
<./w0L,,+M+%+RP> (WJrReﬂwnA) FopM?
Zin — VI 21— 212221 . 1 (u(Z,MZ(IJrijCRL)
oy Lt Ry +jooLy + 55 o + TR HooL ) (1 Hol GRL)

LV, EFE e et

s/ Vp 21211222211 —212221

. R) .
<-/(U°LP+NDICP +RP> (1+_,mJbsRL+Rs+}woLs> +w:',M2

After neglecting winding resistance and using Eqs. (12)
and (13), voltage transfer characteristics of SP topology at
resonance frequency can be simplified as

14

vpf

Ly

= (25)

hvfsp =
From Eq. (25) one can observe that output voltage is
independent of load Ry and will be constant as long as mutual
inductance M does not vary and therefore SP topology acts as
an ideal voltage source. Constant voltage characteristics are
useful in multiple outlets systems, systems that have inter-
mediate dc bus such as modern variable speed ac drives or for
multiple outlets. With a constant input voltage source of fixed
frequency, SP topology can also be used for stationary or in-
motion EV battery charging if a switched mode controller is
included in the pickup that can match the current requirement
for battery charging. As opposed to SS topology, SP topology
is not short circuit proof.

5. Simulation and experimental results
To verify the current-source characteristics of SS topology

and voltage-source characteristics of SP topology the SS
and SP topologies were simulated in MATLAB and

simulation results were experimentally verified. Figure 9
gives the circuit diagram for the circuit used in simulation
and experiment.

Table 5 gives the specification of SS and SP topologies
for simulation circuit.

Figure 10 gives the set-up for experiment. For the
experiment, compensation capacitors with very low ESR
polypropylene film type have been selected.

5.1 Current source characteristics of SS topology

To verify that SS topology behaves as a current source
when fed from constant-voltage fixed-frequency supply,
load resistance was varied in the sequence (1.24, 2.24, 3.49,
4.33,5.35 and 6.22) Q while dc link voltage of inverter was
fixed at 25 V and switching frequency was kept constant at
20 kHz. Same values of load resistance were used in sim-
ulation. Theoretical value of capacitors shown in table 5
has been used in the simulation but due to practical avail-
ability, value of capacitor used in experimental set-up was
adjusted to C, = 0.445 pF and C, = 2.7 pF. Secondary
current by input voltage (I/V,,) for simulation and experi-
ment has been plotted in figure 11.

From figure 11 one can observe that in simulation I/V, is
almost constant irrespective of the load variation. A fine
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Figure 9. Circuit diagram for simulation and experiment.

Table 5. Specification of circuit for simulation.

Circuit specification for SS topology

Ve 25V
C, 0.44558 pF
C; 2.8461 pF
fo =fsw 20 kHz
Circuit specification for SP topology

Vie 15V
G 0.56026 pF
C; 2.468 pF
fo = fow 21.5 kHz

Figure 10. Experimental set-up.

linear drop is due to winding resistance. In experiment,
drop is more because of switching losses, coil resistance
and resistance of the connecting wire. Moreover, connect-
ing wires were normal stranded wire rather than litz wire.
At 20 kHz such wire behaves as an inductor; hence tuning
deviates from ideal condition. However for Li-ion battery,
the constant current does not need to be precise and a semi-
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Figure 11. I/V, versus load resistance (Ry) variations for SS
topology.

constant current is allowed. Often, in linear chargers, the
current is ramped up as the cell voltage rises in order to
minimize the heat dissipation of the pass transistor.

5.2 Voltage source characteristics of SP topology

To show that SP topology acts as a voltage source when fed
from constant-voltage and fixed-frequency supply, load was
varied in the sequence (1.2, 2.21, 3.45, 4.57, 5.34 and 6.23)
Q while dc link of inverter was fixed at 15 V and switching
frequency was kept constant at 21.5 kHz. Due to practical
availability, values of capacitors used in experimental setup
were adjusted to C, = 0.56 pF and C; = 2.7 pF. Voltage
transfer characteristics (V/V,,) for simulation and experi-
ment have been plotted in figure 12.

From figure 12 one can observe that voltage transfer
characteristics obtained with experiment matched well with
the simulation results. A slight discrepancy in the charac-
teristics was observed, which is partially due to parasitic
resistances of coils and connecting wires and partially due to
absence of perfect tuning in secondary winding. One can
observe that V/V, ratio is almost independent of load, which
gives voltage-source characteristics to the SP topology.
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Figure 12. V(/V,, versus load resistance (Ry) variations for SP
topology.

6. Conclusion

In this paper, behaviour of SS and SP topologies when fed
from constant-voltage fixed-frequency supply has been
studied. SS topology was found to have constant-current
(CC) output characteristics whereas SP topology gives
constant-voltage (CV) output. To simplify the analysis, the
concept of two-port network has been utilized for deriving
the characteristics of circuits. Theory has been validated
using MATLAB simulation and hardware implementation.
Since CC and CV are the main charging stages, either of the
topologies can be used for EV battery charging applica-
tions. Since SS topology acts as a voltage source it requires
a rectifier with capacitive filter on secondary side; however,
SP topology, due to its CV output, will require rectifier with
LC output filter. In order to reduce the weight and volume
of the secondary side a capacitor filter is preferable [16].
Moreover, from Eq. (12), primary compensation in SP
topology depends upon mutual inductance, which tends to
vary with airgap and misalignment. Based on this discus-
sion, SS topology is recommended for EV battery charging
application. Characteristics not only establish the concept
about circuit but also help in selection of a particular
topology for particular application.

Nomenclature

Ve Primary voltage

L, Primary self-inductance
Co Primary capacitor

L Secondary self-inductance
C; Secondary capacitor

Ry, Load resistance

I, Primary current

I Secondary current

1, Output current

Vs Secondary voltage

hi-sp  Current transfer ratio of SP topology

Voltage transfer ratio of SP topology
Z; Total input impedance seen by source
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