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Abstract—Inductively coupled, bidirectional grid interfaces are
gaining popularity as an attractive solution for vehicle-to-grid
(V2G) and grid-to-vehicle (G2V) systems. However, such systems
conventionally employ a large, electrolytic dc-link capacitor as well
as a large input inductor, leading to expensive, bulky, and less reli-
able systems. Although, matrix converter (MC) based bidirectional
inductive power transfer (BD-IPT) grid interfaces have been pro-
posed as an alternative, implementation of safe and reliable MCs
in BD-IPT applications is still a challenge, owing to the absence
of natural freewheeling paths and higher complexity. As a solu-
tion, this paper proposes a new, inductively coupled, bidirectional
grid interface, without a dc-link capacitor and an input inductor,
consisting of two back-to-back connected converters. In contrast to
existing bidirectional grid converters, the proposed system employs
a simpler switching strategy with a lower switching frequency. A
mathematical model, which predicts the behavior of the introduced
system, is also presented. The feasibility of the proposed technique
and the accuracy of the mathematical model are demonstrated
through both simulations and experimental results of a 1.1-kW
prototype system.

Index Terms—DC-link capacitor, electric vehicles (EVs), grid
converters, inductive power transfer (IPT), matrix converters
(MCs).

I. INTRODUCTION

N recent years, the demand for electric vehicles (EVs) has
I risen significantly due to several reasons, such as improve-
mentin EV technologies, high fuel costs associated with conven-
tional vehicles, and increased awareness on reducing greenhouse
gas emissions. Moreover, with the emergence of vehicle-to-grid
(V2G) and grid-to-vehicle (G2V) technologies, EVs have been
proposed as energy storage devices for storage and retrieval of
energy for dynamic demand management [1]—[3].

Currently, hard-wired bidirectional grid interfaces are em-
ployed for grid integration of EVs. Although hard-wired inter-
faces between EVs and the utility grid are simple, they must be
suitably isolated to avoid the risk of shock hazards [4]. However,
they still increase the risk of electrocution, particularly under wet
environments and harsh weather conditions, such as snow and
ice, making safe use of hard-wired interfaces practically diffi-
cult. Since these particular grid interfaces are equipped with long
cables, they can also be inconvenient and inflexible [5]. In recent
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Fig. 1. Converter topologies for grid integration of BD-IPT systems (a) grid
inverter-based system (b) MC-based system.

years, inductive power transfer (IPT) has emerged as a favored
technique for supplying contactless power for a wide range of
applications [6]-[12]. In contrast to hardwired interfaces, con-
tactless grid interfaces based on bidirectional inductive power
transfer (BD-IPT) technology have shown substantial promise
as an attractive solution for V2G and G2V applications due to
their higher galvanic isolation, flexibility, and efficiencies com-
parable to hard-wired systems [9]. Nevertheless, the operating
frequencies of BD-IPT systems are typically much higher than
the utility grid frequency. Therefore, contactless grid integration
of EVs for V2G or G2V applications involves a single or mul-
tistage frequency conversion, using one or more bidirectional
power electronic converters. Furthermore, as a typical BD-IPT
system includes a sixth or eighth order, high-frequency reso-
nant network [13], control of such systems is more demanding
in contrast to traditional applications. Nonetheless, two differ-
ent types of bidirectional converter topologies that are used for
grid integration of BD-IPT systems have been reported in the
literature [14], [15].

Out ofthe two topologies reported, one that is reported in [14]
consists of a two-stage energy conversion process, using two
converters on the primary side of the BD-IPT system, as shown
in Fig. 1(a). The converter on the front end, which is referred to
as the grid inverter, is driven by high-frequency PWM signals
based on proportional-resonant or direct-quadrature controllers.
By doing so, it converts the utility grid ac voltage to a dc voltage
and maintains the converted dc voltage at a relatively constant
value. The converter on the back end, known as the IPT primary
converter, then converts the constant dc voltage at the inter-
mediate dc-link to an ac voltage at the resonant frequency, in
order to drive the resonant network. Hence, this system necessi-
tates a large electrolytic dc-link capacitor and an input inductor



WEEARSINGHE et al.: MODELING BIDIRECTIONAL CONTACTLESS GRID INTERFACES WITH A SOFT DC-LINK

Back-to-back Converter
»

Ci Cp

3529

IPT Pick-up Converter

AC Mains Low Pass

Filter

Grid Converter IPT Primary
Controller Controller

Proposed converter topology for grid integration of BD-IPT systems.

Fig. 2.

for minimizing voltage ripple at the intermediate dc-link and
reducing input current ripples, respectively. Inclusion of these
two energy storage elements makes the system bulky and more
expensive. In addition, numerous external factors such as, type
of dielectric material used, operating and storage temperatures,
contribute to determining the life time of the dc-link capaci-
tor [16], [17]. As a result, inclusion of the dc-link capacitor
compromises the reliability of the entire system [18].
Alternately, matrix converter (MC)-based bidirectional in-
ductively coupled grid interfaces have been proposed in [15].
Being a direct ac—ac converter, the MC is able to convert low-
frequency ac voltage on the grid side to a high-frequency ac
voltage at the converter output. Consequently, this eliminates
the requirement of a large input inductor, dc-link capacitor,
and the additional ac—dc conversion stage in the grid inverter-
based system as shown in Fig. 1(b). Hence, the MC-based sys-
tem becomes less expensive and more compact in comparison
to a conventional grid inverter-based system. However, current
commutation of the MC must be controlled using precise and
complex multistep commutation algorithms [19]-[21]. Thus,
the complexity of the controller of the MC-based system be-
comes significantly higher, particularly in BD-IPT applications
where high frequency, high-order resonant networks are present.
Hence, reliable and safe operation of the MC is very demanding.
This paper presents an inductively coupled, bidirectional grid
interface scheme that overcomes aforementioned drawbacks of
existing systems. The proposed system performs two-stage en-
ergy conversion using two converters, without having a constant
or stiff dc-link voltage. Therefore, it eliminates the need of a
large dc-link capacitor. Owing to the absence of the dc-link ca-
pacitor, a voltage with a large ripple, which is close to the peak
of the grid voltage, is manifested in the dc-link voltage of the
proposed system. Hence, the dc-link of the proposed system is
referred to as soft dc-link in this paper. The large input induc-
tor has also been excluded by exploiting the inherent current
source nature [9] of the parallel resonant circuit. This attributes
to a more compact, reliable, and a less expensive system in
comparison to conventional grid inverter-based systems. More-
over, in contrast to the existing systems, the front end converter
can be operated using a simple switching strategy at utility grid
frequency, with near-zero-voltage switching. The paper presents
comprehensive mathematical analyses and compares theoretical
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Controller

results with those obtained from a 1.1-kW experimental proto-
type and a MATLAB simulation model to demonstrate system’s
capability to realize regulated bidirectional power flow to/from
the grid. Furthermore, the total harmonic distortion (THD) of
the grid current, power factor, and the efficiency of the over-
all system are presented to investigate the performance of the
proposed scheme. Results suggest that the proposed bidirec-
tional inductively coupled grid interface is efficient, reliable, and
easy to implement, and suitable for contactless V2G and G2V
applications.

II. PROPOSED GRID-INTEGRATED BIDIRECTIONAL IPT SYSTEM

A schematic of the proposed grid integrated BD-IPT system
is shown in Fig. 2. The primary side of the system consists of
two converters that are connected in a back-to-back configura-
tion. The front end converter, which is referred to as the grid
converter, is directly interfaced with the utility grid. Due to cur-
rent source nature of the tuned inductor—capacitor—capacitor—
inductor (LCCL) resonant network [13], an input inductor is not
required for controlling the grid current. Therefore, the large
input inductor is eliminated. Regardless of the direction of the
power flow, switching devices S,; and S, remain ON dur-
ing the entire positive half of the grid voltage, whereas, during
the negative half cycle of the grid voltage S)» and S),3 remain
ON. However, this requires precise detection of zero-voltage
crossings of the utility grid voltage, but measuring voltages ac-
curately near zero is practically a difficult task. To make the
situation worse, incorrect detection of zero-voltage crossings
can lead to a phase-to-neutral short circuit through the grid con-
verter. Hence, safe and reliable operation of the grid converter is
performed based on two voltage limits, AV + and AV — , which
are slightly above and below zero of the utility grid voltage, re-
spectively. When the grid voltage is within AV + and AV —, a
deadband, during which S,,; — S),4 are turned OFF as shown in
Fig. 3, is introduced. Thus, the utility grid supply is completely
disconnected from the BD-IPT system, during the deadband.
When the grid voltage, Vyyiq >AV + and Vg <AV —, the grid
converter is said to be in normal operation. Due to the switching
of S,1 — Sp4 as shown in Fig. 3, a dc voltage with a ripple of
Vin is formed in the dc-link, where V4, is the peak of the utility
grid voltage. Thus, the grid converter functions as a rectifier at
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utility grid frequency when the power flows from the grid to the
EV, while it operates as an inverter when the power flow is in
reverse direction, i.e., from the EV to the grid.

The IPT primary converter in Fig. 2 is employed for convert-
ing the dc voltage across the soft dc-link into an ac voltage at
resonant frequency. Switching devices S5 and Sy of the IPT
primary converter are switched at the resonant frequency fr,
with a duty cycle of 50%, to generate a square wave voltage V,,,
as shown in Fig. 4. In order to generate V), S,7, and S5 are
operated at f7 with a 50% duty cycle but with a phase delay
with respect to V,,,, which is referred to as the primary phase
modulation. Due to the difference between V,,, and V,;, an ac
voltage V),; at fr manifests at the output of the primary IPT
converter, and the effective value of V),; depends on the primary
phase modulation. Subsequently, V),; produces a current I,,; in
the primary winding L,, which is loosely coupled to the pick-up
winding L,. The IPT pick-up converter in Fig. 2 is also oper-
ated using the same principle, but with a relative phase shift 6
with respect to V,;, as illustrated in Fig. 4. This converts the

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 7, JULY 2015

AV+

AV-

¢14

Fig. 5. Regulation of primary phase modulation ¢ with grid voltage.

dc voltage V,t, which represents an EV for simplicity, to an
ac voltage V;; at the same resonant frequency fr. As a result,
a current I, in the pick-up winding L, is generated. Contact-
less power transfer takes place across the air gap between the
primary and the pick-up windings due to the mutual coupling
between them, and the relative phase angle between I, and I,
which essentially depends on 6, determines the magnitude and
direction of power flow. In order to maintain the power factor of
the system near unity, the relative phase angle 6 is maintained
at +90° [9], and hence, the regulation of power is accomplished
by controlling the pick-up phase modulation ¢-.

Furthermore, as the grid converter disconnects the BD-IPT
system from the utility grid during the deadband, it is essential
for the primary IPT converter to interrupt the flow of energy
from/to the soft dc-link to prevent an undershoot or overshoot
of the soft dc-link voltage during this particular time frame.
Therefore, the primary phase modulation ¢, is retained at 0°
and, consequently, the IPT primary converter short circuits the
primary LCCL resonant network to decouple it from the pick-
up. Hence, no power transfer takes place between the primary
and the pick-up systems during the deadband. In order to reduce
grid current THD, the technique reported in [22] for MC-based
grid connected BD-IPT systems, has been adopted in the pro-
posed back-to-back converter (BTBC)-based BD-IPT system.
This technique basically modulates I,,; by controlling primary
phase modulation ¢y, so that grid current I,,iq gets modulated.
For that reason, ¢ is linearly regulated with the phase of Viq
as shown in Fig. 5, where t; represents the duration of the
deadband, and Vj,iq = Vipsin(wyt). Moreover, to prevent the
injection of high-frequency harmonic currents to the grid, a
small low-pass filter as shown in Fig. 2 was employed between
the grid converter and the utility grid.

III. MATHEMATICAL MODEL

Due to the operation of the grid converter, a dc voltage of
Vin |sin (wp t)] is produced across the soft dc-link, where wy,
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Fig. 6. Reduced LCL network.

represents the frequency of the utility grid voltage. Hence, the
IPT primary converter produces an ac voltage at its output,
which can be given by

o0

4 1
Vyyi = Vi [sin (wr t)| . Z - cos (nwrt) sin (nQﬂ) (1)

n=1,3...

where wris the angular resonant frequency.
Furthermore, an expression for the variation of ¢; can be
o0
T 4 —1):
UL e
2w ny

developed using Fourier series as
T
sin {inwL (t — 8L) }]
ny=1,3,...

0o (=DMt ( m)
4t 2 sin (4nom
(1_ d)+ BTN e
T ezl X cos {Qnng ( — —Tf )}

The output voltage of the pick-up converter can also be de-
rived as

ny-1

_ 4 =1 . (NP
VSZ—Vout; Z Ecos(ant—i—nH)sm(T). 3)

n=1.3...

In order to simplify the LCCL network shown in Fig. 2, the
equivalent impedance Z,; of L, and C, at an angular fre-
quency w can be defined as Z,;, = Lyw — 1/wC,. Z,, is in-
ductive for the frequencies considered in this paper and hence,
Lyw=Z, = L,w—1/wC, where L, represents the equiv-
alent inductance of L, and C,,. Therefore, L,; can be written
as

1
=171,

L e

pt “4)
Similarly on the pick-up side, L and Cs can be reduced by
defining another equivalent inductor Lg;, which is given by

1

Lsf, :Lsfqu

(&)

Therefore, the LCCL network can be reduced to an inductor—
capacitor—inductor (LCL) network, as depicted in Fig. 6. The
mutual coupling M between L, and Ly can be expressed as
M = k\/L,L,, where k is the coefficient of coupling. There-
fore, the induced voltages V,,, and Vi, of the primary and the
pick-up networks can be derived as follows:

Vor =
‘/;7‘ =

Jw My (6)
jw My, 7)
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The currents I,,;, Iy, I, and I, for an LCL network are
derived in [13] as given below

I Z ]
I, = 1 " Zp +]w Lpt + T'pt
TR I jwMZ,
ot (ZZ) +jWLpt + Tpt) (Zs +.7w Lst + rst)_
(8)
Z, 1
I 1 out Zs + jw Lst + Tst
UK i JwMZ,
" (Zp+gw Lpt + 1) (Ze+ jw Lot + 7st) |
©)
1
I, = : L 2y + Vi 10
p Zpr +j(.d Lpi +Tp1 [ p P p ] ( )
1
I.si - 3 [_Iersr + Vvsz] (ll)
Zsr +.]w Lsi + 7
Vii Vi
where [, = —2X—— L= —F—0, Iy =
Tpi +]w Lpi Tsi +.7w Lel
Jw M jw M
‘7]5& st — T 1 . Apts
Jw Lpt + 7’pt ]WLst + Tst
7 - jWLp’zﬁ + Tpi
g 1- WQLpiCpt + jwcptrpi ’
7 _ Jw Lgi +1s;
1 — w2 Ly Cy + jw Cg7; ’
7 Jw Lpt +
P 1 —w2Lptht +]w Cvpzfrpt7
7 Jw Lt + 1
. 1- WQLst Cst + jw Cstrst
2M2
and K =1+ -

(Zp +.jWLpf, + Tpt) (Zs + Jw Ly + Tst)

Furthermore, the current /;, which flows from the grid con-
verter to the IPT primary converter can be deducted from I,,;,
based on the operation of the switching devices of the IPT pri-
mary converter as

ij, if Sp5 and Spg ON
_Ip’[) if Spﬁ and Sp7 ON
0, if Sys and S,7 OR Sy and S,s ON.

Thus, 4. can be written as a product of /,; and a function
Sorimary (t) that represents the operation of the IPT primary

Idc =
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converter. According to Fig. 4, fyrimary (t) is a function that
follows the exact shape of V,,;, however, with a unity magnitude.
Therefore

4 ad 1 AL
fprimary (t) = — Z — COS (ant) Sin (7) . (12)
& n=1,3,5... n 2
Hence, I is given by
Idc = Ipi X fprimary (t>

=12 > Lcos(nwrt)sin (£L).
n=1,3,5...

13)

Similarly, the current [;,, drawn by the grid converter can be
expressed as

Id(n if Spl and Sp4 ON
(during positive half cycle of Vgyiq)

—Idc, if sz and Spg ON
(during negative half cycle of Vgiq)

0, if Sy — S,4 OFF
(during deadband).

Let I, be the current drawn by the grid converter when 5,
and S, are turned ON. Therefore

4 - 1 . (NPl
Lt = loe = Iyi— - fsin (Z21). (14
+ =14 pi ,_;5 — cos (nwyt) sin 5 (14)

From (10), (14) and substitution of expressions for I, and
Zpr

Iin+ =

|: 1-— WZLptht + jwcptrpt ]
JwLpt +1pt + (JwLpi +7pi) (1 = w? Lyt Cpr + jwChpirpt)

|: —jwM I (jwLpt + 7p¢)
(JwLpt +1pe) (1 — w? Lyt Cpt + jwCpitpt)

% cos (nwrt) sin <n<2m> 1

From (15) and by analyzing the capacitor—inductor—capacitor
(CLC) network of the low-pass filter, an analytical expression for
the grid currents, drawn by the system during the positive half
cycle of the grid voltage, can be derived. However, it is a tedious
procedure due to the complexity of (15), which can be simplified
assuming that resistances 7, i, 7, and 7, of primary and

+ V}n‘]

4 o0
X l” Z (15)

n=1,3,5...
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pick-up LCL network are negligibly small. Furthermore, both
the primary and the pick-up LCL networks are tuned to the
resonant frequency fr, and hence

1 1 1 1
2 2
“r ( ﬂ—fT) LpiCpt Lptcpt LsiCst LstCst
(16)
Therefore, (15) can be simplified as
4 M =1 (1
Ly = —= 1, = t (—) 17
" - " n:;5 - cos (nwrt) sin 5 17)

Similarly, (9) can also be simplified to

J
Iy = ———V,. 18
st st,,;V (18)
Substituting (18) and (3) in (17) results in
16 M
Iin = 77%u
T RwLly Ly ™M
= 1 . [(N1P2
- t 40 ( )

— 1 (M2
X Lz;&“ ~, cos (nngt)sm( 5 )1 . (19

Nevertheless, due to the low-pass filter, higher order fre-
quency components of [;,; will be filtered out from the grid
current Iy,iq. Therefore, only the fundamental frequency com-
ponent of Ij,; will be considered henceforth. Consequently,
(19) can be reduced to

éiM sin (ﬂ) sin (ﬂ) )74
72 wTLleLS,L' 2 2 out

X [cos (9 + g) + cos (Qth +60+ g)] (20)

Iin+ =

— _ 1
where Ly 1 = L, FETent

From (20), it can be observed that [;,, . only depends on V¢,
out of the input parameters of the system. As V,, is a constant
dc voltage, I, can be treated as a current source. If the current
drawn by grid converter during the negative grid cycle is [;,,_,
then ;,_ = — I, . Hence, [, can be written as

Iin = lip4+ X fgrid (t) (21)
where
1, if Vgrid >0 0
nd(t) = =4 Lsin (nwpt).
fg d( ) { _17 lf V;{rid < 0 B n:;?).“ " ( t )
From (20) and (21)
8 M . (P11 . (P2
hom S (2 e (2) Ve
= o1 LT sin 5 sin > Vout

X [cos (9 + g) + cos <2th + 6 + E)}

2
X [i Z lesm(m%t)]'

n=1,3...

(22)

As I, is a current source, the entire system can be reduced to
Fig. 7. From Fig. 7and by analyzing the dc component and the
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ac component of [;,, separately, the current /,,;q drawn from the
grid can be deducted as
Co

Ly = jVisawy, | —— 22—
grid JVeridwWr <l—wL2Lfo2

+ Cfl)

1 cos (Zth + 60+ g)

1-— szLfoQ

X [i i ;sin(nth)]

n=1,3...

1) cos (9+%) +
_|_

(23)

8 M (P11 . (P2

71'2 wTLthLsi %ut St ( 2 ) St ( 2 )
Moreover, it can be realized that only the dc component of

I1iq contributes to active power flow. Therefore, the active

power P, drawn by the system over a half cycle at grid fre-

quency can be written as

where 1) =

T

I~

T
P, = E / ‘/grid’(/)avg COS (9 + §)dt
0
T
2
2 . T
= — [ Vinsin(wrt) Yavg cOS (9 + f)dt (24)
T, 2
0
8 M . P1avg . ¥2
where  uy, = ﬁm%m sin ( 5 ) sin (;)

and @1 .y, 1s the average of the primary phase modulation over
47

T
2 (20 =L _
- (TLtd+7T> ( 1 td>.

Ty, /2 given by Plavg = T
Therefore, (21) can be simplified to

21,y Vinsing

By = (25)

™

From (25), it can be learnt that the power flows from the grid
to the pick-up for negative values of 6 whereas EV supplies
power to the grid for positive 6 values.

IV. CONTROL SYSTEM

An open loop control system is introduced to the pick-up side
to control the magnitude and direction of the power flow of the

proposed system. The block diagram of the pick-up controller is
presented in Fig. 8. Based on the amount of power required, the
corresponding pick-up phase modulation , can be calculated
using (25) for § = £7/2, and set as the reference pick-up phase
modulation ¢ ..t for the pick-up controller. For power flow
from the primary to the pick-up, ¢s ¢ should be positive, while
for power flow from the pick-up to the primary, (3 ;.r should
be set as a negative value. Therefore, o3 ¢ varies between 0
and 7 radians for power flow from the primary to the pick-
up with § = —7/2, whereas it is confined between 0 and —7
radians when the power flow is from the pick-up to the primary.
To ensure a smooth transfer of the set point from one value to
another, ¢ o is passed through a rate limiter with a predefined
value. The absolute value of the rate limited o2 ;¢ Occurs to be
the pick-up phase modulation for the IPT pick-up converter, as
seen from Fig. 8. Furthermore, the phase angle of the primary
converter output voltage V),; is employed as an input to the pick-
up controller to accurately maintain the required phase shift
0 of the pick-up output voltage. The resulting pick-up phase
modulation ¢, is then divided into —¢5/2 and @5 /2 on the
time axis, and each pair of switches are operated as expounded
in Fig. 8.

V. RESULTS
A. Implementation and Converter Operation

In order to validate the proposed scheme as well as the math-
ematical model, a 1.1-kW BTBC-based BD-IPT system was
designed and simulated in MATLAB. Moreover, a prototype,
which is shown in Fig. 9, was built and tested under laboratory
conditions. The grid converter, constructed with a Microsemi
APTGF30H60T1G full-bridge IGBT module, was connected
to the utility grid with a small low-pass filter at the front end.
The output of the grid converter was connected to the IPT pri-
mary converter. An unpolarized small capacitor of 33 nF was
employed in the dc-link to suppress high-frequency differential
mode noise. For primary and pick-up windings, DD IPT pads
were used with an air gap of 150 mm between them. The input
of the IPT pick-up converter was connected to an active dc load
with a 200-V power supply across it. Both the IPT primary and
the pick-up converters were constructed with Fairchild Semi-
conductor HGTG12N60A4D IGBTs, and they were operated
at a switching frequency of 20 kHz, which was the same as
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Fig. 9. Experimental setup of grid integrated BTBC-based BD-IPT system.

TABLE I
PARAMETERS OF THE PROTOTYPE BD-IPT SYSTEM

Parameter Value
Vin (Peak Grid Voltage) 325V
Vout 200 V
Ly; and L; 99 nH
L, and L 155 pH
Oy and Cyy 0.66 uF
C, and O 1.16 uF
rpi and 7y 12 mQ2
rpe and gy 30 mQ2
Ly 80 uH
O 33 uF
CfQ 4.92 ,LLF
k 0.32
Air gap 150 mm
fr 20 kHz
Grid frequency 50 Hz

the resonant frequency of the LCCL network. A complete list
of circuit parameters of the prototype system are provided in
Table I. The switching algorithms for the grid converter, the IPT
primary and the pick-up converter were implemented on a Texas
Instruments TMS320F28335 Digital Signal Controller (DSC).
A software phase-locked loop (PLL), which can synchronize
with the grid voltage, was also implemented on the DSC. Based
on the phase output of the PLL, switching signals to drive the
converters are produced by the DSC.

The gate driver voltages and switch voltages across .S),; and
Sp2 of the grid converter are depicted in Fig. 10 together with
the voltage of the soft dc-link to demonstrate near zero-voltage
switching of the grid converter experimentally. As the wave-
forms of 5,3 and Sy, are similar to those of S,; and S, re-
spectively, with a phase shift of 180°, they are not provided here.
As evident from Fig. 10, from ¢ = 0 to ¢ = 1 ms, the voltage of
the utility grid is close to zero. Thus, the grid converter remains
at its deadband operation by turning OFF all its switches. It can
be seen from Fig. 10 that the voltage across S, also remains
nearly at zero during the deadband. At ¢ = 1 ms, after the dead-
band period is elapsed, a gate voltage of 13 V is applied to .S,
to turn it ON. Hence, near zero-voltage switching occurs with
Sp2 at t = 1 ms. Sy3 is also turned ON at the same time, and
therefore, a voltage that is equal to the grid voltage but opposite
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in sign is resulted across the dc-link V.. Moreover, as )2 turns
ON, the voltage across the dc-link is applied across S,; during
this time frame, as shown in the Fig. 10. At ¢ = 9 ms, the con-
verter enters the deadband again, where S, and 5,3 are made to
turn OFF by applying a zero voltage to the respective IGBT gate
terminals. Consequently, the voltage across S,» should ideally
start increasing. However, IGBTs essentially have a capacitance
between the collector and emitter terminals. Therefore, .S, re-
tains its previous voltage after it is turned OFF, as there is no
discharge path for its collector—emitter capacitance during the
deadband. Hence, the voltage across S, also remains constant
at V. until the polarity of the grid voltage reverses at ¢ = 10
ms. Moreover, since the IPT primary converter is essentially
disconnected from the dc-link during the deadband, the small
capacitor at the dc-link retains its voltage over the deadband, as
evident from Fig. 10. At £ = 10 ms, with the reversal of grid
voltage, S, and S),3 become reverse biased, and thus, voltages
across S, and Sy9 start to gradually decrease and increase, re-
spectively. When the grid voltage is very close to the voltage at
the dc-link, .Sy, is turned ON along with S,4. As a result, near
zero-voltage switching occurs with S, at ¢ = 11 ms. Similarly,
Sp3 and 5,4 are also switched only when their respective volt-
ages are near zero. Moreover, the collector—emitter capacitance
of Sy and S,y are found to be slightly higher than that of .S,
and Sy,3. Therefore, similar to S,2, Sp4 also retains its voltage
at zero after it is turned OFF and, hence, the overall shape of
the voltage waveform of S),1 (or S)3) slightly differs from that
of 5,2 (or Sp4).

Fig. 11 presents the experimental voltages of V., V,5, Vji,
and V;; over a period of 250 pus. As explained in Section II,



WEEARSINGHE et al.: MODELING BIDIRECTIONAL CONTACTLESS GRID INTERFACES WITH A SOFT DC-LINK

g 400
c
F’I N H_
g Op
>
. 0 100 150 250
S 400 T
1 ﬂ ;
o
3 <>
2 0 I
> ;
0 50 10 150 2 250
< 400

0

-400 :
50 i 100 150 200 250
2 200f ' 0 : : ]
(D '
>w —200 [~ - " " "
0 50 100 150 200 250
Time (us)
Fig. 11. V},4.Vp4.Vpi, and Vi; (experimental).

both V,,, and V}; are square wave voltages with magnitudes
equal to the dc-bus voltage. The phase delay between V), and
Vip, which is essentially the primary phase modulation ¢y is
about 15 ps, which corresponds to a phase shift of 108° at an
operating frequency of 20 kHz. Due to the difference of V,,, and
Vi, the output voltage V,,; of the primary IPT converter, which
drives the LCCL resonant network, is manifested as shown in
the Fig. 11. Similarly, Vj; that holds the same frequency as V),;
is produced by the IPT pick-up converter on the pick-up side.
According to the Fig. 11, the relative phase angle 6 is about
—90° for transferring power from the primary to the pick-up.

In order to demonstrate the validity of the proposed system
and the mathematical analysis, the system was tested under three
test cases as shown below:

1) forward, full power operation: system delivers its maxi-
mum power from the utility grid to the active load;

2) forward, half power operation: system regulates the
power flow to half of the maximum power and delivers it
from the utility grid to the active load;

3) reverse, full power operation: system delivers its maxi-
mum power from the pick-up to the utility grid.

B. Forward, Full Power Operation

Theoretical, simulated, and experimental results showing
steady-state output voltage V,; of the BTBC, output current
1,,; of the BTBC, output voltage V;, and output current I; of
the IPT pick-up converter over a 150 ps period are illustrated
in Fig. 12. Theoretical waveforms were obtained using the pro-
posed mathematical analyses up to the 50" harmonic. Although,
Vpi in Fig. 12(a)—(c) vary with the utility grid voltage according
to (1), results were captured when the grid voltage was at its
maximum of 325 V. Hence, the primary phase modulation ¢ is
also at its maximum of 7 radians, as evident from Fig. 12. For
the forward power operation, the IPT pick-up converter is oper-
ated with a relative phase angle 6 at —m /2 according to (25), and
as a result, V,,; leads Vy; by 90°. Furthermore, in order to have
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maximum or full power operation, pick-up phase modulation is
maintained at 7 radians. The output current [,; of the BTBC
is in phase with the output voltage V),;, and this leads to unity
power factor operation of the primary. V;; and I, are displaced
by 180° and, hence, the pick-up system also operates at unity
power factor, but with current flowing in the reverse direction
into the active load.

Fig. 13 depicts the grid current of the system, obtained using
the mathematical model, simulation model, and the experimen-
tal prototype over a period of 40 ms. As expected from (23),
the grid current remains close to zero during the deadband, and
closely follows a shape of a sinusoidal waveform during normal
operation. Furthermore, it is in phase with the utility grid volt-
age, making power factor of the overall system close to unity. As
observed from Fig. 13(c), I,,iq gathered from the experimental
prototype is around 5.3 A, which is slightly higher than that of
obtained from both the mathematical model and the simulation
model. Hence, the experimental system draws an average power
of approximately 1.2 kW from the utility grid, while both the-
oretical and simulation models draw only about 1.1 kW. This
discrepancy could be attributed to resistances of inductors and
semiconductor losses of converters. Nevertheless, theoretical,
simulated, and experimental results, shown in both Figs. 12 and
13, appear to be in good agreement with each other. As a result,
the validity of the proposed mathematical model is verified for
forward, full power operation.

C. Forward, Half Power Operation

In order to demonstrate system’s capability to regulate the
amount of power transfer, the pick-up phase modulation ¢s has
been decreased to /3, while maintaining the relative phase an-
gle 0 at —m /2 for forward power flow. The resulting theoretical,
simulated, and experimental waveforms for V,;, I,,;, Vy;, and
I,; are portrayed in Fig. 14, and grid current I4,iq along with
grid voltage V,iq are depicted in Fig. 15. The duty cycle of V;
has dropped to 33% as predicted by (3), due to the reduction
of o to m/3. According to (23), the grid current has a small
reactive current component mainly drawn by the low-pass filter,
and it does not depend on 5. Thus, the grid current drawn by
the system in half power mode is slightly higher than 50% of
the grid current drawn by the system at full power mode, as
evident from Fig. 15(a)—(c). Nevertheless, the average power
drawn by the system is dropped by half of system’s full power
rating, according to (25). Therefore, this verifies the capability
of the proposed system to regulate the magnitude of power flow
by controlling the pick-up phase modulation s .

D. Reverse, Full Power Operation

Theoretical and simulated results are plotted along with ex-
perimental results in Figs. 16 and 17, when the proposed system
is operated with a f of /2 and 5 of 7 radians, in order to sup-
ply the maximum power to the primary or the utility grid from
the pick up. In comparison to Fig. 12, V,; and I,; in Fig. 16
are out of phase by 180°, whereas, V;; and [; are in phase.
The direction of grid current in Fig. 17 is reversed in contrast
to Fig. 13, although the magnitude remains approximately the
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Fig. 14.  Waveforms of IPT primary and pick-up converters at 2 = 7/3 and § = —7 /2 (a) theoretical (b) simulated and (c) experimental.

same, as expected from (23). Thus, the system delivers about
1 kW on average to the utility grid, adhering to (25). Consistency
of theoretical, simulation, and experimental results presented in
both Figs. 16 and 17 verifies the accuracy of the mathematical
model for reverse power flow as well.

E. Dynamic Performance

The performance of the proposed system under transient con-
ditions was also tested and the experimental results are presented
in Figs. 18 and 19. Fig. 18(a) portrays a situation, where the mag-
nitude of the power flow is reduced by decreasing the pick-up
phase modulation ¢s. Over the first 500 ms, the system draws
about 1.1 kW from the utility grid at a ¢ of 7 and 6 of —7m/2

radians, for forward power flow. At ¢t = 500 ms, the reference
pick-up phase modulation ¢ e in Fig. 8 is set to 7/3 to reduce
the amount of power transfer, and hence, (5 starts to decrease at
a predefined rate of 47/3 rad/s until it reaches the value of the
new set point at t = 1000 ms. The new set point of ¢ yof = 7/3
corresponds to previously discussed forward, half power oper-
ation of the system, and therefore, it draws only about 650 W
from the utility grid as expected.

The experimental results obtained from the prototype, when
the direction of the power flow was reversed are depicted in
Fig. 18(b). From ¢t = 0 to t = 500 ms, 2 .t and 6 are set to
—27 /3 and 7 /2, respectively, for reverse power flow. Thus, the
system supplies about 950 W from the pick-up to the utility grid
which is depicted as a negative power in Fig. 18(b). At ¢ = 500
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ms, 2 ref i given a new set point of 27/3 for forward power
flow. As a result, the pick-up phase modulation ¢4 slides down
to zero at a rate of 47 /3 rad/s until it reaches zero at 1000 ms.
As 9 reduces, the power supplied by the pick-up also reduces
proportionally. When 5 reaches zero, the power drawn by the
system from the pick-up becomes very small, which is too low
to supply the losses incurred by the primary side of the system.
Hence, the primary side starts to draw power from the grid just
before 1000 ms, where 0 is set to —7 /2 for forward power flow.
Consequently, @9 starts to increase again at the same rate until
it reaches its final value of 27/3 radians at t = 1500 ms. The
power drawn by the system should ideally be about 950 W, but
it draws slightly over 1 kW due to losses of the system.

Fig. 19 illustrates a magnified view of the grid currents along
with the grid voltage for a situation, where the power flow is
reversed. Initially, the grid current is out of phase with the grid
voltage by 180° and, hence, the pick-up is supplying power to
the grid. The phase angle between the grid current and the grid

voltage gradually decreases with time and becomes almost zero
around ¢ = 400 ms in order to supply the power from the grid
to the pick up. Moreover, the magnitude of the grid current
also reduces as o reduces until 0 is reversed around 200 ms.
However, due to the losses and the input filter, the magnitude of
the current does not reach zero.

FE. Total Harmonic Distortion and Power Factor

Using the prototype, harmonic magnitudes of the grid current
Iy1iq as a percentage of fundamental are calculated, and plotted
in Fig. 20 up to the 20" harmonic, when the system is delivering
power to the active load at a @9 of m. As evident from Fig. 20,
the third and seventh harmonic of the grid current is about 7%
and 4% of the fundamental, respectively, whereas, all the other
harmonics have a magnitude below 4% of the fundamental.
According to Australian Standards (AS 4777.2-2005) the limit
for third, fifth, seventh, and ninth harmonic of the grid current
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is defined as 4% of the fundamental. Therefore, third harmonic
content of the grid current slightly exceeds the limit set by the
standards. However, third harmonic content of the grid current
can be reduced by optimizing the modulation strategy and also
by minimizing the deadband, which contributes to distortion of
the shape of the grid current near zero.

Fig. 21 illustrates the THD of the grid current of the ex-
perimental prototype up to the 50" harmonic against ¢y, for
both forward and reverse power operations. As the amount of
power transferred is relatively low, ¢, values below are not
considered. As observed from Fig. 21, the grid current THD
for both forward and reverse power operation decreases with
(2. As the current [;, drawn by the grid converter decreases
as o decreases, according to (22), the reactive current that is
independent of ¢, becomes more apparent for lower values of
2. Therefore I,,iq, which consists of I, and reactive currents
drawn by the low-pass filter, gets more distorted as (9 decreases.
Thus, the grid current THD displays relatively higher values for
lower 9. Moreover, in a practical system, the values of tuning
capacitors and inductors are subjected to change slightly, due
to factors such as component tolerances and temperature vari-
ations. Therefore, the resonant networks get detuned by a very
small scale. In such a scenario, the input impedance of the sys-
tem seen by the IPT primary converter is slightly inductive or
capacitive, and depends on relative phase angle 6, as described
in [13]. Hence, the grid current essentially has a very small, but
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different reactive current components for forward and reverse
power operation. As a result, the values obtained for grid current
THD in Fig. 21 for forward and reverse power flow deviate from
each other by a very narrow margin, though they are expected
to be the same for an ideal system.

The overall power factor of the system, experimentally mea-
sured from the grid side, is presented against ¢, in Fig. 22 for
both forward and reverse power flow. As previously mentioned,
though the magnitude of the active power drawn or supplied
by the system decreases with a reduction in -, the magnitude
of the reactive power drawn by the system, remains the same.
This leads to a slight dip in the system power factor below 0.96
for lower @9 values, especially for o below 27 /3 radians, as
observed in Fig. 22. Nonetheless, for either direction of power
flow, the system generally displays a power factor very close to
unity, throughout the range of 5 considered here.

G. Efficiency, Losses, and Reliability

The overall efficiency of the system from the utility grid
to the output of the IPT pick-up converter was calculated and
illustrated in Fig. 23 for both directions of power flow. The
average voltage across the soft dc-link of the proposed system
is lower than that of a conventional system with a stiff dc-
link, as the soft dc-link of the proposed system operates with
a large voltage ripple. Therefore, the IPT primary converter of
the proposed system draws a higher average current to transfer
the same amount of power as in a conventional system. This
results in comparatively higher semiconductor losses in the IPT
primary converter as well as higher copper losses in the series
inductor L,,; and in connecting cables. Hence, a slight reduction
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TABLE II
THERMAL RESISTANCES OF CONVERTERS

Converter Thermal Resistance (°C/W)
Grid Converter 0.7
IPT Primary Converter 1.2
IPT Pick-up Converter 0.9

in the overall efficiency is expected with the proposed system.
Nevertheless, the system displays a consistent efficiency that
approximately equals to 87%, when ¢, is above 7 /2 radians for
forward as well as reverse direction of power flow.

It is important to gain an insight into the losses of the sys-
tem, to explain the efficiency of the proposed system. Although,
both semiconductor and copper losses of the BTBC-based BD-
IPT system can be expressed analytically, it is a tedious proce-
dure due to the complexity of the current expressions given in
Section III. Furthermore, measuring the losses accurately us-
ing the prototype is also a difficult task due to inaccessibility
of some of the required measurement points in the circuit lay-
out. However, the semiconductor loss P,,ss of a converter is
generally related to the temperature rise of its heat sinks as

Ty — Ty
Rt h

where Ty, Ty, and Ry, denote the steady-state temperature of
the heat sink, ambient temperature, and the thermal resistance
of the heat sink, respectively.

In order to measure the thermal resistance of the heat sinks
of the grid converter, both the inputs and outputs of the con-
verter were disconnected, and then the input was supplied with
a current limited dc source while maintaining S,1 — S,4 at ON
state. By measuring the steady-state temperature of the heat
sink, ambient temperature and the power drawn by the grid con-
verter, the thermal resistance Ry, 4riq of the heat sink of the
grid converter were calculated using (26). Similarly, the thermal
resistances I%;j, prim and IRy pick of the heat sinks of the IPT
primary converter and the IPT pick-up converter were calcu-
lated, respectively, and shown in Table II. Hence, by measuring
the steady-state temperatures of the heat sinks of each converter,
semiconductor losses of each converter can be estimated using
(26). Furthermore, copper losses P., of the system can also be
given by

R:u = Rn -

By = (26)

(Pout + Pgrid + Pprim + P)])i(:kfup) (27)

where P;,, = power input of the system, P,,; = power output
of the system, F,,iq = semiconductor loss in the grid converter,
PByrim = semiconductor loss in the IPT primary converter, and
Pyick—up = semiconductor loss in the IPT pick-up converter.
As observed in Fig. 23, the difference between the efficiency
for the forward power operation and that for the reverse power
operation is less than 1% for the majority of the focused opera-
tional range. Therefore, both the semiconductor and the copper
losses incurred by the system for forward and reverse power
operations can be assumed approximately the same. Hence, the
losses were calculated only for forward power operation of the
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system. Variation of the estimated semiconductor loss of each
converter and the total estimated copper loss of the system as a
percentage of the input power against the pick-up phase modula-
tion 9 are presented in Fig. 24. Out of the three converters, the
grid converter accounts for the minimum losses as expected due
to its lower operating frequency and near zero-voltage switch-
ing. The current I,; drawn by the IPT primary converter is a
function of ¢y, whereas I;; drawn by the IPT pick-up con-
verter is independent ¢y of as evident from (3) and (8)—(11).
Therefore, for lower 5 values, I,,; is lower than I;, and hence,
the IPT primary converter generates lower losses than the IPT
pick-up converter, though, both of them are operated at the same
switching frequency. The semiconductor losses incurred by each
converter are much lower than the copper loss of the system.
The higher copper loss is caused by the resistances of connect-
ing cables and inductors of the resonant network. By optimizing
the hardware design, copper losses associated with connecting
cables can be reduced and, hence, the efficiency can be made
slightly higher.

Furthermore, the reliability of the semiconductors of a given
converter is significantly influenced by junction temperatures
of the semiconductor devices used. However, junction tempera-
tures of the semiconductor devices are proportional to the losses
incurred by them [23]-[25]. Thus, it can be understood that the
semiconductor devices of the grid converter of the proposed
system hold a higher reliability than those of IPT primary and
pick-up converters as the grid converter incurs the least semi-
conductor losses over the focused operational range.

H. Discussion

In order to justify the suitability of the proposed system, it
is important to make a comparison of it with existing systems.
In the literature, the experimental efficiency of a grid-connected
BD-IPT system that has been employed for EV charging appli-
cations is not reported yet. Nevertheless, the overall efficiency
of a recently reported dc source-based BD-IPT system are dis-
cussed in [13]. The IPT primary converter as well as the pick-up
converter of these systems are supplied with a constant dc volt-
age which is generated by a dc power supply at their respective
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inputs, and hence they do not require a grid converter. Nonethe-
less, the system stated in [13] is capable of transferring up to
1.1 kW at a maximum overall efficiency of about 90%. Fur-
thermore, latest unidirectional IPT systems for EV charging are
reported in [5] and [26]-[28]. The system described in [26]
holds a maximum efficiency of 74%, while transferring 27 kW.
Overall efficiencies of the two unidirectional IPT systems ex-
plained in [27] and [28] have attained a maximum efficiency
of 80% at 1.5 kW and 85% at 300 W, respectively. The EV
charging system described in [5], which has been designed and
optimized for improving the efficiency, has achieved an overall
efficiency slightly above 90% at 5 kW. In addition, its authors
have claimed that the system proposed by them is the inductive
level 2 (240 V ac) charging system with the highest overall ef-
ficiency. Therefore, the proposed BTBC-based BD-IPT system
is more efficient than many of the recently reported inductively
coupled EV charging systems, although its efficiency is slightly
lower than that of the most efficient inductively coupled EV
charging system reported in the literature.

A conventional system that can transfer a power around 1 kW
typically employs a dc-link capacitor with a value ranging from
several hundreds of microfarads to few millifarads with a voltage
rating higher than the peak grid voltage. Moreover, the input
inductor of such a systems is generally about several millihenrys
with a current rating closer to 5 A. Therefore, elimination of
the dc-link capacitor as well as the input inductor with the
proposed system accounts for a considerable reduction of cost.
Furthermore, a typical input inductor on the grid side is bulky
and weighs up to several kilograms. Hence, the converters of
the proposed system are able to achieve a significant weight
reduction by the elimination of the input inductor and the dc-
link capacitor. Therefore, the proposed system can outweigh its
slight decline in efficiency by a reduction of system cost and
weight.

VI. CONCLUSION

A dc-link capacitor and an input inductor-free, bidirectional,
contactless grid interface, which is based on inductive power
transfer (IPT), has been proposed for V2G and G2V systems.
The proposed grid interface comprises two converters in back-
to-back configuration, and has the ability to regulate both the
magnitude and the direction of power flow. In contrast to ex-
isting systems, the grid converter can be operated at a much
lower switching frequency using a simpler switching strategy.
A mathematical model that can estimate grid currents, converter
voltages, and currents has been proposed. In order to investigate
the feasibility of the proposed scheme, as well as the accu-
racy of the mathematical model, a MATLAB simulation model
and a 1.1-kW experimental prototype have been developed and
tested, presenting results under various operating conditions.
Good agreement between theoretical, simulation, and experi-
mental results validates the accuracy of the proposed mathemat-
ical model. Moreover, the THD of the grid current, the power
factor, and the efficiency of the experimental prototype have
been investigated for both directions of power flow, and the re-
sults suggest that the system exhibits a steady efficiency profile
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with reasonably low THD and a unity power factor, throughout
the considered operational range.
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