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Abstract—Generally, in wireless inductive power transfer (IPT)
system, the power is processed through multiple power transfer
stages and this leads to lower efficiency and higher cost of the sys-
tem. Recent research shows that the use of a direct ac-ac converter
in an IPT system compensates these limitations significantly. How-
ever, one of the major challenges of the IPT circuit with direct
ac—ac converter is to achieve multiple control goals through a sin-
gle converter. These include load power requirement, maintaining
high-quality source current and achieving soft switching of in-
verter switches, etc. In the existing literatures, the research is more
focused on meeting load power requirement and soft switching
of inverter switches. The major focus of this paper is to propose,
analyze, and control a new IPT power converter topology using
current-fed direct ac-ac converter. Compare with existing buck
derived, i.e., voltage source ac-ac converter topologies, the pro-
posed topology is boost derived; therefore, active source current
waveshaping is easily obtained. The complete control is carried out
through two loops, where the outer output current loop ensures
load requirements and inner loop maintains the high-quality grid
current. The detail of steady-state and dynamic analysis and de-
sign procedure of the converter is presented. Experimental results
obtained from a 1.2-kW lab-build prototype are included to verify
the analysis and proposed control.

Index Terms—AC-AC converter, inductive power transfer
(IPT), resonant converter, wireless power transfer (WPT).

1. INTRODUCTION

N RECENT years, research on wireless power transfer

(WPT) technology has gained significant popularity due to
availability of high-power and high switching frequency semi-
conductor devices. This technology finds very suitable appli-
cations in areas, such as electric vehicle (EV) [1]-[17], elec-
tronic gadgets, implants, chemical factory, mining, underwater
vehicles, and equipment [18]-[19]. The implementation of this
technology in EV battery charging application is very significant
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Fig. 1. Typical multistage IPT system for EV charging applications.

because it can reduce the battery storage requirement through
opportunistic charging techniques [1]. Also, the charging pro-
cess is very convenient even in hostile environments, such as
snow, water, dirt, and wind. Although both inductive and capac-
itive power transfer technologies are very popular in WPT area,
the inductive power transfer (IPT) technology is more suitable
in higher power application because of higher power density
(11, [20].

Generally, power in an IPT system is processed through mul-
tiple power processing stages, as shown in Fig. 1. This system
is most popular because all control goals are very effectively
achieved through this system. The first stage, unity power factor
(UPF) rectifier maintains the high-quality source current while
maintaining a fixed dc bus voltage. The next dc—ac inverter
stage produces high-frequency ac for transferring power wire-
lessly while ensuring load requirements and soft switching of
inverter switches. The last stage is the ac—dc rectification stage.

Recent research on IPT area shows that the first two power
processing stages, i.e., the UPF rectifier and high-frequency
dc—ac inverter can be replaced by a single-stage direct ac—ac
converter [5], [21]-[24]. Thus, short lived bulky dc capacitor
is removed from powertrain with a consideration that the load
accepts rectified sinusoidal current. However, in case the load
does not accept this current profile, then a reasonable size dc
capacitor can be connected at the output of the converter. The
direct ac—ac converter has to meet the following three major
control requirements:

1) high-quality source current;

2) load power; and

3) soft switching of inverter switches.

Moghaddami et al. [22] report variable switching frequency
50% fixed duty cycle charge control technique for three-phase to

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.


https://orcid.org/0000-0002-6857-0910
https://orcid.org/0000-0002-4249-0605

5566

buck-derived
configuration

],ﬂa : { -r.

@::

k. ik
] ]L ;
s i S ]

ac converter

(a)

IPT coils and

ion

Input HF filter network

Fig. 2.

single-phase matrix converter. The required number of switches
is less and the control technique ensures soft switching of all
the ac—ac converter switches. Bac ef al. [23] present phase shift
modulation of three-phase to single-phase matrix converter for a
series—series compensated IPT converter. The required number
of semiconductor switches is less and overall converter effi-
ciency is high. However, without directly controlling the source
current, it is difficult to maintain the high-quality grid current.
In conventional multistage IPT topologies, the converter before
the resonant tank is generally a voltage source inverter (VSI). A
VSI imposes to select primary tank network as series LC [2]—
[3], [12], [14], [16], LCL [19], [25], or LCCL [5], [19], [26].
Generally, these same tanks are used to realize the IPT topology
with direct ac—ac converter because their properties are well es-
tablished in the literature [5], [21]-[23]. However, when these
tanks are used in single-stage direct ac—ac converter, the input to
the converter is required to be VSI. Therefore, from source side,
all these existing ac—ac converter topologies have buck-derived
structure that is generally not preferred for power factor cor-
rection (PFC). Therefore, similar to regular buck-derived PFCs,
the source current quality with the existing ac—ac converters are
highly compromised. With this understanding, it is clear that
the preferred selection of ac—ac converter will be a current-
source topology.

Current-fed nonresonant converters are often used for fuel
cell vehicles and solar cell applications [27]-[29]. Current-fed
full-bridge and half-bridge resonant IPT converters are reported
for EV applications [9], [13], [17] and current-fed push—pull res-
onant [PTs are reported for biomedical implants [30]-[32]. The
advantage of push—pull configuration in IPT application is that
only two controlled devices or MOSFETS are required and gate
driver circuit is very simple due to common potential of source
terminals [30], [33]. Generally, control of these converters is
done through a variable switching frequency fixed duty cycle
method. The switching frequency is solely determined by the
inverter output voltage v; and it is done by sensing zero cross-
ing of v;. This helps us to achieve both zero voltage switching
(ZVS) turn-on and turn-off of both the switches [30]-[32].

However, in an IPT powertrain, where input to the matrix con-
verter is line frequency ac, the existing push—pull converter will
find challenges due to requirement of extra control for maintain-
ing source current quality. Although there is an inductor at input
to the push—pull converter, but the boost-mode operation of the
converter is not possible due to fixed 50% duty cycle. Other
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(a) General powertrain of the existing IPT topology with direct ac—ac converter, and (b) required topology for PFC.

challenge of this control method is to startup the converter,
detection of ZVS operating points, and avoiding frequency bi-
furcation [multiple zero-phase angle (ZPA) points] [30]. For
these reasons, the applications of these topologies are generally
limited to low power such body implants [17], [31], [32].

This paper proposes a new IPT topology using full-bridge
current-fed direct ac—ac converter and it is a boost-derived topol-
ogy, i.e., the input to the converter is current source. The modu-
lation is carried out through variable duty cycle of the devices. In
the primary side, a parallel—series (CCL) type tank network is se-
lected to ensure compatibility between ac—ac converter and tank
network. The proposed boost-derived ac—ac converter topology
is controlled through two-loop control method. The outer output
current loop meets the load requirement whereas the inner loop
directly controls the source current. Therefore, the high-quality
source current is ensured. From [9] and [17], it is clear that by
the operating output side of an ac—ac converter in lagging power
factor region, ZVS of the inverter switches is always achieved.
Therefore, all the basic control requirements are met by this
converter.

II. PROPOSED DIRECT AC—AC CONVERTER

A. Derivation of the Proposed IPT Topology

Most of the existing ac—ac converters for IPT applications
have buck-derived structure, as shown in Fig. 2(a) and the anal-
ysis is carried out considering resistive load connected either
directly with receiver coil (RC) side tank or at the output of rec-
tifier [5], [22]-[23]. Therefore, the matrix converter perceives
the load as linear load. However, these topologies will fail to
control input current when a stiff dc voltage load, such as bat-
tery, is connected at rectifier output. The practical interpretation
of it is that the buck-derived ac—ac converter topology does not
get sufficient input voltage around zero crossing to feed power
to high-voltage output dc bus. Table I lists several important
aspects of different IPT topologies with direct ac—ac converter
reported in the literature. It is clear that the boost-derived topol-
ogy is suitable for this application to achieve PFC, as shown in
Fig. 2(b).

Fig. 3 shows complete circuit of the proposed IPT topol-
ogy, where the transmitter coil (TC) side tank is parallel-series
(CCL) and the RC side is series LC type. The basic operation
of this converter is very much similar to a boost-derived PFC.
When the current through the source inductor L is required
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TABLE I
QUALITATIVE COMPARISON OF DIFFERENT IPT TOPOLOGIES WITH DIRECT AC—AC CONVERTER REPORTED IN THE LITERATURE

Topology Tank Control Technique f; (kHz) Load Demand Dynamic Achieved Soft Switching  Power Level

Configuration Fulfilled Model High-Quality

Source Current
Single-stage TC: LC series RC:  Variable f; 12.3; ZCD  Yes, using power No THD 14.3%, PF.  Yes, ZCS of all 267 W
three-phase [22] LC parallel required  regulation control 0.59-0.67 devices
mode
SiC-based matrix TC: LC series RC: Fixed f; phase 50 Not reported No No Not achieved 300 W
converter [23] LC series shift modulation
Direct ac-ac TC: LC series RC:  Variable f;, 30; ZCD Not reported No Not reported Yes, ZCS of all 10 W
converter for IPT Not reported  energy injection required devices
[24] and free
oscillation
MC with LCCL TC: LCCLRC: Fixed fs and 20; ZCD Yes No Yes, for R load Not reported 1 kW
tank [5] LCCL variable duty required and with active
cycle modulation control of
vehicle-side
H-bridge

Proposed TC: Fixed fs and 50 Yes, using the Yes Yes, THD <5%  both ZVS and 1.2 kW
converter parallel-series variable duty outer output PF: UPF ZCS of two

(CCL)RC: LC  cycle modulation current loop switches
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Fig. 3. Proposed ac—ac converter for IPT applications.

to be raised then the ac—ac converter is switched such that L
directly gets connected to source voltage v,. through converter
switches. During other times, L is connected to the transmitter-
side tank network through ac—ac converter switches. Because the
input to the ac—ac converter is stiff current, the transmitter-side
tank network is required to be parallel. Parallel tank has several
advantages in IPT systems. The high volume of reactive compo-
nent of current passes through the parallel capacitor C), without
flowing though the inverter switches; therefore, inverter switch
current stress is generally lower. Also, the coil current profile is
very close to sinusoidal because the parallel capacitor C,, offers
much lower impedance to higher order harmonics compare to
TC. Input inductor L, provides natural short-circuit protection
during inverter fault [9], [17]. Moreover, compare with the con-
ventional parallel LC tank, the proposed converter has an extra
series capacitor connected with TC to reduce the switch voltage
stress and to improve the quality of TC current. Also, with par-

allel tank the lagging power factor for ZVS of inverter switches
is obtained below resonance frequency, whereas for series tank,
it is achieved above resonance frequency.

In the receiver side, a capacitor C5 is connected in series with
RC to achieve the required compensation and this ensures least
number of components in the RC side. The rectifier in the RC
side is selected to be a voltage doubler to achieve higher voltage
gain while reducing the number of rectifier diodes. The steady-
state operation of the converter during one inverter switching
cycle is explained here.

B. Steady-State Operation

To explain the operation, consider that S; — Sy are matrix
converter switches, i.e., two switches connected in reverse di-
rection to achieve bidirectional voltage and current controlling
facility. During positive half of the input voltage, v,. only four
switches are given switching frequency pulses. These switches
are named as S1p — S, p, respectively. Similarly, during neg-
ative half of input voltage, remaining four switches of the ac—
ac converter are given switching frequency pulses and these
are named as S1x — Sin, respectively. In this paper, only one
switching cycle of an ac—ac converter during positive half of
source voltage is presented in detail. The operation of the con-
verter during negative half of source voltage is exactly similar,
where S|y — Sy take the position of S p — Syp, respectively.
During positive half of source voltage S1x — Syn are kept per-
manently OFF, whereas during negative half-cycle of source
voltage, S1p — Syp are kept OFF permanently. It is confirmed
that operating the inverter at lagging power factor region ensures
ZVS turn-on of the switches [13]. Therefore, in the steady-state
operation, ac—ac converter output voltage v; is considered to be
leading with respect to current ¢;. To achieve the control goals,
a unipolar modulation scheme is adopted, i.e., turn-on time of
S1 and S3 is same but phase shifted by 180°. Similarly, turn-on
time of S, and S, is same but phase shifted by 180°. Also, a
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Fig. 4. Steady-state operating waveforms of one switching cycle during pos-
itive half of source voltage.

slight overlap between complementary switch pairs S; — Sy
and S; — S, is always maintained to provide continuous
current path to input inductor L,. Compare with the voltage-fed
converter, one difference is that the complementary switching
signals are not given within the leg switches, rather it is given
to two top switches and two bottom switches. This technique is
usual for current-fed inverters.

Interval 1 (ty — t1): During this interval, the ac—ac con-
verter switches S1p and Syp are ON. Therefore, the input in-
ductor current ¢, flows through the TC-side tank network. Fig. 4
shows voltage and current waveforms of different circuit compo-
nents and Fig. 5(a) shows the equivalent circuit of this switching
interval. The voltages and currents of TC-side components are
given as

di

s E iSl = 154 = Ze (1)

= Vac — Vi,

During this interval, in the receiver side the RC current is
rectified by diode D,. The voltages and currents of RC-side
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elements are given as

UD1 = Vo1 + Vo2, ip2 = 12 ()

dvy, X dvy . .
Cop —— = —i,, Cpg —— = — 1. 3
1 at 2 2 dt 12 1 3)

Interval 2 (t; — t5): Interval t; — ty is switching overlap
period between switches St p and Sy p. The duration of overlap
period is almost negligible compare with one complete switch-
ing cycle but sufficient enough to transfer the input current from
incoming to outgoing device. Since the voltage across Sop is
positive at time instant 2, Sop immediately starts conducting
and current through 5 p is transferred even before its gate pulse
is removed. Thus, at instant #; switch Syp experience hard
turn-on, whereas at instant ¢, switch S p experiences zero cur-
rent turn-off. The equivalent circuit of this interval is shown in
Fig. 5(b). The voltages and currents of TC-side components are
given as

dig

Ly E = Vac,

153 = g2 = ls. (4)

At instant ¢-, the gate pulse of S} p is removed. However, the
equivalent circuit of the converter remains the same, as shown
in Fig. 5(b), because current commutation from switch S;p to
switch Sy p is already occurred. At instant ¢4, the overlap period
of S3p and Syp starts. However, at this instant, the converter
output voltage v; is negative and the voltage across S5 is neg-
ative. Although Ss3p is triggered but S3 blocks this negative
voltage present across Ss. Thus, S4p keeps on conducting with-
out transferring current ¢; to Ss3p. Therefore, S5p is switched
ON at zero voltage. The overlap period of S5p and Sy p gets over
at instant ¢5 and the equivalent circuit of the converter from ¢;
to t; remains the same, as shown in Fig. 5(b). From Fig. 5(b), it
is clear that this interval (¢, — t5) is similar to the conventional
boost converter turn-on period.

Interval 3 (ts — tg): At instant t5, gating signal of Syp is
removed and it experiences hard turn-off. Although the voltage
across Sz p is negative but source inductor current i, forces S3p
to conduct because i, has no alternate path. In this interval ¢5 —
ts, the source current flows through the TC tank network. The
equivalent circuit of the converter circuit is shown in Fig. 5(c). It
is clear that this interval is similar to turn-off time period of the
conventional boost converter, where input inductor is directly
connected to output. The current and voltage expressions of this
interval are given as

di

s E = Vac + Vi, 159 = 153 = lg. (5)

Interval 4 (ts — t7): Although at time instant ¢, there is no
switching transition in the TC side but the current through the
RC changes its polarity at this instant. Thus, the rectifier diode
D, commutates D and rectifies the RC coil current. The equiv-

alent circuit of this interval is shown in Fig. 5(d). The voltage
and current expressions of receiver-side components during this
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interval are given as fies as
Ly — L~
— 1 — w2 xCy
Upz = Vo1 + Vo2, iD1 =2 (6) Cp=—— > (10)
w,y M? 1
c dver . . c dvgs 7 RZ,, +wj (Ll - nga)
ol =1 — 1 02 = —o-
dt ' dt

Interval 5 (t; — t11): Atinstant t7, Syp is triggered and the
interval t; — t1; is switching overlap period. Similar to inter-
val 2, switch S, p immediately commutates S3p because of the
positive voltage present across Sy p. Therefore, Sy p experiences
hard turn-on at instant ¢; and S5p experiences ZCS turn-off at
instant tg. It is clear that S1p and S3p experience both turn-on
and turn-off soft switching, whereas both S;p and Syp expe-
rience hard turn-on and hard turn-off. The equivalent circuit of
the converter during interval ¢;—¢;; is shown in Fig. 5(e). The
steady-state operation of the converter circuit repeats in this
order.

III. CONVERTER DESIGN

In this section, a general converter design procedure is re-
ported and later a specific design example is presented. For a
conventional transmitter parallel and receiver series tank net-
work, the required compensation capacitances to achieve ZPA
at ac—ac converter output are derived as [19]

1
wg X L2
Ly

wi M4 9
R + ngl

oeq

o ®)

c, ©)

where w, is the resonance frequency inrad/s, Ly, Lo, and M are
self-inductances of TC, RC, and mutual inductance of the coils,
respectively. IR, is equivalent load resistance at the ac side
of the rectifier. However, in the proposed topology, one extra
capacitor is connected in series with TC to improve the per-
formance of the conventional transmitter parallel and receiver
series compensated IPT circuit. Therefore, in the presence of a
series capacitor Cy, the required parallel capacitor value modi-

In this paper, the value of series capacitor Cj is chosen such
that at resonance frequency the effective value of impedance of-
fered by TC self-inductance becomes half. Therefore, the sim-
plified value of parallel capacitor becomes

0.5L;
+0.25w2L2

p =

Y

wi M4
R?
Applying Kirchhoff’s current law (KCL) at the RC side of
the converter equivalent circuit shown in Fig. 3(b), the rectifier
input current in terms of output current is derived as

T
V2
Applying power balance between output and input of the

rectifier and using (12), the rectifier input ac voltage rms is
derived as

I

. 12)

2v2

™

V2

Vo

2

Since this RC-side rectifier is a passive rectifier, the volt-
age V). and current 5 are in same phase and these phasors are
considered as reference phasors. Referring to the coupled in-
ductor equivalent circuit of the coupled IPT coils, as shown in
Fig. 3(b), and applying Kirchhoff’s Voltage Law (KVL) at the
RC-side loop, the TC current is derived as

vV,

we M~

Using this current expression and adding the induced voltage
in TC due to RC current, the TC voltage is derived as

L o M
V=2V -

M Roeq

Using (14) and (15) and applying KVL and KCL at the TC

tank network, the ac—ac converter output voltage and current are

V. (13)

—J (14)

Ve Ve 15)
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A. Soft Switching

Referring to the steady-state operation, to achieve ZVS turn-
on and ZCS turn-off of converter switches S; and S;, the op-
erating power factor of ac—ac converter output is required to
be lagging. Therefore, it is important to know the operating
power factor of a converter. From Fig. 3(b) equivalent circuit,
the impedance at the input of tank network is derived as

7= e 1/ [{iw = )+ o+ Gy

(w22 =20+ o + R )}

Fig. 6 shows the variation of tank network input impedance
and phase angle with change in the operating frequency. It is
clear that below the resonance frequency, the operating power
factor is lagging, and on the other side it is leading power factor.
This is an advantage of this tank network that the lagging power
factor operation is achieved below the resonance frequency,
whereas for series LC tank, it occurs above the resonance fre-
quency.

(18)

B. Design Example

Referring to Fig. 3(b) equivalent circuit, the total volt-amp
transferred from transmitter to RC is given as

VATC—RC = (—jwoMIQ) X I1. (19)

Using (12), the real power transferred from TC to RC is
derived from (19) as
™

Pr¢_re = ﬁ wMl,I. (20)

From (20), it is clear that the amount of real power transferred
wirelessly from coil to coil is directly dependent on operating
frequency, coil mutual inductance, and TC coil current. Gener-
ally, during design of the converter, the rated real power transfer
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TABLE II
CIRCUIT PARAMETERS

Parameters Selected Values

Input voltage, V¢ 200 V ac, 60 Hz

Rated output power 1200 W
Switching frequency 48 kHz
TC coil inductance, L 132 uH
RC coil inductance, Lo 137 uH
Mutual inductance, M 29.5uH
Tank capacitors, C),,Cs,Co  155nF,155nF, 82nF
Input inductor, L 1.3mH
Input filter capacitor, C'y 2.2 uF
Output capacitors, Cy1, Cpo 5 uF
Output voltage 270 V dc
Inner loop controller, H; 5/1500%
Outer loop controller, H, 25/s

is given and output current [, is calculated using it. Therefore,
with given switching frequency, only two design parameters are
unknown, i.e., M and TC coil current ;. In the reported IPT
converter, designs generally choose a suitable value of TC coil
current based on litz wire current carrying capacity. This se-
lection directly impact on mutual inductance and IPT pad size.
Once the mutual inductance is known, the coil self-inductance
is determined from the actual coil. Generally, for a given M, the
longer airgap distance leads to larger IPT coil and for shorter
airgap the coil size is smaller. The remaining tank circuit param-
eters and voltage and current ratings of converter switches and
diodes are calculated from the general expressions presented
before. The maximum switching frequency current ripple of the
input ac inductor L, is possible when the converter operates at
full duty cycle and input ac voltage is at peak value. Therefore,
the inductance of input inductor is given as

_ \/§ ‘/;IC X T9
T 2AI
where Ts = 1/ f5 and Al is the peak-to-peak current ripple in

inductor Ly current. Also, the capacitances of output capacitors
are calculated as

Ly 2y

TS/2X 1, - TS/2X I,
AV,, AV,

where AV,; and AV,9 are peak-to-peak voltage ripple across
capacitor C,; and C,9, respectively. The input inductor L, is
calculated considering a 20% ripple in inductor current and
output capacitors C,,; and C,y are calculated considering 5%
switching frequency ripple at output voltage V. Table II lists
the designed circuit parameters for a 1.2-kW IPT system with
a supply voltage 200 V, 60 Hz ac. This system is used later for
experimental verification.

C,y = C,y = (22)

IV. PROPOSED CONTROL TECHNIQUE

The proposed IPT topology is controlled through the two-
loop control method. From the steady-state operation, it is clear
that the basic operation of this ac—ac converter is similar to a
boost converter. When switches in same leg are Oy simultane-
ously, i.e., either S; — S3 or Sy — Sy are Oy, it is similar to
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boost converter switch turn-on interval. Similarly, when either
diagonal (S; — Sy) or off-diagonal (S2 — S3) switch pairs are
O then the converter input gets directly connected to the out-
put capacitor and it is equivalent to boost converter turn-off time
interval.

The outer output current loop is used to regulate the converter
output current, whereas the inner input inductor current loop is
used to achieve UPF at ac—ac converter input. The detailed con-
trol loop diagram is presented Fig. 7. The input voltage polarity
determines which switch set will be triggered. When input volt-
age polarity is positive, switches S1p — Syp are triggered and
similarly Sy — Sy are triggered when input voltage is nega-
tive.

C. Inner Input Current Control Loop

The input of the inner loop is duty cycle and output is source-
side inductor current 7. The dynamic expression of inductor
current for a switching cycle is given as
di

dt

where v, is source voltage and v, is voltage at ac—ac converter
input. All these state variables are considered to be average value
over a converter switching cycle. Fig. 8(a) shows typical voltage
and current waveform at ac—ac converter output. Considering
the duty cycle of the ac—ac converter switch S is “d” (0 < d <
0.5), the converter average input voltage in terms of output rms
voltage is derived as

L, = Vac — Us (23)

2v2

vy = —— V; X cos a X sinnd 24)
T

where « is power factor angle at ac—ac converter output. Since
the resonant tank is designed such that the ac—ac converter output
power factor is close to unity. Therefore, for simplicity in deriva-
tion, cos « is considered unity. Considering small perturbations
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(is, Tac, V;, d) around the equilibrium points (is, Vac, Vi, d)

~ (e +10) = 22 (V77 sin (d4d)

(25)

d (is+is)

L
‘ dt

Therefore, applying Laplace transformation, the control to
output transfer function for inner loop is derived as

B B _2\/5‘/}cos7rdxi
d(s) m sLy

(26)

For a typical value of converter output voltage and duty cycle
obtained from the steady-state operation, the frequency response
of G; is plotted in Fig. 8(b). A first-order transfer function H,
is used to get a phase margin around 45° and 40 dB attenuation
at switching frequency. Fig. 8(b) shows the bode plot of com-
pensated plant transfer function G; H; and closed-loop transfer
function G;H; /(1 + G;H;). The gain crossover frequency is
around 11 k rad/s and this indicates that the closed-loop settling
time is around 0.36 ms.

D. Outer Output Voltage Control Loop

The input to this outer loop is line frequency ac current ¢ and
the output is output voltage for resistive load or output current
for a battery load. For simplicity, the outer loop plant transfer
function is split as

Gu$=ngzgng'

In (27), the three parts represent rectifier, resonant tank, and
ac—ac converter transfer functions, respectively. To derive the
voltage gain of the tank, a transformer equivalent circuit of the
tank network is drawn, as shown in Fig. 9. From Fig. 9, the
voltage across magnetizing inductance is derived as

27

Vv,
Vu=V, —L Zy=V, — Za (28)
Rocq
where s = jw and R, is equivalent load resistance at the

input of voltage doubler circuit. Applying power balance at the
input and output of voltage doubler circuit, R,.q in terms of
output resistance is calculated as

2V, 2
Roeq: ?-Tozﬁ 0 (29)
1
Zy = s(Ly— M — 30
2 = s(Ls )+302 (30
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Therefore, using (28), the current-fed converter output voltage
is derived as

)l () =
Vi=V, [1+ +V,q— |1+ + A
< Roeq sM Roeq Roeq a 11

where

1
sCy .

Zy = s(Ly— M)+ (32)

The voltage gain expression of the tank network is (V. /V;).
However, the input to the tank network is actually I;. Thus, the
gain of the tank network is (V. /I;) and it is derived as

i (i) ey o ()|
— 1+ +— 0 +sC, ([ 1+ :
{ sM ( Roeq Roeq ! Roeq

(33)

Fig. 10 shows the gain (V}. /I;) and phase (£V;. /I;) plot of the
tank network of the proposed converter for different equivalent
load resistances.

The dynamic expressions of the output capacitors are
given as

dUOl

Cor = = 0.5 (i) — i, (34)
dv, . .
Cos dt"’ = 0.5 (is) — i, (35)

where C, and C,» are two output capacitors and v, and v, are
their voltages, respectively. All these state variables are average
values over a converter switching cycle. Since i is switching
frequency ac quantity and its average value over a switching
cycle is zero, half-cycle average of iy as (iy) is considered
here. Considering C,; = C,o = C,, the dynamic expression is
derived by adding (34) and (35) as

dic  (vy)
dt  Roeq

C,R, — 2. (36)
Applying Laplace transformation, the gain expression is de-

rived as

(37
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Fig. 11.  Bode plot of outer loop.

The ac—ac converter output current #; is a quasi-square wave
with an amplitude of ¢4, as shown in Fig. 8(a). Extracting fun-
damental component from the Fourier series of ¢;, the ac—ac
converter output to input current gain expression is given as

8
) = . sin d.
(i) = = issinm

- (38)

Therefore, the overall system transfer function is derived as

G, (s) = Rio sinwd x m
where k represents tank gain at operating switching frequency
and it is obtained from Fig. 10. The bode plot of the plant
transfer function is shown in Fig. 11. A simple integrator listed
in Table II is used to get gain crossover frequency around 5.5
rad/s and attenuation to second harmonic (120 Hz) around 40 dB.
This design indicates a closed-loop settling time around 0.75 s.

(39)

V. EXPERIMENTAL RESULTS AND DISCUSSIONS

The detail circuit parameters for a 1.2-kW lab-prototype are
listed in Table II. The ac—ac converter switches are MOSFETs with
manufacturer part number C2M0080120D. The tank capacitors
are all Epcos make 700 V rms film capacitors. The IPT coils are
circular type and the airgap between the TC and RC is around 25
cm. The major focus of this paper is to verify the performances
of the proposed converter and not the IPT coil design; therefore,
the details of circular coil design are not included here and it
can be found in [17], [19], [25], and [34]. It is already proven
that the leakage flux can be kept well within the specified limit
with the use of proper aluminum shielding [34]. However, when
this IPT pad is used for direct ac—ac converter, there might
be some low frequency (60 Hz, 120 Hz) flux present around
the coil surroundings. Nonetheless, from fundamental point of
view, this pulsating low-frequency leakage flux cannot impact
any object when the switching frequency leakage flux is kept
within regulated limit. This is because the rms values of induced
voltage in this foreign object due to TC and RC are given as

Vire = 2nfMiply and  Vop = 27 fMopls (40)

respectively, where M) and M, are mutual coupling of the
foreign object with TC and RC, respectively, and f is frequency
of pulsating flux. Therefore, the impact of this low-frequency
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Fig. 13.  Switching sequence logic for uniform switching loss distribution.

pulsating magnetic field is about 1000 times lower than the
switching frequency field. It is similar to a conductor that car-
ries the line frequency current and a low-frequency magnetic
field exists around the conductor. This does not have significant
impact on regular devices working nearby.

The rectifier-side diodes are 400 V fast recovery diodes and
manufacturer part number is SCS215KGC. The ac—ac converter
MOSFETS are driven with Semikron make SKHI 61(R) gate driver
with rated switching frequency 50 kHz. Fig. 12 shows the ex-
perimental setup and a 60 cm diameter circular coil.

From practical implementation point of view, nonuniform
power loss distribution leads to uneven structure of the con-
verter in terms of heat sink design. Therefore, a simple logic
circuit can be used such that during positive half-cycle of line
frequency the switches S; and S5 experience soft switching and
during negative half-cycle S, and Sy experience soft switching.
Therefore, this will make the converter size regular and suitable
for practical implementation. Fig. 13 shows this logic structure
where the usual switching sequence is shown in red color and it
leads to soft switching of S; and S5 and hard switching of Sy
and Sy, repeatedly. However, during the negative half of input
voltage the switching sequence can be interchanged, as shown
with blue color in Fig. 13, leading to uniform switching loss
distribution among all the four sets of devices.

Fig. 14 shows typical gating signals of the proposed ac—ac
converter switches when duty cycle of .Sy (or S3) is D = 0.35.
The overlap duration between the complementary gating signals
S1 and S5 is around 250 ns and this is enough to turn ON and
turn OFF the MOSFETS. Figs. 15-20 show experimental results of

the converter when the load is resistive, whereas Figs. 21-24
show results when load is stiff dc voltage. Since all the results
have a line frequency and switching frequency components,
line frequency views are shown in the middle figures, whereas
switching frequency views of the waveforms are shown in two
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sides. The zoomed view in the left side of every figure shows
zoomed view at line frequency peak, whereas the right-side
figure shows zoomed view at off-peak of line frequency.

Fig. 15 shows experimental results of source voltage, current,
ac—ac converter output voltage and current for 1200 W power
output, and corresponding input voltage is 200 V, 60 Hz ac and
output voltage is 300 V dc. Since ac—ac converter input current
predominantly contains line frequency and switching frequency
components, the small input filter is sufficient enough to filter
out the switching frequency components. The total harmonic
distortion (THD) of the source current is around 4.0% and it is
well within the IEEE 519-1992 specified standard (5%). From
Fig. 15(a) and (c) zoomed waveform, it is clear that the ac—
ac converter output current waveform is a quasi-square but the
voltage is very close to sinusoidal.

Fig. 16 shows the voltage and current waveforms of both
the transmitter and RCs. In Fig. 16(a) and (c), zoomed wave-
forms show switching frequency view at around source voltage
peak (90°) and 45° from zero crossing, respectively. Due to the
presence of parallel capacitor, the TC coil voltage and current
profiles are very close to sinusoidal. Compare with parallel ca-
pacitor in conventional parallel LC tank, the parallel capacitor
C, in the proposed CCL tank offers much lower impedance to
higher order harmonics. This is because the capacitance value
of C,, in the CCL tank is approximately twice than that of simple
parallel LC tank.

Fig. 17 shows gating signal of S;p and voltages across TC-
side tank elements. These results show the advantage of CCL
tank network over simple parallel LC tank. Without the presence
of series capacitor C;, the converter switches would get directly
TC coil voltage that is quite high [13]. Fig. 18 shows input and
output voltages and currents of the proposed CCL primary and
LC series secondary tank network. The operating power factor
at the ac—ac converter output is lagging and it is suitable for the
soft-switching operation. Also, in the receiver side, the rectifier
diodes turns ON and turns OFF at zero current. This ensures zero
reverse recovery of these rectifier diodes.

Fig. 19 shows soft-switching performance of converter
switches S1p and S;p. In lagging power factor, switch S| p
is triggered when voltage across switch .S; is negative and this
negative voltage is blocked by S i . Therefore, switch S; p does
not start conducting immediately and this results ZVS of Sip.
However, after the overlap period, the complementary switch of
S1,i.e., .5 is turned OFF and 5] is forced to take the input current
is. Also, before turn-off of Sy, the complementary switch Sy
is triggered to maintain required overlap. Since voltage across
S5 is positive, Sy immediately commutates .S . Thus, switch Sy
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Fig. 15. Experimental results of grid voltage, current, and ac—ac converter output voltage and current waveforms when V,. = 200 Vac, P, = 1.2 kW, and
Vi, =300 V. (a) Zoomed view at line frequency peak, (b) line frequency view, and (c) zoomed view at off peak of line frequency.
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Fig. 16. Experimental results: transmitter and RC voltages and currents when V. = 200 Vac, P, = 1.2 kW, and V, = 300 V.
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Fig. 17.  Experimental results: gate pulse of switch S p and voltages across different elements (C, C),, TC) in the TC-side tank network.

o = e T 1 —— -
r 1 = ¥ -
[10 A/ [ i N
Vi~ / \ / \ / y Ny
[500 widiv] 4.~ S T
- A J o | L
Ve 4 /! ) 0 =T\|
[200 \-fd.'pc : / » Y |
[IU/!!{.‘H?"\ - N’ e’ [20 A/div]
(a) Zoomed waveform (b) (c) Zoomed waveform
Fig. 18. Experimental results: input and output voltages and currents of the resonant tank network.
..... S— e w——
- TR F 2 TN ! [
[500 v/div] ' f r
Vi =t e 3 4 2 5 ¥ 1 S—— | —
[500 widiv] \ | | b b
S e f oS! g i w——— I
Zoomed waveform ! ' Zoomed waveform
(a) (b) ()

Fig. 19.  Experimental results: Soft switching of ac—ac converter switches S;p and S3p .
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Fig.21. Experimental results of grid voltage, current, and ac—ac converter output voltage and current waveforms when V, . = 200 V ac,P, = 1260 W,and V,, =
270V stiff dc. (a) zoomed view at line frequency peak, (b) line frequency view, and (c) zoomed view at off peak of line frequency.
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Fig. 22. Transmitter and RC voltages and currents when V,. = 200 V ac,P, = 1.2kW,and V,, = 270 V stiff dc.
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Fig. 24.  Dynamic performance of the converter for a step change in output current reference from 4.4 to 5.5 A.
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turns OFF at zero current. During this operation, switch S, expe-
riences hard switching during both turn-on and turn-off. Similar
soft-switching turn-on and turn-off characteristics are obtained
for switch S5, as shown in Fig. 19.

Fig. 20 shows dynamic response of the converter when a load
step commends form 70% of rated load (0.84 kW) to rated load
(1.2 kW) is applied. The outer loop fulfills the load requirements
while inner input current loop ensures the high-quality source
current. The load current settles at around 0.75 s and this verifies
the dynamic model of the converter. Since there is no bulky
electrolytic capacitor to filter out the second harmonic, the load
current contains second harmonics. These results are significant
when the load is resistive.

When living object detection function detects an intrusion
into the active region then the load power must be reduced
abruptly from full load to light load. This control command
can be directly applied to inner input current control loop for
faster response and safety. Although the current quality dete-
riorates at light load but total demand distortion is calculated
to be 4.6% and it is well within the IEEE 512-1992 standards.
There are several techniques to improve the performance of the
converter at light load similar to boost-derived PFCs, such as
on/off control and digital phase leading filter current compen-
sation. [36]-[38]. However, these topics are another broad area
of research, therefore, it can be considered as future research.

Literature study shows that this rectified sinusoidal current is
acceptable for several battery charging applications [35]. How-
ever, in case the load does not accept this current profile then a
reasonable size dc capacitor can be connected at the output of
the converter. This study shows that the converter is capable to
deliver power in either cases.

To verify the performance of the converter for battery charg-
ing applications a stiff dc voltage load is connected at the con-
verter output. Fig. 21 shows experimental results of grid voltage,
current, and ac—ac converter output voltage and current wave-
forms when V,. = 200V ac, P, = 1260 W, and V, =270V
fixed dc. The THD of this current is calculated to be around
4.5% and it is well within the IEEE 519-1992 specified stan-
dards. From Fig. 21(a), it is seen that unlike resistive load,
here the ac—ac converter output voltage does not follow line
frequency sinusoidal envelope. This voltage does not reduce
significantly toward the zero crossing of line frequency. This is
because the load is stiff dc voltage and to pump the charge to
this high dc voltage around line frequency zero crossing, the
TC side has to maintain significant amount of voltage. This fact
is evident from Fig. 21(a) and (c) zoomed waveform of ¢; that
toward zero crossing the boosting feature of ac-ac converter be-
comes high. This phenomenon of the converter is very similar to
boost-derived PFCs. Also, from steady-state operation interval
IL, it is clear that current through S; is transferred to Sy before
the gate pulse of Sy is withdrawn. Therefore, S experiences
soft turn-off and S5 experiences hard turn-on. Again, in interval
II of steady-state operation, the device S, keeps on conducting
when Sj is given getting pulse. This leads to soft turn-on of S
and hard turn-on of Sy.

Fig. 22 shows TC and RC voltages and current profiles. Sim-
ilar to earlier results, the TC coil receives very high-quality
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sinusoidal current. As discussed, the TC-side coil voltage and
current envelope does not follow the sinusoidal trend of the line
frequency because of stiff dc output voltage. Fig. 23 shows gat-
ing signal of switch Sop and voltages across TC tank network
elements. Similar to earlier, the magnitude of voltage across
parallel capacitor V; is a fraction of TC voltage V) because of
the presence of series capacitor C. Since V; directly determines
the ac—ac converter switch voltage stress, therefore, CCL tank is
superior in terms of inverter switch voltage rating. Fig. 24 shows
dynamic performance of the converter when a step change in
load current reference is given from 4.4 to 5.5 A. The outer
output current loop is capable to meet load demand within the
designed settling time, i.e., around 0.75 s, while the inner loop
maintains the high-quality source current.

VI. CONCLUSION

The contribution and focus of this paper is to propose, an-
alyze, and develop a new power electronics system using the
direct ac—ac converter for WPT applications. Compare with
the existing buck-derived ac—ac converters for IPT systems, the
proposed ac—ac converter topology is boost derived. This ac—
ac converter is fed from a current source; therefore, it is very
much similar to boost-derived PFC topology. This enables us
to achieve the high-quality source current by controlling the
source inductor current. To match compatibility between ac—ac
converter and tank network, a parallel-series (CCL) tank net-
work in the TC side is selected. This CCL tank improves the
overall performance of the converter viz., lower switch voltage
stress and high-quality TC current. The proposed two-loop con-
trol scheme is simple and capable of meeting all the control
goals viz., load power demand and source current control and
soft switching of inverter switches. Detail of the steady-state
operation, dynamic model, and design of converter circuit is
reported. However, coils or magnetics design is not the focus
of this paper. The experimental results obtained from a 1.2-kW
proof-of-concept scale down lab-prototype verifies the analysis
and performance of the proposed converter.
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