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Abstract—In order to improve the power capacity of the reso-
nant inverter that feeds the inductive power transfer (IPT) system
for high-power applications, a parallel multiinverter IPT system is
presented here to upgrade the power level of the IPT system. Be-
sides, a quick and accurate active and reactive currents decomposi-
tion method without phase-locked loop is also proposed so that the
active and reactive currents can be controlled independently. This
method can minimize the circulating current caused by asymmet-
rical resonant components and different dc input voltages. Mean-
while, the track current can be regulated at its designed value with
a fast response performance. Moreover, a protection device and
a protection scheme are designed to disconnect the fault inverter
unit, which can ensure that the whole system works continuously
so as to improve the reliability and availability dramatically. Fi-
nally, a 3-kW experimental setup using a two-inverter IPT system
is conducted to verify the performance of the proposed method.
The overall efficiency of the improved IPT system is up to 93.5% at
2.87 kW output, and the experimental results also indicate that the
proposed method improves the stability of track current control
and achieves circulating current minimization.

Index Terms—Active and reactive currents decomposition, cir-
culating current, inductive power transfer (IPT), parallel multiin-
verter, phase-locked loop (PLL), track current control.

I. INTRODUCTION

NDUCTIVE power transfer (IPT) systems can deliver elec-
I tric power from primary power source to secondary load side
through magnetic coupling without physical contact [1]-[4].
Such systems have numerous advantages, e.g., they are unaf-
fected by ice, water, and other chemicals, and are thereby envi-
ronment friendly and maintenance free. Nowadays, IPT systems
have been used in various applications including wireless charg-
ing of biomedical implants [5], [6], mining applications [7],
underwater power supplies [8], and electric vehicles [9]-[17].

Generally, an IPT system is composed of a power supply
in the primary side, a pickup in the secondary side, and mag-
netic structures for inductive coupling. For IPT systems, the
power supply, which is a resonant inverter, is one of the most
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important components in the whole system, and it generates a
high-frequency current in the primary side. However, the power
capacity of a single resonant inverter is limited by the constraints
of power electronic devices and the economic constraints.

Recently, IPT systems have been successfully applied to pub-
lic transport systems (such as electric vehicles and electric trains
[18]). The secondary systems are electrically isolated and can
move along a long track energized by the resonant inverter. The
advantages of such systems are safety, reliability, low main-
tenance, and long product life span. Most of the researches
conducted on IPT public transport systems have focused on
circuit topologies, system efficiency, and magnetic coupling de-
sign [14]-[17]. Unfortunately, very few concerns with the high
demand power suitable for multiple public transport systems
and electric trains. The power supplies used for public transport
systems need to be rated at hundreds of kilovoltampere or more
(up to megawatt scale) due to the high power demands of the
electric trains [18].

As a possible solution, high-voltage, high-current, and high-
frequency semiconductor devices are used to implement the
demanded high power for the high-power applications. How-
ever, such semiconductor devices are relatively expensive or not
available in the commercial market. Therefore, it is desirable
and significant to enhance the power capacity of the resonant
inverter by using low-power and low-cost semiconductor de-
vices.

The reported methods [21]-[25] to enhance the power capac-
ity of the resonant inverter feeding IPT systems can be classified
into two categories as far as we known:

1) multilevel resonant inverter supplies IPT systems;

2) parallel multiinverter supplies IPT systems.

Multilevel technology [21]-[23] has advantage in aspects
in reducing voltage stress of semiconductor devices, and
implementing high-power IPT systems by using low-cost and
low-voltage semiconductor devices. However, it would be a
challenge to implement such a system at high frequency and
the cascaded structure of the multilevel inverter dramatically
decreases the WPT system reliability.

Alternatively, parallel multiinverter can achieve high-power
capacity by integrating low-power capacity resonant inverters
[24]-[26]. The parallel multiinverter IPT system has the follow-
ing advantages [26], [27]. First, the limitation of single resonant
inverter unit can be removed in terms of cost, heating dissipa-
tion, component limitation, and short-time overload. Second,
the paralleling of several resonant inverter units also brings con-
venience for flexible operation for maximum output power and



LI et al.: ACTIVE AND REACTIVE CURRENTS DECOMPOSITION-BASED CONTROL OF ANGLE AND MAGNITUDE OF CURRENT

reducing manufacturing cost. For example, we can use two ex-
isting 50-kW IPT power supplies to achieve 100-kW IPT power
supply, which is an efficient way to realize high power rather
than redesign and remanufacture the power supply. Third, the
system reliability is also increased with designed redundancy.
Therefore, parallel multiinverter is one of the desirable meth-
ods to enhance the power capacity of the primary converter for
supplying IPT systems.

A parallel connected system for induction heating based on
the high-frequency LCL resonant inverter was described in [24].
It does not requires additional devices for connecting inverters
in parallel, and the flexible power levels can be achieved by
choosing the number of parallel inverters. A parallel topology,
which can achieve high output power levels in a cost-effective
manner for IPT systems with LCL-T resonant inverters, is pro-
posed in [25], with high reliability of functioning, even that a
faulty parallel unit is electronically shut down. However, both
of them did not investigate the control strategy of the circulat-
ing current minimization and the track current maintenance. A
novel control scheme to minimize the circulating current based
on the active and reactive current decomposition concept instead
of phase angle and amplitude of the current is proposed in [26].
However, the system only considered the resistive load and did
not investigate and design a protection device to disconnect the
defected inverter from the parallel inverter units. In addition, the
active and reactive current decomposition based on the active
and reactive power theory by using the phase-locked circuits or
other circuits to track the output voltage frequency and phase,
which increases the control system complexity.

Circulating current is a critical issue in the parallel multiin-
verter IPT system. Large circulating currents among the inverter
units caused by the component tolerance and other forms of un-
certainties increase the power loss and overcurrent/overload in
the inverter units [26], [27]. Therefore, the circulating currents
should be minimized by an effective current sharing control
method. In order to simplify the pickup control, it is neces-
sary to regulate the track current at its designed value as the
received voltage by a pickup is directly proportional to the track
current [19]. Meanwhile, when multiple electric vehicles and
electric trains are powered simultaneously, which also prefers a
constant current in the track [20].In addition, a fault in one of the
parallel units may force the whole system to shut down without
sophisticated protection procedure. To achieve high reliability,
it is desirable to design a protection device to disconnect the
fault inverter from the parallel inverter units, and the rest of
the unit can continue to perform its functionality in order to
dramatically improve the reliability and availability.

This paper attempts to realize constant control of the track
current and minimization of the circulating current for the high
power transfer of IPT systems by connecting low-power ca-
pacity resonant inverters in parallel. A novel control method
based on the active and reactive currents decomposition without
phase-locked loop (PLL) is proposed in this paper by defining
virtual active and reactive powers. The circulating current can
be minimized by the proposed control method. Furthermore,
the track current can be regulated at its designed value accord-
ing to the required power with a quick response within 10 ms.
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Fig. 1. LCL-S tuned IPT system based on multiinverter.

A protection device and a protection scheme are designed to
disconnect the fault inverter unit, which can ensure the whole
system to work continuously so as to improve the reliability and
availability dramatically.

II. BASIC PRINCIPLE OF PARALLEL MULTIINVERTER
SUPPLYING IPT SYSTEMS

Various compensation topologies have been proposed and
implemented to tune the primary track and secondary coil at
the resonant frequency to achieve high efficiency for the whole
IPT system. An LCL compensation is formed by adding an LC
compensation network between the inverter and the primary
track. There are some advantages for the LCL compensation
when the network tuned at the resonant frequency as following:

1) the inverter only supplies the active power required by the

load without any reactive power;

2) the current in the primary track is independent of the load;

3) it does not require additional devices for connecting in-

verters in parallel.

Therefore, multiple parallel LCL-based resonant inverters
supplying the primary track are employed in this paper, and
a compensating capacitor is connected in series with the sec-
ondary coil to tune the pickup circuit. The schematic diagram of
the proposed parallel multiinverter LCL-Series (LCL-S) tuned
IPT system is illustrated in Fig. 1. Nowadays, many topologies
achieving bidirectional power transfer capability have been pro-
posed and investigated such as [28]-[30], which are excluded
from consideration in this paper.

Each inverter unit consists of a voltage-fed high-frequency
inverter, an LC compensation network, and a protection de-
vice which will be illustrated in Section III-B. The voltage-fed
high-frequency inverters are separately powered by isolated dc
supplies, which can be different energy sources, e.g., the dc bus
(rectified by utility power), batteries, and/or photovoltaic (PV)
shown in Fig. 2.

The operating angular frequency of the inverters is w.The
second inductor L., of the LCL resonant tank is formed by the
primary coil Lp and Cp. L, can be configured by the Cp. So



1604

)
I

| Wind Energy

/\

_*_/J;

s ]nw_rlcr unit i
:\ Inverter unit & \j

Utility

{ Inverter unitl " Inverter unitl )
4/

Fig. 2. Potential application of the proposed IPT system.

Ly can be expressed as Loq = Lp — C , correspondingly.
The synthesized current ¢p flowing through the primary coil
Lp establishes magnetic coupling with the pickup. The sec-
ondary circuit consists of the pick-up coil Lg, the compensation
capacitor C'g, the full-bridge rectifier, and the load Ry .

The synthesized current ip can be expressed as

n
ip =) irk ()
k=1

Owe to the parallel topology, the magnetic flied established
by the track current can be enhanced.

A. Parameter Design and Analyze of the Parallel IPT System

According to Hu [19], the equivalent load R, of the rectified
tank connected to a resistive load R, can be expressed as

=L @

At steady state, assuming the pickup is completely tuned
_ 1 . . .
(w = 7\/%705) , the reflected impedance of the secondary circuit
becomes purely resistive load [19], which can be derived as

O.)2 M2 2w2 MZ
Req = = (3)
Ry S8Ry,
According to Schonknecht and De Doncker [24] and Hao
et al. [25], for tuning purposes, Ly, and Cj; should meet the

following equation:

w ! (k
VL:C;'

The output voltage of the inverter is controlled by the phase-
shifted pulse width modulation. In order to achieve zero-voltage
switching (ZVS) turn-on for all the parallel voltage-fed invert-
ers, L.q should be configured to make the impedances of the
inverters to be inductive [31], [32], so as to reduce the loss of
the voltage-fed inverters and suppress the electromagnetic inter-
ference by decreasing the peak currents of the switches. Under
this condition, the output current of the voltage-fed inverter lags
behind the output voltage [31]. The relevant voltage and current

1,2,3,...,n) @)
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Fig. 3. Relevant voltage and current operating waveforms.

waveforms are shown in Fig. 3, and all the inverters operate
at inductive mode. Vi1, Vore, Vors, and V4 are the volt-
ages across power MOSFETs and i¢1, iQi2, 1Qk3, and igj4 are
the currents through power MOSFETs. The current and voltage
waveforms of the MOSFETs in the same half-bridge are identical
but with a certain delay.

During the turn-on period of all the MOSFETs, the driving
signals have a certain lag with respect to the voltages across the
corresponding MOSFETS. It is evident that all the MOSFETS can
be turned ON with zero voltage, so all the MOSFETs can achieve
ZVS turn-on operation.

The fundamental output voltage of the kth inverter can be
expressed as

4F
u (1) = choséksin(wt +6r) 3)

where Ej; is the dc-link voltage, dy is half of the phase-shift
angle between the two legs of the inverter, and 6}, is the angle
between the output voltage and the reference signal sin(wt). By
regulating & and 6, both the amplitude and phase angle of
the output voltage can be controlled instead of adding an buck
converter for controlling the dc-link voltage.

The fundamental voltage phasor of the kth inverter can be
expressed as

. AE 4E,
U, = —kcosék cosly, + jikCOS(SkSinek (6)
T ™

B. Influencing Factors of Circulating Current

In order to analyze the circulating currents among the in-
verter units, two-inverter-based case is studied here without loss
of generality. The equivalent circuit of a two-inverter parallel
system is demonstrated in Fig. 4.
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Fig. 4. Equivalent circuit of the IPT system with parallel two inverter.

According to Kirchhoff’s current law, we can get

U -ty U +UQ—UO U Uy o
Zr1 Zc Z12 Zeay  Ze
Where ZLI = ijl,ZLg :jo.}Lg,Z(jl = JW#CI’ ZC2 = ju}%g’

and Z, = jwLey + Req.
Combining (6) and (7), the currents of each inverter unit are
given by equation (8)—(9) as shown at the bottom of the page.
According to Ye et al. [26], the circulating current between
the first and the second inverter units can be expressed by

Ipy—1Ips
B 2
Substituting (6), (8), and (9) into (10), the fundamental circu-
lating current phasor can be obtained by equation (11) as shown
at the bottom of the page.
where A=Zc1Zco,
and D = ZCQZLl.
Assuming Zp1 = —Zc1, Zc1 = Zca, Zpi = k. Zpo, k.
is the tolerances coefficient which shows the relationship of
Z11 and Zpo due to the inevitable tolerances of commercial
inductors. The output voltages of each inverter unit may not
be identical (with different amplitude and phase) due to the
component tolerance, gate driver delay, and the input dc volt-
age fluctuation. Therefore, the output voltage of each inverter
follows the relationship of Uy = (ku1 + 7 k‘ug)U2.
For simplicity, assuming that there are two cases listed below.
For case I, all the resonant components are identical but with
different output voltage (k, = 1, ky1 + jkyo # 1), we can get

~ UsZes(kur + jkuo — 1)
_ ) £0

It indicates that the circulating current exists because of the
different output voltage even with identical resonant inductors.

1. (10)

B=7117Z59, C=Zc1Zzo,

I,

12)
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TABLE I
DESIGN SPECIFICATIONS AND CIRCUIT PARAMETERS OF IPT PROTOTYPE

Parameters Value
Inverter frequency filkHz 20
resonant inductance Ly /uH 130.99
resonant capacitance C'y /nF 498.75
Inductance of the primary coil L p /uH 608.26

The resonant inductance of H; L /pH 136

The resonant inductance of Hy Ly /H 123.5
The resonant capacitance of H; C; /nF 501.6
The resonant capacitance of Hy Cy /nF 500.5
Compensation capacitance of primary circuit C'p /nF 112.6
Mutual inductance of the primary and secondary coils M/ H 129.1
Inductance of the secondary coil L g /pH 507.34
Compensation capacitance of secondary circuit C's /nF 124.8

Equivalent resistance of the load R, /Q 12
MOSFET: IRF640N

For case II, all the output voltages are identical but
with possible different resonant components (k1 + jk,o = 1,
k., # 1), we can get

[‘ _ UQZCQ(ZCQ + 2Ze)(kz - 1)

= 0
222,72 (k. + 1)+ 2(Zcy + 2Z.) 7

(13)

As discussed above, the circulating current can exist among
the inverters because of the different output voltages and asym-
metrical resonant components.

Moreover, it is desirable to investigate the sensitivity of each
component to the circulating current. The parameters of the IPT
system for the circulating current analysis is shown in Table 1.
For simplicity, the sensitivity of the resonant inductors to the
circulating current is investigated under the condition that all
the output voltages are identical (k,,; + jk,2 = 1), and the tol-
erance coefficient of the inductors follows 0.8 < k, < 1.2 (for
a practical inverter, the tolerance of the commercially available
resonant components is above 10%). Therefore, the normalized
circulating current caused by asymmetrical inductors is shown
in Fig. 5.

Similarly, the normalized circulating current caused by asym-
metrical voltages (0.8 < k,; < 1.2 and —0.5 < k9 <0.5)
while with identical inductors (k, = 1) is shown in Fig. 6.

Under the ideal condition (all the inverter units are identi-
cal), there is no circulating current in the paralleled resonant
inverters. It is obvious that the circulating current increases with
the resonant components tolerance and the difference between

jny = Ui1Zer(ZeaZ, + ZosZus + Z13Z,) — UnZea Ze (Zow + Z11) ®
Zc1Zooy(ZinZe + Zi1Z1o + ZioZe) + Z11 Z12Z (Zoo + Zen)
ipy = UsZco(Ze1 Ze + Zer Ziy + Zin1Ze) — U Zer Ze(Zies + Z12) ©
Zcr1Zoo(ZiiZe + Z1p1 Zro + ZroZe) + Zia1 Zr2Ze (Zoo + Zeon)
. 27, (CUl — DUQ) + A (UlZLQ — UQZLl) +2AZ. (Ul — UQ)
1. = (11)

2[AB+ AZ. (Zi1 + Z12) + BZ. (Zc1 + Zco)]
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the voltages. Furthermore, it is noticed that in a practical mul-
tiinverter IPT system, the circulating current can be combined
results of circuit asymmetry and difference in the input voltages
to the inverter units. Therefore, it is important and necessary to
minimize the circulating current.

III. CURRENT SHARING CONTROL IN MULTIINVERTER
IPT SYSTEMS

In the multiinverter-based IPT system, the decomposed ac-
tive and reactive currents can be represented by a linear function
instead of detecting the current amplitude and phase angle. How-
ever, the conventional approach of active and reactive currents
decomposing [26], [27] needs PLL to track the phase of the
voltage for calculating the active and reactive powers.

The PLL usually needs phase detection circuits to detect the
phases of the signals. However, the phase detection circuit is
not applicable under a small-current condition, especially with
heavy noise. Moreover, it is not easy to tune the resonant circuit
at the resonant frequency in practical IPT systems, which results
in the track current being distortion so that the zero crossing is
not the actual zero phase of the fundamental current. An im-
proper PLL design may cause the active and reactive currents

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 2, FEBRUARY 2017

detection error which affects the system’s control performance.
Therefore, it is desirable to investigate an approach to decom-
pose the active and reactive currents without PLL.

Virtual active and reactive current decomposition method
without PLL is proposed here to overcome the drawbacks afore-
mentioned. In order to let the inverter unit currents be in phase,
the track current is adopted as the reference current for the in-
verters current to follow. Then, virtual active and reactive powers
between the track current 7p and inverter unit current ¢pj are
defined, but they are not the circuits or physical reaction and
action in the real system. The virtual reactive power is only the
reflection of the phase difference between the inverter unit cur-
rent and the reference current. The virtual active power is the
reflection of the inverter current that flows into the track current.
Moreover, the virtual active and reactive powers can be calcu-
lated without PLL, then the active and reactive currents can be
derived.

A. Active and Reactive Current Decomposition Without PLL

The synthesized current 7 p, flowing through the primary track
(coil) Lp, is feasible to be assumed as a pure sinusoidal signal
due to the resonant network, and can be set as the reference
signal

ip = I, sin(wt) (14)

where [, is the amplitude of the current ¢ p.
The output current of the kth inverter unit can be expressed
as

ipk = Ik sin(wt 4 ¢p.) = i*sin(wt) + ™ cos(wt)  (15)

where i**sin(wt) and i** cos(wt) are defined as the active and

reactive currents against the reference signal. I** and I™* are
the amplitudes of the active and reactive currents, respectively,
which can be expressed as

Iak - Imk COS(¢]€)

I' = Ly sin(oy) 1o

The virtual active and reactive powers of the kth inverter unit
current ¢py against the track current 2p can be defined as

P _ I,,L Imk cos(qbk)
' I 12 sin (¢ ) (1 )

m dmk k
Q. — el

Two orthogonal signals generated by the controller with the
same frequency of w and random phase angle ¢, can be
expressed as

sing = sin(wt + ¢rer) (18)
cosc = cos(wt + @rer)
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The productions of (18) by the kth inverter unit current ipy
and the track current i p, respectively, can be expressed as
1Py, = Imi sin(wt + ¢y, ) - sing
_ —lwmi[cos(2wt+¢p +rer) —COS(Pf —Prer)]
= 2

1% = Iy sin(wt + ¢, ) - cose

_ Iy [sin(2wi+ ¢k +rer ) +5in(dr —¢rer)]
- 2

i% = I, sin(wt) - sing (19)

_ =1, [cos(2wi+¢rer) — cOSPret]
- 2

% = I, sin(wt) - cosc

_ L, [sin(2wt+drer) — Sindrer]
- 2

Obviously, i}y, ipy, @p, and % are composed of dc
component and an second-order harmonic component. By
applying an appropriate low-pass filter (LPF), the second-order
harmonic component can be filtered out. Then, we can get the
dc component

Ly cos(r —¢rer)
2

lak =

. Iy sin(@g —drer)

brk 2 (20)
i = Ly cOS@rer

a — 2.

7: _ =1y sing.er

, = —m o frel

According to (20), the amplitudes of the track current and the
inverter unit current can be expressed as

I, =2 Zzzz +7’72 Q1)
I =2 ng + i?«k
Substituting (20) and (21) into (17), the virtual active and
reactive powers can be rewritten as

P = Iy I [cOS(Pk —@ret)COSPror —SIN(Pr —Prof)SiNPret]
k — 2

- Q(Zuzak + i'r'irk)

Qr = — Lo I [8in¢rer cOS(Pf —¢ror)+ COSPret 8IN (P —Pret
- 2

] (22

= Q(ir'iak - Z.airk)

Substituting (17), (21), and (22) into (16), the amplitudes of
the active and reactive current components can be derived as

ok — 2P _ 2(tqtak +irirg)
Ly, \i2+i? (23)
Irk . 2Qk 2(iqirk —iriak)
= T = S

Therefore, the virtual active and reactive currents against the
track current can be calculated without PLL. The block dia-
gram of the proposed active and reactive current decomposition
named “virtual current decomposition” is provided in Fig. 7.

As shown in Fig. 8(a), the circulating current between the kth
and (k + I)th inverter units can be decomposed into the active
current component and the reactive current component against
the reference current (track current) fixed to the real axis. To
minimize the circulating current, both the active and reactive
circulating current components should be controlled to be zero.
As shown in Fig. 8(b), in other words, to keep the average of
the active current components of all the inverter units to be the
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same, and to keep the reactive current components of all the
inverter units to be zero.Therefore, the references active current
I°%* and reactive current I"™* are explained as

n

= %Zlaj = %Im

j=1
[rk* =0

[ak*
(24

B. Protection Device and Scheme

The schematic of the protection device connected in series in
the inverter units is depicted in Fig. 9. Ly, and Cy, are formed
as a resonant tank to block dc offset currents among the inverter
units and filter the harmonic components of the inverter unit
current. As a result, the resonant tank acts as a short circuit in
terms of the fundamental current. The resonant tank is made
of inductor and capacitor with low equivalent series resistance
(ESR). Therefore, the power loss of the resonant tank can be
neglected.
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Fig. 9.

Schematic of the protection device.
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Relevant voltage and current operating waveforms of the protection

Under normally operating condition, the driving signals of
Q5 and Q¢ are high-level voltages. One switching cycle op-
eration is divided into two submodes: mode 1 and mode 2,
as shown in Fig. 10. The voltages through Q5 and Q¢ are
zero ignoring the voltage drop of Dy5 and Dy, indicating the
protection device is turned ON and the power loss of the pro-
tection device is negligible. As a result, the protection device
acts as a short circuit, and the inverter unit current ipy can flow
through the protection device bidirectionally. Moreover, the rel-
evant voltage and current operating waveforms of the protection
device are depicted in Fig. 11.

If the kth inverter unit occurs a fault, the protection device is
supposed to operate to disconnect the fault unit. If the direction
of ipy is forward as shown in model in Fig. 11(a), where the
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Fig. 12.  Control diagram of the IPT system based on multiple inverters.

driving signal of Q;5 turns off. Then, ;5 will shut down with
ZVS since the voltage across Qx5 is zero. When ipy reverses,
Q5 can be totally shut down, and ip) should be zero as shown
in mode3. The driving signal of Q;¢ turns to be zero, and Q¢
can be shut down with zero current switching (ZCS) condition.
Therefore, the fault inverter unit can be disconnected from the
IPT system based on multiple inverters.

As shown in Fig. 11(b), the same soft switching could be
achieved when the fault occurs at the ipy is negative as shown
in mode 2 similarly to the case discussed above.

Therefore, the fault inverter unit can be disconnected from the
multiinverter IPT system quickly with ZVS and ZCS operation.
It dramatically increases the reliability of the IPT system.

C. Control Diagram for the Proposed IPT System

The active and reactive currents decomposition method-based
control strategy for parallel multiinverter IPT system is shown in
Fig. 12. The circulating current can be minimized by controlling
the amplitude and phase of the output voltage of each inverter
unit [26].

This control strategy is composed of two control feedback
loops, the active and reactive currents control loops. Kr(s),
Ka(s), and Ki(s) are the reactive current minimization controller,
the active current sharing controller, and the primary track cur-
rent feedback controller, respectively. All the controllers men-
tioned above are in form of proportional-integral (PI) or pro-
portional (P) controllers. Each inverter is with a dedicated fault
detection module, which will send signal a = 0 to the protec-
tion device in order to disconnect the fault unit from the whole
system when a fault occurs. If the inverter unit is normally oper-
ating, a = 1 is sent. Then, the references active current compo-
nent is changed to be Y-’ 1*1/ 377 a;, and the reference current
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Fig. 13.  Exterior appearance of the proposed IPT prototype.

Fig. 14. Primary and the secondary coils wound with Litz wire. (a) Lateral
view of the coils, and (b) top view of the coils.

component is still zero, which can maintain the whole system
working continually. Thus, the reliability and availability of the
IPT system can be dramatically improved.

IV. EXPERIMENTAL RESULTS
A. Prototype System

To validate the proposed control method, an experimental
IPT prototype based on a multiple inverter system consist-
ing of two resonant inverter units has been constructed in the
laboratory settings. The practical setup is shown in Fig. 13.
A TMS320F28335 digital signal processing unit was used as
the controller. CONCEPT-2SC0108T2A0-17 is adopted as the
power MOSFET driver to fulfill the requirement of high switch-
ing frequency in the experiment. Moreover, it has a function
of fault detection. The rectifier bridge uses fast recovery diode
DSEI2x61-02A. The primary track and the pick-up coil are
wound around U-type ferrite cores with Litz wires (with low
ESR). The pick-up coil is deliberately designed shorter than the
primary track so that it can dynamically move over the primary
track freely. The coils sizes are shown in Fig. 14. The air gap
between the primary track and the pick-up coil is set to be 12 cm,
which may satisfy the demand of electric vehicles. The mutual
and coil inductances are measured with Agilent E4980A LCR
meter.

The design specifications ofthe experimental setup are listed
in Table I. In the experimental evaluation, it is assumed
that the H-bridge inverters have the same power rating. The
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second-order Butterworth filter with the cut off frequency of
100 Hz has been used as the LPF.

B. Experimental Results

Variation in resonant components and/or dc source voltages
can cause circulating current among the inverter units, which
are illustrated as following.
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Fig. 18.  Measured power loss distribution at 2.87 kW output.
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1) Inverter Units With Asymmetrical Resonant Components:
In a practical IPT system, it is unlikely for the resonant invert-
ers to be identical. The tolerance for high-quality commercial
inductors is about 10%.

As listed in Table I, the two inverter units have 10% differ-
ence in the resonant inductors (Ly = 0.9L;). The two inverter
units are with the same dc input voltage (E; = Ey = 120 V).
The steady-state current waveforms without current sharing con-
trol [the same ¢ and € as shown in (5)] are shown in Fig. 15.
The track current is not evenly distributed in the two inverter
units, and both amplitudes and phase angles of inverter units’
output currents are different, due to the differences in the reso-
nant inductors. The bottom waveform in Fig. 15 is the current
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difference between the two inverter units, which is twice of the
circulating current. The amplitude values of the circulating cur-
rent and track current are 1 and 15 A, respectively. It is evident
that a large circulating current flows between the two inverter
units under asymmetrical inductance parameters condition.

In Fig. 16, the current sharing control is applied to the IPT
system based on two inverter units. The amplitude of track
current is controlled to be 15 A. The track current is evenly
distributed in the two inverter units, and the amplitude of circu-
lating current is minimized to 0.125 A. The circulating current-
associated power loss is very small that is valuable for indus-
try applications. Fig. 17 shows the dc sources’ output power
and load power from power analyzer (YOKOGAWA WT1800).
P4, P5, and Pg are the input powers of two inverter units and
the output power of the electronic load. The efficiency from
dc power supplies to the electronic load can be calculated as
n=PFs/(Py+ P;) = 155550 == ~ 93.54 %. The system’s
power loss is about 198 W, and the measured power loss distri-
bution is shown in Fig. 18. Furthermore, the output powers of
the dc sources are identical that shows good power sharing can
be achieved in a steady state with current sharing control.

The dynamic performances of track current under step change
in the reference from 9 to 12 A are shown in Fig. 19(a).
The proposed control method has a fast dynamic response
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performance with a settling time of 10 ms. The bottom wave-
forms in Fig. 19(a) are the reactive currents calculated by the
controller and displayed by digital to analog converter, indicat-
ing that the reactive current control loop has a good dynamic
performance. The dynamic performances of track current un-
der step change in the reference from 12 to 9 A are shown in
Fig. 19(b). The proposed control method has a fast dynamic
response performance with a settling time of 8 ms.

The waveforms of MOSFETSs in two inverters and correspond-
ing driving signals under asymmetrical inductance parameters
condition are depicted in Figs. 20 and 21. It should be noted
that the two inverters can achieve ZVS turn-on operation with
current sharing control.
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2) Inverter Units With Different DC Sources: As discussed
above, the inverter units feeding IPT systems can get power
from different energy sources, e.g., the dc bus, batteries, and
PV. In this case, it is necessary and important to investigate the
performance of the system with different input dc voltages.

Not only there is 10% difference in the resonant inductors (Ls
=0.9L,), but also the input dc voltages are different (E; =115V
and E; = 120 V). The steady-state current waveforms of the
IPT system based on two inverter units without current sharing
control are shown in Fig. 22. The amplitudes of the circulating
current and track current are 1.25 and 15 A, respectively.

The circulating current can be controlled to be 0.125 A by
employing the current sharing control as shown in Fig. 23. The
track current is evenly distributed in the two inverter units as the
last case does. In this case, both input power of each inverter
unit are identical as shown in Fig. 24, which means good power
sharing can be achieved in steady state with current sharing
control with asymmetrical resonant components and different
dc input voltages. The total efficiency from dc power supplies
to the electronic load is up to 93.41%.

The dynamic performances of track current under step change
in the reference from 9 to 12 A is shown in Fig. 25(a). The
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dynamic performances of track current under step change in
the reference from 12 to 9 A are shown in Fig. 25(b). It can
be shown that the proposed control method has good dynamic
response performance with asymmetrical resonant components
and different dc input voltages.

It is evident that the circulating current can be minimized and
track current can be maintained to be constant with fast response
by the proposed control method under steady state and transient
states.

The waveforms of MOSFETs in two inverters and corre-
sponding driving signals under different dc sources condition
are demonstrated in Figs. 26 and 27. Similarly, all invert-
ers can achieve ZVS turn-on operation with current sharing
control.

3) Redundancy: For apractical multiinverter-based IPT sys-
tem, it is desirable and necessary to investigate the performance
of the system with faulty units. It can be seen from Fig. 28 that
the amplitude of the track current control is to be 12 A in normal
condition. Inverter unit 1 occurs a fault, and then is disconnected
by the protection device. Finally, the input power stops flowing
through the inverter unit 1. At the same time, the track current
can be maintained to be 12 A by increasing the output current of
inverter unit 2, although the inverter unit 1 current decreases
to zero, which dramatically improving the availability and



LI et al.: ACTIVE AND REACTIVE CURRENTS DECOMPOSITION-BASED CONTROL OF ANGLE AND MAGNITUDE OF CURRENT

[90-X 30344, MYS2012505: Tue Sep 01 222051 2015
150V/ 10.08/ 10047 4 10.08/ -411.43 20005/

P e e e e ——'—‘-——,—.TT\—,r
"'p |I|: Il [ |:I ||! ! !'i i‘| ) 41 [IJ ;;II Iﬁ- ;’1 'Ll I|"‘. A iﬂ ll I|| ,|| || il II |5| fl It I‘ i h| :I‘ Il rl L]
-""|'“| IJ|||||||,,, DA 'r'|ll:|\

Uil ||| ]
HERRI! IJ'”I:.I...
2ms

1 : Mo mn [
w0 LLELLLLLD [_I_MI_IJ__ N
I AR A RNL A
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unit 1 is disconnected and full compensation of the track current.

reliability. The system efficiency decreases to 85% because the
primary circuit is not resonant after disconnecting the fault in-
verter unit, and the output current of available single inverter
increases in order to maintain the track as a constant. The out-
put voltage of the inverter shares quite a big phase difference
with the current so the power loss of the inverter increases. The
respond performance of the track current is 1.2 ms because there
is only inverter unit 2 supplying the IPT system after disconnect-
ing inverter unit 1. Therefore, only the active current controllers
are operating.

V. CONCLUSION

A parallel multiinverter IPT system is presented in this paper
to upgrade the power level of the IPT system. The operating
principle of the proposed system and the influence factors of
the circulating current have been analyzed and described in de-
tail. Virtual active and reactive powers theory has been defined
to decompose the active and reactive currents without PLL.
Meanwhile, the active and reactive currents can be controlled
independently to maintain a constant track current and mini-
mize circulating currents. The availability and reliability of the
proposed IPT system can be dramatically improved by the pro-
tection device. A 3-kW experimental prototype is set up and
tested. The experimental results verify the performance of the
proposed control approach.

The proposed method can upgrade the power level with
low-cost semiconductor devices. Circulating current problem
of the proposed IPT system is deliberately overcome by an
active and reactive power decomposition without PLL. Not only
more power can be transferred but also the circulating currents
of two inverter units can be suppressed dynamically by the pro-
posed method.

The proposed active and reactive currents decomposition-
based control method is fully demonstrated by the 3-kW exper-
imental prototype assembled in the university’s lab. The high
power level can be achieved employing the proposed method by
adopting more inverter units connected in parallel and/or higher
power level semiconductor devices and Litz wire, especially
with the manufactured by industry companies.
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