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Synchronization of the Carrier Wave of Parallel
Three-Phase Inverters With Virtual Oscillator Control

Jian Hu, Student Member, IEEE, and Hao Ma, Member, IEEE

Abstract—In this paper, a method to synchronize the carrier
wave of parallel three-phase inverters without communication is
proposed. This method is based on the digital-based virtual dead-
zone oscillators coupled with each other through electrical connec-
tions between parallel inverters. These oscillators are synchronized
based on the phenomenon of synchronization in networks of cou-
pled oscillators. Thus, the carrier waves of different inverters are
confirmed to be synchronized since they are generated by the os-
cillators. The model of the circulating current and the sufficient
condition of global synchronization of oscillators are derived in
this paper. The methodology for controller design is outlined based
on the aforementioned analysis. Experimental results for a system
with three inverters are given to illustrate the effectiveness of the
proposed control.

Index Terms—Circulating currents, dead-zone oscillators, mod-
ulation, nonlinear control, voltage source inverters (VSIs).

I. INTRODUCTION

THE parallel operation of voltage source inverters has be-
come a popular choice in high power applications due to

its many advantages, such as larger system capacity, increased
system robustness, easy and flexible implementation, and lower
cost for repair and replacement of each failure [1]–[5]. In a
parallel connection of voltage-source inverters, one of the ma-
jor concerns is the circulating currents between inverters, since
it reduces the power rating and efficiency of the system [6],
[7]. The circulating current can be generated by the loose of
the synchronization between inverters, mismatched output in-
ductance, measuring errors, and discretization of the controllers
[8], [9]. In order to suppress circulating currents, various control
techniques have been introduced including voltage frequency
droop control [10], circular chain-control [11], and harmonic-
elimination pulse-width modulation (PWM) [12]. By introduc-
ing these techniques, most of the fundamental and low-order
harmonic circulating currents can be eliminated.

The nonsynchronous carrier waves between different inverter
are another important cause of the circulating current. It is found
that the amplitude of switching circulating current is inversely
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proportional to the switching frequency [13]. Hence, it will be
come an important part of circulating current when low switch-
ing frequency is required to reduce the switching loss. However,
the aforementioned techniques lack ability to suppress such cur-
rent since they only deal with reference modulation waves. One
solution to suppress such circulating current is to introduce an
isolating transformer or mutual inductance at ac side of each
inverter [14], but it will make the inverter costly and bulky. An-
other solution which can eliminate such circulating current is
to acquire ideal operation status of the parallel inverter system
which requires uniform modulation of every inverter [15]. This
status can be achieved via a central controller which controls
all inverters [16] or communication between inverters to syn-
chronize the carrier wave [17]. But these methods increase the
complexity of the controller, impose restrictions on the locations
of the inverter and degrade the reliability of system.

Recently, a virtual oscillator control (VOC) which can syn-
chronize nonlinear electrical circuit without communication was
proposed in [18]. Such control has been used to synchronize ref-
erence modulation wave of parallel connected inverter to share
the load in proportion to their ratings and eliminated the fun-
damental circulating currents [19]. Compared to droop control
and its variants, this control achieves minimal deviations of the
system frequency with variations in load and simplifies the con-
troller as it requires neither filter nor power calculation [20].
However, this method only deal with the reference modulation
wave and cannot eliminate the switching frequency circulating
currents.

Inspired by the aforementioned control strategies, a VOC-
based synchronization method for the carrier waves is proposed
in this paper. The method uses virtual oscillator to generate the
carrier wave and synchronizes them with the electrical coupling
between paralleled inverters. Based on the characteristic of the
phenomenon of synchronization in the networks of coupled os-
cillators, this method is able to synchronize carrier wave among
different inverters without communication and independent to
the load and the number of the inverters in the system.

The remainder of this paper is organized as follows. In Sec-
tion II, the analysis of the switching circulating current in a
parallel inverter system is carried out. In Section III, the co-
ordinate system where the control strategy is implemented is
first selected, then the detailed control implementation of the
proposed control is given. Finally, the equations that describe
the coupling of the virtual oscillators, sufficient conditions
for the global asymptotic synchronization are outlined. The
methodology for parameters selection is given in Section IV,

See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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Fig. 1. Waveforms in this figure are organized as follows (from top to bottom):
(a) Carrier wave um and reference modulation wave uc . (b) The output voltage
of bridge uo . (c) The output voltage without dc component uf . (d) The switching
frequency components of output voltage us .

followed by the experimental results of steady state and dy-
namic in Section V. Finally, a conclusion is highlighted in
Section VI.

II. MATHEMATIC MODEL OF SWITCHING

CIRCULATING CURRENT

In this section, the mathematic model of the switching circu-
lating current among paralleled inverters is given and detailed
discussions are given. First, the relationship between carrier
wave and the switching frequency components of the output
voltage of inverter is discussed. Based on this discussion, the
model of the switching circulating current of the system is
derived.

A. Relationship Between Carrier Wave and Switching
Frequency Components of the Output Voltage

The output voltage of each inverter leg uo is determined by
two waves: carrier wave um and reference modulation wave uc

as shown in Fig. 1. The duty ratios are determined by uc and
the switching times are determined by um . The output voltage
of the bridge can be expressed as
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where Tsw , τ represent the switching period and pulse width,
respectively. The Fourier series expansion of the output voltage

uo is

uo = Udc
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It is easy to derive from the principals of PWM that

d =
τ

Tsw
= uc (3)

where d represent the duty ratio of the PWM waves. Combining
(2) and (3) yields

uo = Udc

[

d +
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Tsw
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. (4)

The dc components of the uo is related to the reference modu-
lation wave uc , which changes at fundamental frequency. Hence,
it can be ignored while discussing switching frequency compo-
nents. The high frequency components can also be ignored since
their amplitude is relatively small compared to the switching
frequency components.

In order to link the time domain and frequency domain, the
phase angle of the start time of the carrier wave is defined as
ϕm , and the palstance of the switching frequency system ωs is
defined as

ωs � 2π

Tsw
. (5)

The switching frequency component us can be expressed as

us =
2Udc

π
sin (πd) sin

(
ωst + ϕm +

π

2

)
. (6)

Thus, voltage phasor of switching frequency component is

U̇s =
2Udc

π
sin (πd) ∠(ϕm +

π

2
). (7)

From (7), two conclusions can be drawn:
1) The amplitude of the switching frequency phasor of the

output voltage is determined by the duty ratio d. The am-
plitude reaches it maximum when d is 0.5. The component
can be eliminated when d is 1 or 0.

2) The phase of the switching frequency phasor is 90◦ ahead
of the phase of carrier wave.

B. Circulating Current Between Paralleled Inverters

Based on (7), the voltage phasor of switching components of
three phases can be expressed as
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. (8)

Since the three bridges of the inverter often share common
carrier wave, the phases of three-bridge output voltage are the
same. However, the magnitudes of them are nonidentical since
the reference modulation waves which determine the magnitude
are different between three phases. Obviously the source of
three phases is imbalanced. The phasor diagram of the system
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Fig. 2. Phasor diagrams of asymmetric voltage and the positive, negative, and
zero sequence system.

Fig. 3. Parallel inverter system without isolation.

can be expressed as Fig. 2. This asymmetric characteristic of
the voltage source of the circuit makes it complex to analyze
the circuiting current. In order to simplify the analysis, method
of symmetrical components is used to decompose the system
into three symmetrical systems: positive, negative, and zero
sequence systems. The decomposition is realized by
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where ˙U+ , U̇−, and U̇ 0 represent the phasors positive, negative,
and zero sequence voltages, respectively.

Based on this method, the phasor diagram of the asymmetric
voltage source and the results of the division are depicted in
Fig. 2.

The parallel inverter system depicted in Fig. 3 can be divided
into three symmetric systems.

The equivalent circuit of the three systems is shown in Fig. 4,
where U̇+

x , U̇−
x , and U̇ 0

x represent the positive, negative, and
zero sequence voltage phasors of each inverter, respectively,
U̇+

l , U̇+
l , and U̇+

l stand for the positive, negative, and zero
sequence voltage phasors of load, İ+

x , İ−x , and İ0
x are on behalf

of the positive, negative, and zero sequence current phasors of
each inverter, respectively; Z+ , Z−, Z0 represent the positive,
negative, and zero sequence of load impedances, respectively,
Zo stand for the impedance of the output filter of each inverter.

According to node analysis, the load voltage of the system
can be expressed as follows:
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The current phasors of each inverter can be expressed as
⎧
⎪⎪⎨

⎪⎪⎩
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x ∈ {1, 2 . . . n}. (11)

The circulating current of each inverter is defined in
below [21]

Cx �
n∑

j=1

ix − ij
N

x ∈ {1, 2 . . . n}. (12)

Combining (11) and (12), the phasors of the circulating cur-
rent of each inverter can be expressed as
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where Ċ+
x , Ċ+

x , and Ċ0
x represent the positive, negative, and

zero sequence circulating current phasors of each inverter,
respectively.

Therefore, the switching circulating current of each inverter
can be expressed as

Cx = C0
x + C+

x + C−
x x ∈ {1, 2 . . . n}. (14)

Obviously, switching circulating current Cx would be elim-
inated, if all the switching frequency components of different
inverters are the same. Hence, it is essential to synchronize car-
rier wave among parallel inverters to eliminate the switching
circulating current.
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Fig. 4. Equivalent model of switching circulating current of phase A of parallel inverter system. (a) Positive sequence system. (b) Negative sequence system.
(c) Zero sequence system.

Fig. 5. Structure of the dead-zone oscillator. (a) Electrical circuit. (b) Char-
acteristics of voltage independent current source.

III. CONTROL SYSTEM DESCRIPTION

In this section, the basic principles of virtual oscillator which
serve as the core of the controller are first reviewed. Then,
the structure of proposed controller is introduced. In the end,
equations that describe the couplings of the virtual oscillator of
different inverters and a sufficient condition for synchronization
of them are outlined.

A. Nonlinear Dead-Zone Oscillator

Before introducing the synchronization of the carrier with
virtual oscillator, the basic principles of virtual oscillator is
reviewed.

The electrical schematic of the nonlinear dead-zone oscillator
is shown in Fig. 5. The linear subsystem is a passive RLC circuit
which determines the oscillator frequency

fosc =
1

2π
√

LE CE

. (15)

The voltage-independent current source is the energy source of
the oscillator, the output of which is defined as

f(uosc) =

⎧
⎪⎪⎨

⎪⎪⎩

−2σϕ − σuosc uosc < ϕ

σuosc −ϕ < uosc < ϕ

2σϕ − σuosc uosc > ϕ

. (16)

The electric equation of the oscillator can be described as

uosc = Zosc(if − iosc) (17)

Fig. 6. Output of virtual dead-zone oscillator with different ε.

where Zosc is the impedance of passive RLC circuit

Zosc(s) = R||sL||(sC)−1 =
RLs

RLCs2 + Ls + R
. (18)

Another important parameter for the oscillator can be defined
as

ε =
√

LE

CE

(

σ − 1
RE

)

. (19)

With small value of ε, the output of the oscillator approximates
an ideal sinusoid in the time domain as shown in Fig. 6.

B. Proposed Control Structure

In order to use virtual oscillators to synchronize the carrier
waves of paralleled inverters, two requirements should be met:
1) the virtual oscillators should be coupled through electrical
link between inverters; and 2) the carrier wave should be gener-
ated with the output of virtual oscillator so that the synchroniza-
tion of carrier wave can be guaranteed if the virtual oscillators
are synchronized. To fulfill the aforementioned requirements,
the control structure of the VOC-based carrier synchronization
of one inverter in the system is depicted in Fig. 7(a).

The currents of the three phase are added to get the zero se-
quence current i0 , which then passes through a bandpass filter
to eliminate the current other than switching frequency. After
the normalization with constant ki , the current is sent to the
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Fig. 7. (a) Control structure of VOC-based carrier synchronization. (b) Waveforms of uosc , usgn, and um .

virtual oscillator serving as the output current iosc . With zero
sequence currents as the input, the virtual oscillators are cou-
pled with each other through zero sequence system discussed in
Section II.

The output voltage of the oscillator uosc is used to generate
the carrier wave of the inverter according to following steps.
First, the output voltage uosc is reshaped by signum function to
a square wave usgn. This wave then passes through an integrator
to generate a triangle wave um . The waveforms of uosc , usgn, and
um is depicted in Fig. 7(b). um serves as the carrier wave with
modulate reference modulation waves to generate the PWM
signals S1 ∼ S6 to control the three-phase inverter.

C. Network Analysis and Sufficient Condition of
Synchronization of Virtual Oscillator

The goal of the proposed control is to synchronize the carrier
waves of different inverters. This can be achieved by the syn-
chronization of the virtual oscillators of different inverters, since
the phase and frequency of the carrier wave is determined by
the output voltage of the virtual oscillator as shown in Fig. 7(b).
Thus, the goal of the controller is equivalent to the synchroniza-
tion of the output voltage uosc of each inverter with electrical
coupling among them. In order to derive the sufficient condition
of synchronization of virtual oscillator for different inverters, the
model of the electrical coupling among them is first established.

Combining (7) and (9), the phasor of zero sequence voltage
of xth inverter can be expressed as follows:

U̇ 0
x =

2Udc

3π
[sin(πdax) + sin(πdbx) + sin(πdcx)]∠(ϕm +

π

2
).

(20)
From Fig. 7(b), it can be concluded that the output of oscillator

uosc and the carrier wave um have the same phase. Based on
the discussion above, the relationship between the phasor of the
output voltage U̇oscx and that of zero sequence voltage U̇ 0

x can

expressed by

U̇ 0
x = A0x∠(ϕosc +

π

2
) =

A0x

Aoscx
∠π

2
∗ U̇oscx (21)

where Aoscx , ϕosc stand for the amplitude and phase of the
oscillator output voltage uoscx , respectively, and A0x represents
amplitude of U̇ 0

x which is determined by the duty ratios and
dc-link voltage

A0x =
2Udc

3π
sin(πdax) + sin(πdbx) + sin(πdcx). (22)

Convert (21) into s-domain1

u0
x(s) = Gux(s)uoscx(s) (23)

where

Gux(s) =
A0x

Aoscx
ej π

2 . (24)

The relationship between the output currents of the inverter and
oscillator can be expressed as

ioscx = kiGfx(s)i0(s) = Gix (s)i0(s) (25)

where Gfx(s) is the transfer function of the bandpass filter of
xth inverter. The model of electrical coupling between virtual
oscillators can be depicted in Fig. 8.

Based on (11), the zero-sequence output current of each in-
verter i0x is

i0x(s) = Zo(s)
−1(u0

x(s) − u0
l (s)). (26)

Substituting the voltage and current from (23) into (26), the
output current ioscx and voltage uoscx of each oscillator are
related by

ioscx = Zo
−1(s)(Gix (s)Gux(s)uoscx(s) − Gix(s)u0

l (s)).
(27)

190◦ phase lead is equivalent to ej π
2 .
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Fig. 8. Model of electrical coupling between oscillators of different inverters.

Solving for uoscx , the following can be obtained:

uoscx = (Gix (s)Gux(s))−1(Zo(s)ioscx(s) + Gix (s)u0
l (s)).

(28)
The zero-sequence load voltage can be expressed as

u0
l = Z0(s)

N∑

x=1

i0x(s) = Z0(s)
N∑

x=1

(Gix (s)ioscx(s)). (29)

Substituting (29) and into (28) yields

uoscx =
Zo(s)ioscx(s) + Z0(s)

∑N
k=1(Gik(s)iosck (s))

Gix(s)Gux(s)
.

(30)
Assuming the reference modulation waves of each inverter

are synchronized,2 the duty ratios of PWM signals of the each
inverter are nearly identical. Based on (22), one can conclude
that the A0x is identical among different inverters. Aoscx is the
same among different inverters if the parameters of the oscillator
of each inverter are same. Therefore, the Gux is the same be-
tween different inverters. Similarly, Gix (s) can also considered
to be identical if the parameters of bandpass filter and current
gains of each inverter are same.

Thus, the matrix form of (30) collecting all voltages and
currents of different oscillators is

uosc(s) =
[Zo(s)I + Z0(s)A]iosc(s)

Gi(s)Gu (s)
(31)

where the vectors of the output voltages and currents are denoted
by uosc = [uosc1 , . . . , uoscn ]T and iosc = [iosc1 , . . . , ioscn ]T .

2If the reference modulation waves of different inverters are out of syn-
chronization, large amplitude of fundamental frequency circulating current will
occur. Hence, it is meaningless to discuss the synchronization of carrier wave
under such condition.

Fig. 9. Block diagram compartmentalizing linear part and nonlinear part of
system.

And I and A are N order matrix defined as

I �
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1 0 · · · 0
0 1 · · · 0
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. . .
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0 0 · · · 1
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⎥
⎥
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1 1 · · · 1
1 1 · · · 1
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. . .
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1 1 · · · 1

⎤

⎥
⎥
⎥
⎦

. (32)

Solving for iosc

iosc(s) = Y (s)uosc(s) (33)

where Y (s) can be expressed as

Y (s) = Gv (s)Gi(s)[Zo(s)I + Z0(s)A]−1 . (34)

To compartmentalize the nonlinear and linear part of the system,
the matrix form of (17) can be expressed as

uosc(s) = Mosc(if (s) − iosc(s)) (35)

where if (s) � [if 1(s), if 2(s), . . . , if n (s)]T , Mosc(s) � Zosc
(s)I .

Substituting (33) into (35) and solving for vosc(s) yields

uosc(s) = [I − Mosc(s)Y (s)]−1Mosc(s)if (s). (36)

Define the vector of nonlinear function

f(uosc(s)) � [f(uosc1(s)), f(uosc2(s)), . . . , f(uoscn (s))]T .
(37)

Thus, the nonlinear part of the system can be expressed as

if (s) = f(uosc(s)). (38)

The model of the system with nonlinear and linear part divided
can be depicted in Fig. 9. The theorem establishing a sufficient
condition for the global asymptotic synchronization of virtual
oscillator can be expressed as the following:

sup
ω∈R

∣
∣
∣
∣

∣
∣
∣
∣

(Gu (jω)Gi(jω))−1Zo(jω)Zosc(jω)
(Gu (jω)Gi(jω))−1Zo(jω) + Zosc(jω)

∣
∣
∣
∣

∣
∣
∣
∣ σ < 1. (39)

The proof of (39) have been given in [20]3 and will not be
duplicated here

3If ν and ι is replaced with Gu (s) and Gi (s) respectively, the condition
proofed in [20] is exactly same as in this paper.
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Fig. 10. (a) Bode diagram of Gf (z) with different Kip . (b) Dynamic response
of filter with different Kip .

IV. PARAMETER SELECTION

In this section, the process for the controller parameter se-
lection is outlined including the bandpass filter and virtual
oscillator.

A. Bandpass Filter

The purpose of bandpass filter is to filter out components
other than that of switching frequency. Hence, the design is
based on two principals: 1) The attenuation and phase shift on
switching frequencies should be as small as possible. 2) The
attenuation on the harmonics of the switching frequency and
base frequency should be large enough to eliminate their effects
on the virtual oscillator. 3) The delay of the filter should not
degrade the dynamic performance of the system.

One possible example of such digital bandpass filter can be
expressed as

Gf o =
Kip(z − 1)

z2 − 2z cos(2πfsw/fs) + 1

Gf =
Gf o(z)

1 + Gf o(z)
(40)

where Kip is the integral constant of the filter, fsw the switching
frequency, fs is the sampling frequency. The open-loop transfer
function Gf o(z) imposes high magnitude and zero phase shift on
the switching frequency so that the close-loop transfer function
Gf (z) can be regarded as the bandpass filter conforming to the
principals.

The magnitude and phase response of Gf (z) with different
Kip is shown in Fig. 10(a). It can be concluded that the smaller
Kip results the better attenuation ability of the filter. Therefore
the Kip should be designed small enough to achieve high atten-
uation of base frequency current for its amplitude can be much
larger than the switching frequency one.

Fig. 11. Simulation used to perform test to select the current gain ki .

TABLE I
EXPERIMENTAL PARAMETERS

Prototype Parameters Controller Parameters

Rated frequency f 50 Hz Virtual Oscillator Inductance LE 2.533 μH
Filter Inductance L 3 mH Virtual Oscillator Capacitor CE 20 mF
Filter Capacitor C 20 μF Virtual Oscillator Resistor RE 10 Ω
Switching

Frequency
fsw 1000 Hz Slope of nonlinear current

source
σ 1 S

Load per phase RL 3.7 Ω Turning point of nonlinear
current source

ϕ 0.55 V

DC bus voltage Udc 30 V Current Gain ki 0.5
Integral constant of the filter K ip 0.01
Sampling Frequency fs 200 kHz

Another consideration of the designation of Kip is its effects
on the dynamic performance of system. As shown in Fig. 10(b),
the lower Kip will make filter to spend more time to reach its
desired output and degrade the dynamic performance of the
whole system. Thus, the Kip should be chosen to ensure the
delay of the filter should not exceed half of the period of base
frequency of the system.

B. Virtual Oscillator

The design selection can be formulated as follows: Given
the filter independence Zo and rated switching frequency ωsw ,
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Fig. 12. Steady-state experimental results. Waveforms in (a) and (b) demonstrate the steady state of system with and without carrier wave synchronization when
under 1 : 1 : 1 ratios of power sharing. Waveforms in (c) and (d) demonstrate the steady state of system with and without carrier wave synchronization when under
2 : 2 : 1 ratios of power sharing.

select the current gain ki and virtual oscillator parameters RE ,
LE , CE , ϕ, and σ to ensure that 1) the condition of the global
asymptotic synchronization is satisfied and 2) the switching
frequency is maintained within the prescribed upper and lower
limits under worst case.

The selection of parameter is performed according to selected
as following steps:

1) The inductance and capacitor LE and CE is selected to
ensure the frequency of oscillator fosc to be the desired
switching frequency fsw based on (15).

2) Let σ = 1 and select RE > 1/σ.
3) Set iosc = 0, run simulation in Fig. 5, turn ϕ to make sure

the amplitude of oscillator Aosc reach the desired value.
4) The worst working condition of the controller is that all the

other inverters have the opposite carrier waves. In order
to investigate the behavior of the virtual oscillator under
such condition, simulation is performed in the system
depicted in Fig. 11. The phase current of one inverter
is used to generate the modulation wave with the VOC

depicted in Fig. 7(a), the generated modulation wave um1
is used to generate the drive signal of the inverter. While,
the modulation waves of the other inverters are generated
by phase shift block which shift the um1 by 180◦. Thus,
the other inverters always have the opposite carrier waves.
Using this model, the current gain ki is tuned to keep the
switching frequency within the desired range even under
worst cases.

5) The condition (39) is checked in order to ensure the global
asymptotic synchronization of the system. If the condition
is not satisfied, decrease σ and return to step 2.

6) The sampling frequency fs is selected to be much larger
than the switching frequency fsw to ensure the accuracy
of the synchronization.

V. EXPERIMENTAL RESULTS

In order to test the effectiveness and stability of the pro-
posed control, a 20 times scaled-down experimental prototype
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Fig. 13. Experiment results of transient behavior. Waveforms in (a) and (b) demonstrate the transient behavior of system with inverter addition under 0.01 and
0.001 kip . Waveforms in (c) correspond to the case of inverter removal.

consisting of three three-phase inverters connected parallel is
built and tested in this section. As the parallel operation of in-
verter often operates at high current circumstances, the load
impedance is set low as 3.7 Ω. Under high power rating cir-
cumstances, the switching frequency could not be high for the
limitation of the power loss, the switching frequency is set as
1 kHz. Due to the low switching frequency, the filter parameters
are set large to achieve enough attenuation of switching ripples.
The detailed electrical schematic of the system is the same as
in Fig. 3. The controller is implemented by using a Texas In-
struments TMS320F28335 digital signal processor. The virtual
oscillator is digitalized as follows: (16) is realized by if-else
structure and (17) is achieved by a two-order discrete transfer
function. The detailed parameters of the prototype and controller
can be found in Table I.

A. Steady State

First, the ratios of power sharing of three inverters are set as
1 : 1 : 1. Then, a comparison between the steady state of the
parallel inverter system sharing with and without carrier wave
synchronization is carried out to justify the effectiveness of the
proposed control. Each inverter’s output voltage and current of
phase A bridge is shown in Fig. 12(a) and (b). The circulating
current ic of inverter 1 is calculated by: ic = io1 − il/3 [21].

As shown in Fig. 12(b), without carrier wave synchroniza-
tion, the circulating current consists of the switching frequency
component and its the amplitude is over 2 A and is mainly con-
sist of switching frequency components. If the carrier waves are
synchronized as depicted in Fig. 12(a), the switching frequency
components are completely eliminated.

Next, the ratios of power sharing of three inverters are
changed to 2:2:1. Similar comparison is made and in this case,
the circulating current is calculated by ic = io1 − 2il/5 [22].

Similar to the case with same power sharing, as shown in
Fig. 12(d), without carrier wave synchronization, the circulating
current is mainly consist of switching frequency components
with amplitude of over 2 A. If the carrier waves are synchronized
as depicted in Fig. 12(c), the switching frequency components
are eliminated.

Therefore, it can be concluded that the synchronization of
the carrier wave greatly reduced the switching frequency circu-
lating current among different inverters both under identical or
nonidentical cases.

B. Inverter Addition and Removal

Next, the dynamic behavior of the proposed control with
inverter addition is performed. Fig. 13(a) shows the transient
response of the system as a third inverter is added to the system
with Kip of 0.01. 50 ms after the addition, the synchronization
is achieved and the circulating current disappears. When Kip
is set as 0.001, as Fig. 13(b) shows, the system cost more time
to synchronize the carrier wave. Even after 80 ms after the
transient, the carrier waves of three inverters have not been fully
synchronized. Thus, the Kip should be set correctly to achieve
good performance of the system.

Transient behavior of the inverter removal is shown in
Fig. 13(c). It can be concluded that the removal of the in-
verter does not affect the synchronization of carrier wave of
the remaining inverters since the carrier waves of them remain
synchronized after the removal. Thus, the stability of the system
remains after inverter removal.

VI. CONCLUSION AND FUTURE WORK

A method for synchronizing carrier wave of different invert-
ers in a parallel three-phase inverter system is presented in this
paper. The proposed technique relies on the virtual oscillators of
inverters that emulate the coupling oscillator networks to syn-
chronize with each other. It is shown that inverters of the par-
allel inverter system can synchronize their carrier wave without
communication. This will greatly reduce the complexity of the
control system if synchronization of carrier waves of a parallel
inverter system is needed. A sufficient condition for virtual os-
cillator synchronization is derived and the results suggest that
this method is independent of the load and the number of invert-
ers. In addition, a methodology to determined the parameters of
the controller are also given. Finally, experiments are conducted
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and the corresponding results justify the effectiveness of the
proposed strategy.

Compelling avenues for future work include developing sim-
ilar controllers for grid-connected applications. Furthermore,
this method should be extended to other modulation method
such as space-vector PWM or discontinuous PWM. Finally, fu-
ture efforts could be focused on the analytically quantifying the
dynamic performance of the proposed control.
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