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1Abstract—With the development and utilization of renewable
energy, the scaling of microgrid composed of distributed
generation systems and energy storing devices, e.g, photovoltaic
(PV), wind power, micro gas turbine, fuel cell, are becoming
much lager. Research on control of multi-inverter parallel is the
focus as the key technique, which can improve the reliability of
microgrids. The inverters in the microgrid operate in parallel,
which not only facilitates the expansion of the microgrid but also
improves the reliability of the operation of the microgrid system
in off-grid mode. The key to the parallel operation of the inverter
is to achieve even distribution of the load current. In this paper, a
comprehensive review on the control strategies of
parallel-operated inverters is presented. Also, the detailed
analysis, comparison, and discussion on the existing parallel
control strategies are investigated.
Index Terms—Parallel inverters, microgrid, distributed power
system.

I. INTRODUCTION

W

ITH the global economic and social development, the
energy crisis and environmental problems have become
increasingly serious. The coal, oil and natural gas and other
mineral energy are increasingly depleted, forcing people to
accelerate the exploration and application of new energy, such
as solar energy, wind energy, tidal energy and fuel cell [1-3].
Since the nineties of the last century, various power
generation and conversion technologies that make use of
renewable energy have been developed rapidly, accompanying
the gradual transition of power supply system from centralized
power system (CPS) to distributed power supply system (DPS).
Compared with CPS, DPS has a series of advantages, such as
redundancy, modularization, fault tolerance, reliability,
maintainability [4, 5].
Distributed generation is the core of distributed power
system, which means that a variety of small-scale energy
sources, such as gas turbines and various renewable energy
sources, are used at the site of the user or near the site to meet
the needs of specific users and support the economic operation
of the power grid or to meet these two requirements. These
small energy sources include the above-mentioned new energy
sources or gas turbines. Distributed generation technology
based on new energy sources mainly include solar photovoltaic
power generation technology [6, 7], wind power generation
technology [8,9] and fuel cell power generation technology
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[10, 11]. Germany, Denmark, Japan and the United States have
a leading position [12]. As a key technology in the development
and utilization of new energy, inverter control has become one
of the hot spots in power electronics.
On the other hand, it is one of the development direction of
power supply technology to realize large capacity and
high-reliability power conversion system with multi-module
parallel. With the development of electric vehicles and DC
microgrids, the demand for high-power charging facilities is
becoming more and more urgent. It is a preferred solution for
people to increase the power capacity by using the existing
power charging modules in parallel, which not only increase
system capacity, but also save costs and improve system
stability and security [13, 14]. Multiple power modules share
the load power in parallel, and the current stress of the main
switch devices in each module is small, and the reliability is
guaranteed fundamentally. At the same time, each module has
smaller capacity and higher power density, so that the volume
and weight of the entire power supply will decrease. Standard
modularity instead of serialization will also greatly reduce the
cost of production and maintenance. The N+X redundant
parallel operation (X is redundant module number) obtains the
fault-tolerant redundant power at a small cost. No matter
national defense or civilian, it is a preferred scheme to achieve
the key power supply, high reliability, high power density and
high power system. The parallel operation mode of DC power
inverter has been widely used in the power supply of the server.
However, the inverter is AC output, each module output voltage
not only to the same amplitude, and must be the same waveform,
the same frequency, phase synchronization, so its parallel
operation is much more difficult than the DC converter.
The inverters in the microgrid operate in parallel, which not
only facilitates the expansion of the microgrid but also improves
the reliability of the operation of the microgrid system in
off-grid mode. The key to the parallel operation of the inverter
is to achieve even distribution of the load current. For the load
current to be distributed evenly between each inverter, it is
necessary to maintain the amplitude, phase and frequency of the
inverter's output voltage at any moment equality; otherwise it
will result in circulating current between the inverters. The
circulating current will cause uneven load current distribution,
which may cause some inverters to withdraw from microgrid
and reduce operation efficiency and reliability of the whole
parallel system [15-16].
First, when inverters are operated in parallel, the current
flows between the parallel inverters due to the inverters
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connected to the same DC bus and the same load, forming a
circulating current [17]. When there are differences between
the given parameters of each inverters and the adjustment
parameters, the output voltage of no-load inverters will be
different.
As the internal resistance of each voltage source inverters is
extremely small, partial rectification and active inversion may
form a large circulating current between the parallel voltage
source inverters, affecting the normal operation of the inverters
and reducing the performance of the system, it must suppress
the circulating current. At present, there are a lot of literature
on control methods of circulating current suppression, mainly
adopting the method of coupling inductance [18-19], adopting
the method of interphase impedance [20-21], adopting the
method of isolating transformer [22-24], adopting the method
of improving voltage space vector [25-28] and the method of

adding regulator [29-30]. In fact, to avoid circulating current
and achieve current sharing are the same problem, to achieve
current sharing is to avoid the emergence of circulating current,
most of the domestic research from the current sharing point of
view to solve the problem. The problem of current sharing is
how to distribute the current among all the modules evenly. If
the average distribution of the load current among the parallel
modules can not be guaranteed, it is bound to increase the
output current of some modules and reduce the output currents
of other modules, even no output, which will reduce system
reliability and security [31]. At present, in the parallel inverters
system, the technology of realizing current sharing control
include centralized control [32-40], master-slave control [41-48]
and decentralized control [49-59], circular chain control [60-61],
wireless parallel control [62-79]. The classification map of
parallel control strategies are shown in Fig. 1.
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Fig. 1. Classification map of Parallel control strategies.
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In isolated operation (off-grid mode), all distributed
micro-sources are supplied to local load in microgrid, which is
similar to the operation of multiple groups of uninterruptible
power supplies (UPS) in parallel. Multiple inverters in the
microgrid operate in parallel, which is beneficial to the
large-scale expansion of the microgrid and on the other hand
can effectively improve the security and flexibility of the
microgrid under islanding. However, the inverter in island
operation is in voltage control mode and the inverter parallel
system is equivalent to multiple controllable voltage sources
operating in parallel. Taking into account that the inverter does
not have similar external characteristics of synchronous
generators, the output voltage amplitude, frequency and phase
angle differences will result in circulating current between the
inverter, and even led to individual inverter trip-out from the
micro-grid, causing micro-grid islanding bus support voltage
and frequency of rapid fluctuations, which is not conducive to
the inverter parallel system efficient and stable operation
[67-68]. Therefore, the key to the parallel operation of the
inverter in island mode lies in how to distribute the load power

rationally, and realize the accurate distribution of the load
current according to the rated capacity ratio of each inverter to
suppress the circulating current between the inverters.
A. Centralized Control
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Fig. 2. Parallel structure of inverter based on centralized control mode.
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B. Master-slave control
In order to overcome the problem of low reliability of the
centralized controller in centralized control mode, a possible
solution based master-slave control can be used. The principle
diagram of the master-slave inverter in parallel inverter is
shown in Fig. 3. Among them, the inverter of the master control
unit adopts constant voltage and frequency control (V/f control)
to provide voltage and frequency reference to other control
units and the inverter of the slave control unit adopts PQ
controller. However, once the microgrid is switched to
grid-connected operation, the inverter, which is the master
control unit, needs to be quickly converted from the V / f
control mode to the PQ control mode, which requires that the
master controller be capable of operating between two-control
modes quick switch. Once the master control unit fails to switch
the working mode, the entire parallel control system will be
difficult to maintain operation stably.
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Fig. 3. Parallel system structure of inverter based on master-slave control.

C. Decentralized control
In order to overcome the problem of low reliability of the
centralized control and the master-salve control, the
decentralized control theory can be used. The principle of
decentralized control mode is that the status of each inverter in
the parallel system is equal and there is no fixed master or
slave. When one of the inverters exits the parallel system due to
fault, the operation of the remaining parallel inverters is not
affected. Decentralized control can be divided into three types:
instantaneous current sharing control and active power reactive

power sharing control.
The instantaneous maximum current sharing control block
diagram of parallel inverters is shown in Fig. 4. There is a
synchronous bus and a current bus in the system. The
synchronous bus is used to realize the phase synchronization
between parallel inverters. Each module obtains the maximum
current from the current bus as the current reference for the
circulating current regulator. The output of the circulating
current regulator is superimposed on the output of the current
regulator so that the load current is shared equally.

Current
bus
Synchronous
bus

At present, the control technologies for parallel operation of
inverters can be roughly divided into two types: wire control
and wireless control. Structure block diagram of parallel
inverter using centralized control mode, as shown in Fig. 2.
From Fig. 2, it can be seen that the centralized control features
are: microgrid multi-inverter parallel system reference power
signal is mainly provided by the micro-grid control center, the
reference power signal subtracting from the actual active and
reactive power detected by the inverter getting current
deviation (PQ control), their difference as the output voltage
command compensation, in order to achieve the proportion of
the load current distribution. The centralized control mode of
inverter is easy to realize engineering application. However,
once the control center of microgrid fails or the line breaks, the
whole parallel control system will collapse, so the reliability is
low.
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Fig. 4. Instantaneous maximum current sharing control for parallel inverters.

The decentralized control of parallel inverters based on
instantaneous current sharing can obtain good steady and
dynamic current sharing performance. However, as the parallel
system expands, the distribution distance between parallel
inverters will increase, leading to the current bus transmission
of analog signals are more susceptible to interference, resulting
in lower reliability of the overall parallel inverter system, which
will reduce the reliability of the entire parallel inverter system.
At the same time, with the increasing number and capacity of
parallel system units, interconnection lines between inverters
will become more and more complex, and the reliability of
inverter parallel systems will become increasingly worse.
The schematic block diagram of a parallel inverter based on
active power and reactive power control is shown in Fig. 5. It
can be seen from the Fig. that both active and reactive power
flow control use CAN bus to transmit active and reactive power
among UPSs in the parallel system and calculate the average
power as the reference to control the output voltage amplitude
and phase angle, so that the load current evenly distributed
between the stations, because the CAN bus is transmitted
digital signal, which is not subject to interference, thus greatly
improving the reliability of the system.
The parallel system based on active power and reactive
power sharing current control can effectively suppress the AC
current and achieve the power sharing, but cannot suppress the
DC current automatically. When the inverter adopts sinusoidal
pulse width modulation technology, due to inconsistent
saturation voltage drop across the upper and lower switching
tubes of the same bridge arm, asymmetric drive pulse
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distribution, and zero drift of the operational amplifier in the
control circuit, the inverter output voltage may have a direct
current component, which lead to the DC circulating current
between the parallel inverter.
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Fig. 5. Active and reactive power control of parallel inverters.

Fig. 6. Parallel system structure of inverter based on circular chain control.

Theoretical analysis shows that the characteristics of the
voltage transfer function of the parallel system voltage vary
with the number of parallel modules and the load. In [60-61], it


adopts the output voltage outer loop based on H robust
In [59], the principle of DC circulating current suppression in controller, which improves the robustness of the parallel system
parallel system of inverter is that the DC current is detected by and reduces the interaction between parallel modules. By
using current LEM and DC circulating current is suppressed by performing bidirectional communication between modules in
adjusting the output DC component of each inverter. In the parallel system, which improve the reliability of the 3C
addition, the method can only control the output DC voltage parallel system and realize the hot swap function.
components of the parallel inverter module to be equal, and can
The disadvantage of 3C is that the mutual influence is large
not eliminate the DC component in the output voltage of a between the modules of the parallel system, and it is
single inverter. In this way, the DC current generated by the DC complicated to design the output voltage outer loop, and many
component of the voltage will flow through the load, which will measures are taken to improve the system reliability.
be harmful to the load. At the same time, when the scheme is
used to adjust the DC circulation of the parallel system in the III.
WIRELESS CONTROL STRATEGIES OF INTERVERS IN
multi module parallel connection, and it is easy to make the
PARALLELS
fault of the parallel system caused by the error regulation of
A. Voltage-Frequency Droop Control
individual modules.
In order to reduce the control signal line between the
D. Circular chain control
inverters, literature [62-69] proposed wireless control strategy
The principle diagram of the circular chain control（3C） for parallel; the basic principle is shown in Fig. 7. Compared
inverter in parallel inverter is shown in Fig. 6. In the Fig., the with centralized control and master-slave control, wireless
current reference signal of each module is taken from the control has the advantages of less connecting lines, strong
previous module, the current reference of the first module is anti-interference ability, low system redundancy, high
taken from the last module, and all the current reference signals reliability and easy expansion. The method is based on the
form a ring. i Lj _ r is the inductor current reference signal of the control concepts of "equivalence" and "plug and play" in power
j th module, i Lj is the inductor current signal of the j th electronics technology. According to the control objectives of
module. The output current and voltage of each module are the multi-inverter parallel system, the method uses the external
respectively regulated by the current inner loop and the voltage characteristics of the traditional synchronous generator as the
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that the output harmonic current is evenly divided, and the
power sharing effect is better when the nonlinear load is used,
and the disadvantage is that the calculation is complicated.
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distributed power source of the microgrid control mode,
without control bus and communication bus. Dynamically
distribute load power to all distributed power sources. Each
inverter adopts droop control to participate in the voltage and
frequency adjustment of the microgrid to ensure the balance
between supply and demand of the microgrid. When the load of
the microgrid changes, the inverters share the load power
proportionally according to the droop coefficient, that is, by
adjusting the output voltage amplitude and frequency of the
inverter, the multi-inverter parallel system reaches a new stable
operating point to achieve reasonable distribution of output
power.
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In [71], an additional transient drooping part is added to the
usual power droop control equation. The control block diagram
is shown in Fig. 9. The transient drooping part mainly uses
power integral and differential, and at the same time, the phase
angle drooping of the output voltage is used to replace the
commonly used frequency drooping, which not only ensures
the steady state performance of the system, but also improves
the dynamic performance of the system. The parallel control
equation is:

(1)

Virtual inductor
HPF

Fig. 7. Parallel connection system structure of wireless inverter based on droop
control.

B. Parallel control based on current decomposition
In [70], it proposed a wireless parallel method based on
current decomposition, so that the harmonic power is equally
divided. The control block diagram is shown in Fig. 8. The
average of the output fundamental active and reactive power is
still controlled by the conventional PQ droop, but it added the
calculation of the output harmonics current, the output of the
voltage loop PI regulator is combined with the harmonic
component of the load current to synthesize the reference of the
current loop, and finally the corresponding PWM signal is
output through the PI regulator. The advantage of this method is
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Fig. 9. wireless control strategy based on power differential and integral links.
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D. Harmonic injection control strategy
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voltage, the frequency of the harmonic is adjusted by the output
power of the inverter, the output voltage amplitude adjustment
of the inverter adopts the harmonic active power droop to
realize the average of the reactive power and the harmonic
power of the inverter parallel system [72-73]. The method can
reduce the influence of lead resistance on the parallel system,
but the harmonic component of the output voltage waveform
becomes larger and the THD is larger. The parallel control
block diagram is shown in Fig. 10.
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D. Virtual impedance adjustment control strategy
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Fig. 10. Wireless control strategy based on harmonic injection.

Injecting a harmonic with a small amplitude (about 1%-2%
of the amplitude of the fundamental voltage) into the reference

The virtual impedance control method is shown in Fig. 11. In
the closed-loop control of the inverter, adaptive virtual
impedance is introduced to adjust the equivalent output
impedance of the inverter to achieve the average of reactive
power, at the same time, the frequency of the reference voltage
is adjusted by the drooping control of the AC component of the
active power. The virtual impedance can be used to
conveniently adjust the output impedance properties in
different frequency ranges to obtain a more accurate output
current sharing [73-79]. In addition, the method can avoid the
attenuation of the output voltage of the inverter and improve the
output voltage regulation rate. The disadvantage of the method
is that the calculation is complicated.

TABLE I
ADVANTAGES AND DISADVANTAGES OF CONTROL STRATEGY OF PARALLEL INVERTERS
Control strategy
Centralized control [32-40]

Advantage

Disadvantage

Simple control mechanism, Load sharing

Requires communication among

during steady state and transient, voltage

inverters, Low expandability, Slow

regulation

response, interference to load at times of
maintenance, Low reliability

Good load sharing in steady state, system
Master slave control [41-48]

is immune to failure due to slave

Requires high bandwidth for

inverters, simple to regain the output

communication, Prone to system failure

voltage at times of disturbance , current

due to the master failure, Low

accretion and distribution control logic

redundancy

hold good
Requires communication, Demands
Decentralized control [49-59]

Constant frequency and fundamental

individual control of each inverter,

power sharing achieved, Accurate power

Tracking mechanism error, inaccurate

sharing with symmetrical inverters

power share with different power rating,

Response fast, Improves the robustness

The mutual influence is large between

of the parallel system and reduces the

the modules of the parallel system, and it

interaction between parallel modules,

is complicated to design the output

Improve the reliability of the 3C parallel

voltage outer loop , and many measures

system and realize the hot swap function

are taken to improve the system

Low modularity

Circular chain control [60-61]

reliability
Avoids communication, good power
Wireless control [62-79]

sharing, different power sharing, high

Power sharing attained at an expense of

reliability, expandability and modularity,

voltage regulation, Slow response

Low band width is enough
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IV. COMPARATIVE ANALYSIS
The control strategies were selected based on criteria’s like
control signal communication and the control loop in the
parallel inverter system. The centralized control , master-slave
control and decentralized control, circular chain control are
communication based control strategies and the droop control
is a communication less control that does not necessitates for a
reliable communication. The Table I depicts the merits and
demerits of the different control strategies.

[9]

[10]

[11]

[12]

[13]

V. CONCLUSION
With the development and utilization of renewable energy,
the scaling of microgrid composed of distributed generation
systems and energy storing devices, e.g. photovoltaics (PV),
wind power, micro gas turbine, fuel cell, and so forth, are
becoming much larger. Whether the micro-grid works in the
grid-connected mode or the off-grid mode, it is necessary to
control the converter. It is important for enduring the reliable
operation of the micro-grid with the multi-converter parallel
control technology, which is becoming the hotspot of current
research. In this paper, a comprehensive review on the control
strategies of parallel-operated inverters is presented.
Additionally, detailed analysis, comparison, and discussion on
the existing parallel strategies are investigated. It is expected
that this review will be a helpful reference on parallel of
inverters for the researchers, engineers, manufactures and users
concerning control strategies of parallel-operated inverters.

[14]

[15]

[16]

[17]

[18]

[19]

REFERENCES
[1]

[2]

[3]

Himanshu; Singh, H.; Kumar, P.S.; Ali, M.U.; Lee, H.Y.; Khan, M.A.;
Park, G.S.; Kim, H.-J.High Frequency Transformer’s Parasitic
Capacitance Minimization for Photovoltaic (PV) High-Frequency
Link-Based Medium Voltage (MV) Inverter. Electronics 2018, 7, 142.
Fu, X.; Li, S.; Hadi, A.A.; Challoo, R. Novel Neural Control of
Single-Phase Grid-Tied Multilevel Inverters for Better Harmonics
Reduction. Electronics 2018, 7, 111.
Öztürk, S.; Canver, M.; Çadırcı, I.; Ermiş, M.All SiC Grid-Connected PV
Supply with HF Link MPPT Converter: System Design Methodology

[20]

[21]

[22]

261

and Development of a 20 kHz, 25 kVA Prototype. Electronics 2018, 7, 85.
Alatawi, K.; Almasoudi, F.; Manandhar, M.; Matin, M.Comparative
Analysis of Si- and GaN-Based Single-Phase Transformer-Less PV
Grid-Tied Inverter. Electronics 2018, 7, 34.
Popavath, L.N.; Kaliannan, P.Photovoltaic-STATCOM with Low Voltage
Ride through Strategy and Power Quality Enhancement in a Grid
Integrated Wind-PV System. Electronics 2018, 7, 51.
Sobrina Sobri, Sam Koohi-Kamali, Nasrudin Abd. Rahim, Solar
photovoltaic generation forecasting methods: A review, Energy
Conversion and Management, 2018, 156: 459-497.
Alibakhsh Kasaeian, Giti Nouri, Parisa Ranjbaran, Dongsheng Wen, Solar
collectors and photovoltaics as combined heat and power systems: A
critical review, Energy Conversion and Management, 2018, 156: 688-705.
Yong Yang, Su Guo, L. Guo, Deyou Liu, Rong Li, Yinghao Chu,
Operation optimization strategy for wind-concentated solar power
generation system, Energy Conversion and Management, 2018, 160,
243-250.
Jiuping Xu, Fengjuan Wang, Chengwei Lv, Heping Xie, Carbon emission
reduction and reliable power supply equilibrium based daily scheduling
toward hydro-thermal-wind generation system: A perspective from China,
Energy Conversion and Management, 2018, 164: 1-14.
M. E. Raoufat, A. Khayatian and A. Mojallal, "Performance Recovery of
Voltage Source Converters With Application to Grid-Connected Fuel Cell
DGs," in IEEE Transactions on Smart Grid, vol. 9, no. 2, pp. 1197-1204,
March 2018..
M. F. Sheikh, M. Ramzan, S. Khan and I. Barhumi, "Review of real-time
load of H.A Fibers® grid with distributed fuel cells renewable generation
unit," 2018 5th International Conference on Renewable Energy:
Generation and Applications (ICREGA), Al Ain, 2018, pp. 327-331.
F. Blaabjerg, R. Teodorescu, M. Liserre and A. V. Timbus, "Overview of
Control and Grid Synchronization for Distributed Power Generation
Systems," in IEEE Transactions on Industrial Electronics, vol. 53, no. 5,
pp. 1398-1409, Oct. 2006.
J. C. Vasquez, R. A. Mastromauro, J. M. Guerrero and M. Liserre,
"Voltage support provided by a droop-controlled multifunctional
inverter," in IEEE Transactions on Industrial Electronics, vol. 56, no. 11,
pp. 4510-4519, Nov. 2009.
F. Wang, Y. Wang, Q. Gao, C. Wang and Y. Liu, "A Control Strategy for
Suppressing Circulating Currents in Parallel-Connected PMSM Drives
With Individual DC Links," in IEEE Transactions on Power Electronics,
vol. 31, no. 2, pp. 1680-1691, Feb. 2016.
Z. Kan, C. Zhang, B. Zhang, X. Wang, "Analysis of the conflict between
close-loop control and the current-sharing of ac parallel inverters and
parallel control strategy," IEEE International Power Electronics and
Motion Control Conference, Wuhan, 2009, pp. 368-372.
A. Shahin, H. Moussa, I. Forrisi, J. Martin, B. Nahid-Mobarakeh and S.
Pierfederici, "Reliability Improvement Approach Based on Flatness
Control of Parallel-Connected Inverters," in IEEE Transactions on Power
Electronics, vol. 32, no. 1, pp. 681-692, Jan. 2017.
Y. Wu and Y. Wu, "Modeling and control of multi-parallel connected
inverters in microgrids," 2016 5th International Conference on Computer
Science and Network Technology (ICCSNT), Changchun, 2016, pp.
838-841.
Z. Shen, D. Jiang, J. Chen and R. Qu, "Circulating Current Reduction for
Paralleled Inverters With Modified Zero-CM PWM Algorithm," in IEEE
Transactions on Industry Applications, vol. 54, no. 4, pp. 3518-3528,
July-Aug. 2018.
J. S. S. Prasad, R. Ghosh and G. Narayanan, "Common-Mode Injection
PWM for Parallel Converters," in IEEE Transactions on Industrial
Electronics, vol. 62, no. 2, pp. 789-794, Feb. 2015.
K. Sun, X. Lin, Y. Li, Y. Gao and L. Zhang, "Improved Modulation
Mechanism of Parallel-Operated T-Type Three-Level PWM Rectifiers for
Neutral-Point Potential Balancing and Circulating Current Suppression,"
in IEEE Transactions on Power Electronics, vol. 33, no. 9, pp. 7466-7479,
Sept. 2018.
T. P. Chen, “Zero-sequence circulating current reduction method for
parallel HEPWM inverters between AC bus and DC bus,” IEEE Trans.
Ind. Electron, vol. 59, pp. 290–300, 2012.
F. Nejabatkhah, Y. Li and K. Sun, "Peak current-based control of parallel
three-phase interfacing converters operation under unbalanced voltage,"

262

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

CES TRANSACTIONS ON ELECTRICAL MACHINES AND SYSTEMS, VOL. 2, NO. 3, SEPTEMBER 2018
2016 IEEE 8th International Power Electronics and Motion Control
Conference (IPEMC-ECCE Asia), Hefei, 2016, pp. 157-162.
D. Floricau and T. Tudorache, "A novel generalization of boost-type PFC
topologies with multiple switching cells connected in series and parallel,"
2015 9th International Symposium on Advanced Topics in Electrical
Engineering (ATEE), Bucharest, 2015, pp. 674-679.
C. C. Hou, "A multicarrier PWM for parallel three-phase active front-end
converters," in IEEE Transactions on Power Electronics, vol. 28, no. 6,
pp. 2753-2759, June 2013.
Z. Zou, F. Hahn, G. Buticchi, M. Andresen and M. Liserre, "Optimized
modulation in parallel neutral-point clamped inverters for circulating
current reduction: A space vector analysis," IECON 2017 - 43rd Annual
Conference of the IEEE Industrial Electronics Society, Beijing, 2017, pp.
7824-7830.
Q. Zhang, X. Xing and K. Sun, "Space Vector Modulation Method for
Simultaneous Common Mode Voltage and Circulating Current
Reduction in Parallel Three-Level Inverters," in IEEE Transactions on
Power Electronics.
M. Tsai and P. Cheng, "Evaluation of PWM methods for suppressing
circulating current among parallel connected four-pole inverters," 2015
IEEE Energy Conversion Congress and Exposition (ECCE), Montreal,
QC, 2015, pp. 1255-1262.
X. Xing, Z. Zhang, C. Zhang, J. He and A. Chen, "Space Vector
Modulation for Circulating Current Suppression Using Deadbeat Control
Strategy in Parallel Three-Level Neutral-Clamped Inverters," in IEEE
Transactions on Industrial Electronics, vol. 64, no. 2, pp. 977-987, Feb.
2017.
J. He, Q. Li, H. Wang, Y. Lyu, H. Jia and C. Wang, "SVM Strategies for
Simultaneous Common-Mode Voltage Reduction and DC Current
Balancing in Parallel Current Source Converters," in IEEE Transactions
on Power Electronics, vol. 33, no. 10, pp. 8859-8871, Oct. 2018.
D. Jiang, Z. Shen and F. (. Wang, "Common-Mode Voltage Reduction
for Paralleled Inverters," in IEEE Transactions on Power Electronics, vol.
33, no. 5, pp. 3961-3974, May 2018.
R. Maheshwari, G. Gohil, L. Bede, S. Munk Nielsen, “Analysis and
modeling of circulating current in two parallel-connected inverters,” IET
Power Electron, vol. 8, pp. 1273-1283, 2015.
S. Kawano, S. Yoshizawa and Y. Hayashi, "Centralized voltage control
method using voltage forecasting by JIT modeling in distribution
networks," 2016 IEEE/PES Transmission and Distribution Conference
and Exposition (T&D), Dallas, TX, 2016, pp. 1-5.
F. Cao, W. Li, J. Wu and X. He, "Effect of connection cable impedance
on multi-inverter parallel system and an optimized controller with zero
steady circulating current," Annual Conference of IEEE Industrial
Electronics, Orlando, FL, 2008, pp. 2314-2319.
N. Jumpasri, K. Pinsuntia, K. Woranetsuttikul, T. Nilsakorn and W.
Khan-ngern, "Comparison of distributed and Centralized control for
partial shading in PV parallel based on Particle Swarm Optimization
Algorithm," 2014 International Electrical Engineering Congress
(iEECON), Chonburi, 2014, pp. 1-4.
J. Cai, C. Chen, S. Duan and D. Yang, "Centralized control of large
capacity parallel connected power conditioning system for battery energy
storage system in microgrid," 2014 IEEE Energy Conversion Congress
and Exposition (ECCE), Pittsburgh, PA, 2014, pp. 409-413.
Z. He and Y. Xing, "Distributed control for ups modules in parallel
operation with rms voltage regulation," in IEEE Transactions on
Industrial Electronics, vol. 55, no. 8, pp. 2860-2869, Aug. 2008.
J. M. Guerrero, L. Hang and J. Uceda, "Control of distributed
uninterruptible power supply systems," in IEEE Transactions on
Industrial Electronics, vol. 55, no. 8, pp. 2845-2859, Aug. 2008.
R. Li and D. Xu, "Parallel operation of full power converters in
permanent-magnet direct-drive wind power generation system," IEEE
Trans. Ind. Electron, vol. 60, pp. 1619-1629, 2013.
X. Xing, Z. Zhang, C. Zhang, J. He, and A. Chen. “Space vector
modulation for circulating current suppression using deadbeat control
strategy in parallel three-level neutral-clamped inverters,” IEEE Trans.
Ind. Electron, vol. 64, no. 2, pp. 977-987, Feb. 2017.
X. Zhang, W. Zhang, J. Chen and D. Xu, “Deadbeat control strategy of
circulating currents in parallel connection system of three-phase PWM
converter.” IEEE Trans. Energy Convers, vol. 29, no. 2, pp.406–417, Jun.
2014.

[41] H. Chen, C. Lu and U. S. Rout, "Decoupled Master-Slave Current
Balancing Control for Three-Phase Interleaved Boost Converters," in
IEEE Transactions on Power Electronics, vol. 33, no. 5, pp. 3683-3687,
May 2018.
[42] S. Wang, Z. Liu, J. Liu, R. An and M. Xin, "Breaking the boundary: A
droop and master-slave hybrid control strategy for parallel inverters in
islanded microgrids," 2017 IEEE Energy Conversion Congress and
Exposition (ECCE), Cincinnati, OH, 2017, pp. 3345-3352.
[43] P. Patel, U. Patel and S. Naina, "Synchronous reference based harmonic
sharing control loops for parallel connected UPS system," 2016 IEEE
International Conference on Power Electronics, Drives and Energy
Systems (PEDES), Trivandrum, 2016, pp. 1-6.
[44] X. Wan, Y. Li and M. Peng, "Modelling, analysis and virtual parallel
resistor damping control of VSC-based DC grid using master–slave
control mode," in IET Generation, Transmission & Distribution, vol. 12,
no. 9, pp. 2046-2054, 15 5 2018
[45] F. Gao, D. Niu, H. Tian, C. Jia, N. Li and Y. Zhao, “Control of
parallel-connected modular multilevel converters,” IEEE Trans. Power
Electron., vol. 30, no. 1, pp. 372–386, Jan. 2015.
[46] X. Xing, C. Zhang, A. Chen, J. He, W. Wang, and C. Du,
“Space-vector-modulated method for boosting and neutral voltage
balancing in Z-Source three-level T-Type inverter,” IEEE Trans. Ind
App,vol. 52, no. 2, pp. 1621–1631, Mar. 2016.
[47] M. Borrega, L. Marroyo, R. Gonzalez, J. Balda, and J. L. Agorreta,
“Modeling and control of a master–slave PV inverter with n-paralleled
inverters and three-phase three-limb inductors,” IEEE Trans. Power
Electron., vol. 28, no. 6, pp. 2842-2855, Jun. 2013.
[48] S. Rahmani, M. Saeidi and A. Pirayesh, "A combinational power sharing
strategy based on master-slave and droop methods for
power-electronics-interfaced distributed generation units operating in a
DC micro-grid," 2017 IEEE International Conference on Smart Energy
Grid Engineering (SEGE), Oshawa, ON, 2017, pp. 1-6.
[49] K. Li et al., "Elimination of zero sequence circulating current between
parallel operating three-level inverters," IECON 2016 - 42nd Annual
Conference of the IEEE Industrial Electronics Society, Florence, 2016, pp.
2277-2282.
[50] P. Liu, C. Chen, J. Cai and S. Duan, "Stability analysis of instantaneous
average current sharing control strategy for parallel operation of UPS
modules," 2015 IEEE Energy Conversion Congress and Exposition
(ECCE), Montreal, QC, 2015, pp. 1238-1242.
[51] T. F. Wu, Y. E. Wu, H. M. Hsieh and Y. K. Chen, "Current weighting
distribution control strategy for multi-inverter systems to achieve current
sharing," in IEEE Transactions on Power Electronics, vol. 22, no. 1, pp.
160-168, Jan. 2007.
[52] Y. Xu, Z. Zhang, J. Li and Y. Yan, "Current sharing in the high voltage
DC parallel electric power system for the More Electric Aircraft," 2016
International Conference on Electrical Systems for Aircraft, Railway,
Ship Propulsion and Road Vehicles & International Transportation
Electrification Conference (ESARS-ITEC), Toulouse, 2016.
[53] H. Jung and S. Sul, "A design of circulating current controller for
paralleled inverter with non-isolated dc-link," 2017 IEEE 3rd
International Future Energy Electronics Conference and ECCE Asia
(IFEEC 2017 - ECCE Asia), Kaohsiung, 2017, pp. 1913-1919.
[54] V. K. Kishan, P. P. Puthra and K. N. Reddy, "Paralleling of inverters with
dynamic load sharing," 2016 IEEE 7th Power India International
Conference (PIICON), Bikaner, 2016, pp. 1-6.
[55] J. M. Guerrero, J. Matas, L. Garcia de Vicuna, M. Castilla and J. Miret,
"Decentralized control for parallel operation of distributed generation
inverters using resistive output impedance," in IEEE Transactions on
Industrial Electronics, vol. 54, no. 2, pp. 994-1004, April 2007.
[56] L. Ma and Q. Chen, "Research on control strategy for circulation current
of parallel inverters," 2016 31st Youth Academic Annual Conference of
Chinese Association of Automation (YAC), Wuhan, 2016, pp. 171-174.
[57] A. M. Roslan, K. H. Ahmed, S. J. Finney and B. W. Williams, "Improved
instantaneous
average
current-sharing
control
scheme
for
parallel-connected inverter considering line impedance impact in
microgrid networks," in IEEE Transactions on Power Electronics, vol. 26,
no. 3, pp. 702-716, March 2011.
[58] Y. Zhang, M. Yu, F. Liu and Y. Kang, "Instantaneous current-sharing
control strategy for parallel operation of ups modules using virtual
impedance," in IEEE Transactions on Power Electronics, vol. 28, no. 1,
pp. 432-440, Jan. 2013.

GUO et al: CONTROL OF MUTIPLE POWER INVERTERS FOR MORE ELECTRONICS POWER SYSTEMS: A REVIEW
[59] L. Chen, L. Xiao, C. Gong and Y. Yan, "Circulating current's
characteristics analysis and the control strategy of parallel system based
on double close-loop controlled VSI," IEEE Annual Power Electronics
Specialists Conference, 2004: 4791-4797.
[60] T. Wu, Y. Chen and Y. Huang, "3C strategy for inverters in parallel
operation achieving an equal current distribution," in IEEE Transactions
on Industrial Electronics, vol. 47, no. 2, pp. 273-281, Apr 2000.
[61] K. Piboonwattanakit and W. Khan-ngern, "Design of the Two Parallel
Inverter Modules by Circular Chain Control Technique," 2007 7th
International Conference on Power Electronics and Drive Systems,
Bangkok, 2007, pp. 1518-1522.
[62] D. C. Raj and D. N. Gaonkar, "Frequency and voltage droop control of
parallel inverters in microgrid," 2016 2nd International Conference on
Control, Instrumentation, Energy & Communication (CIEC), Kolkata,
2016, pp. 407-411.
[63] Baoze Wei, J. C. Vásquez, J. M. Guerrero and Xiaoqiang Guo, "Control
architecture for paralleled current-source-inverter (CSI) based
uninterruptible power systems (UPS)," 2016 IEEE 8th International
Power Electronics and Motion Control Conference (IPEMC-ECCE
Asia), Hefei, 2016, pp. 151-156.
[64] J. M. Guerrero, J. C. Vasquez, J. Matas, L. G. de Vicuna and M. Castilla,
"Hierarchical control of droop-controlled ac and dc microgrids—a
general approach toward standardization," in IEEE Transactions on
Industrial Electronics, vol. 58, no. 1, pp. 158-172, Jan. 2011.
[65] P. Ye et al., "An improved droop control strategy for parallel inverters in
microgrid," 2017 IEEE Conference on Energy Internet and Energy
System Integration (EI2), Beijing, 2017, pp. 1-5.
[66] J. C. Vasquez, J. M. Guerrero, M. Savaghebi, J. Eloy-Garcia and R.
Teodorescu, "Modeling, analysis, and design of stationary-referenceframe droop-controlled parallel three-phase voltage source inverters," in
IEEE Transactions on Industrial Electronics, vol. 60, no. 4, pp.
1271-1280, 2013.
[67] L. Shu, W. Chen and X. Jiang, "Decentralized Control for Fully Modular
Input-Series Output-Parallel (ISOP) Inverter System Based on the Active
Power Inverse-Droop Method," in IEEE Transactions on Power
Electronics, vol. 33, no. 9, pp. 7521-7530, Sept. 2018.
[68] C. Cheng, Z. Zeng, H. Yang and R. Zhao, "Wireless parallel control of
three-phase inverters based on virtual synchronous generator theory,"
International Conference on Electrical Machines and Systems, 2013:
162-166.
[69] S. Yang, P. Cao, L. Chang, Z. Xie and X. Zhang, "Droop control based
stabilizing method for V/f PWM inverter fed induction motor drive
system," IEEE Canadian Conference on Electrical and Computer
Engineering, 2015, pp. 1078-1082.
[70] Y. Li, R. Mai, L. Lu and Z. He, "Active and Reactive Currents
Decomposition-Based Control of Angle and Magnitude of Current for a
Parallel Multiinverter IPT System," in IEEE Transactions on Power
Electronics, vol. 32, no. 2, pp. 1602-1614, Feb. 2017.
[71] J. M. Guerrero, L. G. de Vicuna, J. Matas, M. Castilla and J. Miret, "A
wireless controller to enhance dynamic performance of parallel inverters
in distributed generation systems," in IEEE Transactions on Power
Electronics, vol. 19, no. 5, pp. 1205-1213, Sept. 2004.
[72] Y. Chen, H. Guo, H. Ma and Y. Zhou, "Circulating current minimisation
of paralleled 400 Hz three-phase four-leg inverter based on third
harmonics injection," in The Journal of Engineering, vol. 2018, no. 13,
pp. 512-519, 2018.
[73] J. Roldán-Pérez, A. Rodríguez-Cabero and M. Prodanović, "Harmonic
Virtual Impedance Design for Parallel-Connected Grid-Tied
Synchronverters," in IEEE Journal of Emerging and Selected Topics in
Power Electronics.
[74] Y. Guan, J. M. Guerrero, X. Zhao, J. C. Vasquez and X. Guo, "A New
Way of Controlling Parallel-Connected Inverters by Using
Synchronous-Reference-Frame Virtual Impedance Loop—Part I:
Control Principle," in IEEE Transactions on Power Electronics, vol. 31,
no. 6, pp. 4576-4593, June 2016.
[75] G. Hou, F. Xing, Y. Yang and J. Zhang, "Virtual negative impedance
droop method for parallel inverters in microgrids," 2015 IEEE 10th
Conference on Industrial Electronics and Applications (ICIEA),
Auckland, 2015, pp. 1009-1013.
[76] Sun Bainan, Liu Hongpeng, Wu Hui and Wang Wei, "A suppression
method of circulating current in parallel photovoltaic system based on
virtual impedance," 2016 IEEE 8th International Power Electronics and

263

Motion Control Conference (IPEMC-ECCE Asia), Hefei, 2016, pp.
1532-1538.
[77] S. Y. Altahir, Xiangwu Yan and Xinxin Liu, "A power sharing method for
inverters in microgrid based on the virtual power and virtual impedance
control," 2017 11th IEEE International Conference on Compatibility,
Power Electronics and Power Engineering (CPE-POWERENG), Cadiz,
2017, pp. 151-156.
[78] Lu Jiaxin, Zhang Yingchao, Qian Xisen, Long Jiangtao and Zhao
Zhengming, "A novel virtual impedance method for droop controlled
parallel UPS inverters with wireless control," 2014 IEEE Conference and
Expo Transportation Electrification Asia-Pacific (ITEC Asia-Pacific),
Beijing, 2014, pp. 1-5.
[79] R. Shi et al., "Virtual impedance design for virtual synchronous generator
controlled parallel microgrid inverters based on a cascaded second order
general integrator scheme," 2016 IEEE PES Asia-Pacific Power and
Energy Engineering Conference (APPEEC), Xi'an, 2016, pp. 815-819.

Xiaoqiang Guo (M' 10-SM' 14) received
the B.S. and Ph.D. degrees in electrical
engineering from Yanshan University,
Qinhuangdao, China, in 2003 and 2009,
respectively. He has been a Postdoctoral
Fellow with the Laboratory for Electrical
Drive
Applications
and
Research
(LEDAR), Ryerson University, Toronto,
ON, Canada. He is currently a professor
with the Department of Electrical Engineering, Yanshan
University, China. He has authored/coauthored more than
eighty technical papers, in addition to eleven patents. His
current research interests include high-power converters and ac
drives, electric vehicle charging station, and renewable energy
power conversion systems. Dr. Guo is a Senior Member of the
IEEE Power Electronics Society and IEEE Industrial
Electronics Society. He is currently an Associate Editor of the
IET Power Electronics, Journal of Power Electronics, and CPSS
Transactions on Power Electronics and Applications.

Weijian Chen received the B.S. degree in
electrical engineering from Yanshan
University, Qinhuangdao, China, in 2013
and 2017. He is currently working toward
the M.S. degree in power electronics at
Yanshan University, China.
His current research interests include
renewable energy power conversion
systems, modeling and control of the
power electronic converters.

