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Abstract: Virtual impedance is usually introduced to the control system of parallel inverters in order to change the

inverter equivalent output impedance and to enhance control accuracy and power sharing. In this paper, a current

feedback control strategy using a third-order general-integrator crossover-cancellation method that can be implemented

in a virtual impedance loop is proposed. This method consists of 2 parts: a crossover-cancellation feedback network,

which achieves the band-pass effect, and a multilevel TOGI-OSG link, which acts as a filter. Compared with the

conventional virtual impedance method, the proposed method can avoid derivation of output current, reduce system

calculating burden, and enhance dynamic response. Additionally, this method can reduce the THD of output voltage in

the case of nonlinear load and can also drastically restrain the impact of DC component on output voltage. A prototype

consisting of 2 sets of 2-kW photovoltaic inverters operating in parallel was built in the laboratory. Simulated and

experimental results are examined to verify the effectiveness and feasibility of this method.
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1. Introduction

With the coordinated development of global exploitation of energy with environmental protection, acceleration

of research on microgrid technology is of great practical significance for efficient utilization of new energy [1–3].

A microgrid is a system consisting of distributed generation and load that can operate in both grid-connected

mode and islanded mode. Therefore, research on control technology for parallel inverters in the islanded mode

of a microgrid is very important, as it would greatly improve output power quality and overall capacity, and

also enhance redundancy and reliability.

In recent years, many scholars have focused on control methods for parallel inverters. Droop control

methods [4–7] have been widely applied due to the advantages of not requiring the use of a communication

line, high reliability, flexible operation, etc. However, the traditional droop control method has inherent defects

including slow dynamic response and low steady-state current-sharing accuracy; furthermore, the power sharing

accuracy is highly sensitive to the inverter output impedance, which is determined by the adopted control method

and system parameters [8,9]. Therefore, improved droop control methods have been proposed in many works. In

[10–15], “virtual impedances” are introduced to the current feedback loop of the control system. By configuring

virtual impedances presenting resistive [11], inductive [12], and complex impedance [13,14] characteristics, the
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inverter equivalent output impedance can be conveniently regulated to enhance the control accuracy and to

improve power sharing among parallel inverters.

However, the conventional virtual inductor method is generally implemented by making the output voltage

reference proportional to derivation of inverter output current [16,17]. This method amplifies internal noises

of output current. Therefore, a low-pass filter should be added into the virtual impedance loop so as to avoid

introducing excessive noise to the control system. This method (LPF+LS method in short) works well for linear

loads and nonlinear loads with smooth output current waveform. However, in the case of nonlinear load with

severe distortion current waveform, the introduction of virtual impedance would bring harmonic amplification

problems. Subsequently, it would deteriorate the performance of the virtual impedance loop. Eventually, the

control system would be far beyond stability. Additionally, this method has a large calculation burden and slow

dynamic response.

The method proposed in [18] can be used to solve some of the aforementioned problems. Its virtual

impedance loop is implemented by a second-order generalized integrator, avoiding derivation of output current

and reducing calculating burden. However, this method is not suitable for cases in which output current contains

DC offset and severe distortion.

Nevertheless, the problems of DC offset and DC circulating current should not be ignored, as they would

be damaging to the power supply system and electric equipment [19,20]. The following situations will add the

DC component and DC circulating current to the inverter parallel system: 1) the power switches of each inverter

cannot stay strictly synchronous, which will cause DC circulating current among inverters; 2) diode-rectified

load will add the DC component problem in inverter output voltage; 3) the sampling process and analog-digital

conversion of output voltage will also add the DC component; 4) the dead-time effect on the process of sinusoid

pulse-width-modulation (SPWM) will also add the DC component.

In this paper, a current feedback control strategy for parallel inverters using a third-order general-

integrator crossover-cancellation network that can be implemented in a virtual impedance loop is proposed to

solve the aforementioned problem. This method consists of 2 parts: a crossover-cancellation feedback network

and a multilevel orthogonal signal generator based on a third-order generalized integrator (TOGI). The first

part realizes the decoupling effect among fundamental, DC, and harmonic components of the input signal.

The second part extracts the fundamental orthogonal component of the input signal. Resistive, inductive,

and complex virtual impedance can be achieved. The proposed method avoids differential of output current,

reduces calculation burden, and increases dynamic response. The method can not only reduce the THD of

output voltage in the case of nonlinear load, but can also drastically limit the impact of the DC component on

output voltage. The simulation and experimental results verify the correctness and effectiveness of the proposed

method.

2. Traditional droop control principle and concept of virtual impedance

Figure 1 shows the equivalent circuit schematic diagram of 2 inverters in parallel. E1∠φ1 and E2∠φ2 are the

no-load output voltages of inverter 1 and inverter 2, respectively, and U∠0 is voltage at the point of common

coupling (PCC).

Phase angle difference φi between the inverter output voltage and voltage of the PCC is generally very

small, i.e. φi ≈ 0, so sin φi ≈ φi , cos φi ≈ 1. Additionally, the distributed power generation system usually

has inductive impedance, i.e. Xi is far larger than Ri ; therefore, active power and reactive power output by

the inverter are:
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Figure 1. Equivalent circuit schematic diagram of 2 parallel inverters.

Pi
∼=

UEi

Xi
ϕi, (1)

Qi ≈
U

Xi
(Ei − U). (2)

Thus, traditional droop control characteristic can be expressed as:{
ωi = ω∗

i −m ∗ Pi

Ei = E∗
i − n ∗Qi

, (3)

where m and n are droop coefficients for the frequency and amplitude, respectively.

To enhance system steady-state performance, reduce the influence of circulating current, and share linear

and nonlinear loads, many methods introduce virtual impedance to the system through an additional control

loop in the following form:

vref = vdroop − zv(s)io, (4)

where vdroop is the reference voltage obtained by the droop method, vref is the reference voltage after

introduction of virtual impedance, and zv(s) is the virtual impedance.

3. Implementation of virtual impedance using the third-order general-integrator crossover-cancellation

current feedback control method

3.1. Orthogonal signal generator based on TOGI

The structure diagram of an orthogonal signal generator (OSG) based on TOGI is shown in Figure 2. This

structure requires a signal v(t) and a frequency value ωsas input and has 3 output signals; the closed-loop

transfer functions are as follows:
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Figure 2. Block diagram of third-order generalized integrator.
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F1(s) =
V1(s)

V (s)
=

Kωss

s2 +Kωss+ ω2
s

, (5)

F2(s) =
V2(s)

V (s)
=

Ksω
2
s

s2 +Kωss+ ω2
s

, (6)

F3(s) =
V3(s)

V (s)
=

Kωs(s
2 + ω2

s)

(s+ ωs)(s2 +Kωss+ ω2
s)
, (7)

where V (s), V1(s), V2(s), and V3(s) represent the Laplace transformation of v(t), v1(t), v2(t), and v3(t),

respectively. As can be seen from Eqs. (5)–(7), the behavior of F1(s),F2(s), and F3(s) in the frequency domain

respectively act as a second-order band-pass filter, a second-order low-pass filter, and a band-stop filter.

Assume that input signal is a sinusoidal signal with a DC component and can be expressed as follows:

v(t) = A0 +Ac sin(ωct+ ϕc). (8)

Set resonant frequency of TOGI tuning at input signal frequency ωc , i.e.v3∞(t) = KsA0 , according to [21];

output signals of TOGI are:

v1∞(t) = Ac sin(ωct+ ϕc), (9)

v2∞(t) = KsA0 −Ac cos(ωct+ ϕc), (10)

v3∞(t) = KsA0. (11)

According to Eqs. (8)–(11), v1(t) has the same amplitude and phase as the AC component of v(t); term v1(t)is

orthogonal to term v2(t) − v3(t) and both terms contain no DC component in input signal; and v2(t) − v3(t)

has the same amplitude as v1(t), while its phase is 90◦ lagged behind. Figure 3 shows the structure of a

2-phase orthogonal signal generator constructed by TOGI (TOGI-OSG). Thus, TOGI-OSG could filter the DC

component in the input signal and generate 2 orthogonal signals that have the same frequency and amplitude

as the input fundamental component.

v v1

v2

v3

TOGI

+

+_
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qv

( )v t
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Figure 3. Block diagram of 2-phase orthogonal generator based on TOGI.

Additionally, according to Eqs. (5)–(7), TOGI-OSG includes a filtering harmonic function, but the

filtering effects on low-order (such as 3rd, 5th, 7th, etc.) harmonics are not ideal and are easily affected by k

value (see Section 4 for analysis of filtering performance of TOGI-OSG under the influence of the k value).
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3.2. Crossover-cancellation feedback network based on TOGI-OSG

The crossover-cancellation feedback network based on TOGI-OSG, as depicted in Figure 4, consists of 2 parts:

a crossover-cancellation feedback network, which achieves a band-pass effect, and a multilevel TOGI-OSG link,

which acts as a filter. io is input current and i1 , i3 , i5 , and in are fundamental, 3rd, 5th, and nth harmonic

current, respectively. Resonant frequency of the TOGI-OSG(n) is n times fundamental frequency. Even in the

case of io containing the DC component and high THD, the proposed algorithm has the capacity to guarantee

the extraction of the fundamental orthogonal component of io with less distortion. With the example of filtering

the 3rd, 5th, and 7th harmonics (namely, n = 7), the transfer relationship between i1 and io for TOGI-OSG

(1), as depicted in Figure 4, is expressed as:

G(s) =
kωs7 + 83kω3s5 + 1891kω5s3 + 11025kω7s

s8 + 4kωs7 + 84ω2s6 + 152kω3s5 + (1974ω4 − 100k2ω4)s4 + 3848kω5s3 + 12916ω6s2 + 12916kω7s+ 11025ω8
.

(12)

The Bode diagram of Eq. (12) is shown in Figure 5. It is obvious that the amplitude response of Eq. (12) in

the frequency domain around the 3rd, 5th, and 7th harmonics is largely decreased. This means that the 3rd,

5th, and 7th harmonics of i0 are greatly attenuated.
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Figure 4. Block diagram of crossover-cancellation feedback network.

3.3. Implementation of virtual impedance using the proposed method in this paper

As analyzed above, the d output signal vd of TOGI-OSG (1) in Figure 4 has the same amplitude and frequency

as the fundamental component of the input signal, and the q output signal vq is 90◦ lagged behind vd where

they both have the same amplitude. Assume that the expressions of both outputs are:

vd(t) = A sin(ωt), (13)
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Figure 5. Bode diagram of closed-loop transfer function G(s).

vq(t) = −A cos(ωt), (14)

where A and ω are the amplitude and frequency of input signal, respectively. In view of expression of vd , its

virtual inductance value is:

zv(t) = Lv
dvd(t)

dt
= ωLvA cos(ωt). (15)

With Eqs. (14) and (15), its virtual inductance value can be achieved by multiplying vq by –ω and inductance

value L, namely:

zv(t) = −ωLvvq(t). (16)

Similarly, if the required virtual impedance is resistance, it can also be achieved easily by multiplying vd by a

resistance value, and the expression is as follows:

zv(t) = Rvvd(t). (17)

Figure 6 shows the implementation diagram of inductive, resistive, and complex virtual impedance using the

proposed method. In this figure, input signal ω comes from system frequency obtained by the droop control

method.

v d

q

TOGI-OSG(1)

-1

+0i
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Impedance

Complex 
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Figure 6. Implementation diagram of virtual impedance using the proposed method.

Thus, the proposed method in this paper avoids derivation of output current, reduces system calculation,

enhances dynamic response, and greatly reduces the influence of noises, distortion, and DC offset in output

current in the system.
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4. Impact analysis of the proposed method in this paper on the system

Figure 7 shows the control diagram of a parallel inverters system. A double closed-loop feedback control strategy

of an outer voltage loop and inner current loop is adopted: the outer loop uses a PI regulator to control output

voltage tracking system reference voltage, so as to improve the waveform of system output voltage and obtain

high output accuracy; the inner loop uses proportional control to improve the dynamic performance of the

system.
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Figure 7. Diagram of parallel inverters control system.

Before introducing the virtual impedance zv(s) into the system, vref (s) = vdroop(s), then: vo(s) =

g(s)vref (s)− zo(s)io(s), where

g(s) =
kc(kps+ ki)

LCs3 + C(r + kc)s2 + kpkcs+ kikc
, (18)

zo(s) =
Ls2 + rs

LCs3 + C(r + kc)s2 + kpkcs+ kikc
. (19)

After introducing the virtual impedance zv(s), the voltage reference of the system can be expressed as vref (s) =

vdroop(s)−zv(s)io(s); thus, inverter equivalent output impedance can be expressed as z∗o(s) = zo(s)+g(s)zv(s).

Figures 8a–8c show the Bode diagrams of total system output impedance using the traditional LPF+LS

method, the SOGI method proposed in the literature [18], and the third-order general-integrator crossover-

cancellation current feedback control method proposed in this paper, respectively. These Bode diagrams are

obtained with the following parameters: kp = 0.8,ki = 350,kc = 3.5,ω = 100πrad/s ,L = 1.36mH ,

R = 0.8Ω, C = 11µF, k = 1.

In Figure 8, solid lines denote Bode diagrams of the original output impedance of the inverter without virtual

impedance, while dotted lines denote Bode diagrams of total equivalent output impedance after adding virtual

impedance using different methods. According to Figure 8a, after adding virtual impedance using the LPF+LS

method to the system, almost the entire frequency band in the Bode diagram is affected; that is to say, virtual

inductance value has an effect on system harmonic gain, and its increase would result in the increase of harmonic

gain. As can be seen from Figure 8b, after adding virtual impedance using the SOGI method to the system, only

output impedance around the fundamental frequency is affected, and output impedance at harmonic frequency

will not be affected; however, this method cannot suppress the DC offset of the system. In Figure 8c, Zo is the

Bode diagram of the original output impedance of the inverter without virtual impedance; Zov (Lv = 4 mH)

and Zov (Lv = 5 mH) are Bode diagrams of total system output impedance after adding virtual inductance,

the values of which are 4 mH and 5 mH, respectively, implemented by the method proposed in this paper. As
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Figure 8. Bode diagram of inverter total output impedance: (a) with LPF+LS method; (b) with SOGI method; (c)

with the proposed method.

can be seen in the figure, the total output impedance has certain attenuation at DC, and only output impedance

around the system’s fundamental frequency is affected, while output impedance at the harmonics frequency will

not be affected. Thus, the proposed virtual impedance implementation method performs well in suppressing

the effect of the DC component and harmonic component in output current on the system.

5. Simulation and experimental results

5.1. Analysis of the influence of k value on TOGI-OSG filtering performance

Figure 9a shows the time response of TOGI-OSG to sinusoidal input current signal with high-frequency noise, a

current amplitude of 6 A, and a DC offset of 1 A when k is 1 and 0.1, respectively. It can be seen that 2 orthogonal

output signals of TOGI-OSG will not be affected by input noise or DC offset. Figure 9b shows the time response

of TOGI-OSG to input current signal with harmonic component, a current amplitude of 8 A, and a DC offset

of 1 A when k is 1 and 0.1, respectively. As can be seen in this figure, TOGI-OSG can suppress harmonics to

a certain degree; the value of k determines dynamic response speed and harmonic suppression ability of TOGI-

OSG. Greater k means quicker dynamic response speed and weaker harmonic suppression ability, while, on the

contrary, smaller k means slower dynamic response speed and stronger harmonic suppression ability. Thus,

the value of k shall be reasonably set in order to make the system have good filtering function and dynamic

performance while ensuring system stability.
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(a ) (b )

Figure 9. TOGI-OSG time response for different input signals: (a) for the sinusoidal input with high-frequency noise

and DC offset when k = 1 and k = 0.1; (b) for the nonlinear input with harmonic and DC offset when k = 1 and k =

0.1.

5.2. Analysis of filtering characteristics of the proposed method in this paper

Figure 10 shows time response using the method proposed in this paper to input current signal with harmonic

component, an amplitude of 8 A, and a DC offset of 1 A when k = 1. Table 1 lists harmonic contents and

the total harmonic distortion (THD) (3 decimal places) after filtering of the input signal shown in Figure 10

by the TOGI-OSG method when k is 0.1 and 1, respectively, and the proposed method in this paper when k

= 1. As can be seen from Figure 10 and Table 1, the proposed method in this paper solves the problem of a

compromised setting of the k value with consideration of the filtering performance and dynamic performance

of the TOGI-OSG method, and it has ideal effects in filtering harmonics and DC component even with a larger

value of k; thus, it achieves good dynamic response and harmonic suppression ability.
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Figure 10. Time response of crossover-cancellation feedback network based on TOGI-OSG for input signals with

harmonic and DC component when k = 1.
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Table 1. Comparison of 2 methods of filtering effect.

Fundamental 3rd 5th DC THD
Input signal 6.721 3.852 0.904 1.019 59.46%

TOGI method (k = 1)
Vd 6.732 1.353 0.182 0.006 20.31%
Vq 6.734 1.353 0.182 0.004 20.30%

TOGI method (k = 0.1)
Vd 6.621 0.152 0.024 0.004 2.23%
Vq 6.611 0.151 0.024 0.004 2.23%

The proposed method (k = 1)
Vd 6.721 0.011 0.002 0.002 0.56%
Vq 6.721 0.011 0.002 0.002 0.56%

5.3. Experimental results

As shown in Figure 11, the experiment was conducted on a system platform with 2 parallel inverters built in the

laboratory; the rated power of both inverters is 2 kW. Each inverter consists of a single-phase IGBT full-bridge

circuit with switching frequency of 12.8 kHZ and an LC output filter. The system parameters are shown in

Table 2.

Figure 11. Experimental platform with 2 parallel inverters.

Table 2. Experimental parameters.

Parameter Value Parameter Value
E∗/V 220 L/mH 1.36
f0/Hz 50 R/Ω 0.8
fc/kHz 12.8 C/mu F 11
kp 0.8 k 1
ki 350 Lv/mH 4
kc 3.5 ωc/rad/s 150 × 2π

Figure 12 shows experimental waveforms of the 2 parallel inverters when sharing linear RL load (R =

15 Ω, L = 80 mH) using the proposed method in this paper; the DC signal, which is 2% of the peak value

of the modulation signal, is artificially overlapped on the PWM modulation signal to further verify that this

method could suppress the influence of DC circulating current and DC offset on system output voltage. As can

be seen in Figure 12a, the circulating current between the 2 inverters is quite small, and the amplitude of the
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circulating current is less than 0.1 A. As can be seen in Figure 12b, there is no DC offset in the output voltage.

Therefore, the method proposed could work well for sharing linear load and restraining the influence of the DC

component on output voltage.
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Figure 12. Experimental waveforms with linear load: (a) output current and circulating current of parallel inverters;

(b) output voltage and current of inverter 1.

Figure 13 shows experimental waveforms of 2 parallel inverters when sharing nonlinear load using the

proposed method in this paper; nonlinear uncontrollable rectifier load with rated power of 1.6 kVA is used as

the nonlinear load. As can be seen in the figure, 2 inverters could share nonlinear load very well, and circulating

current between the 2 inverters is very small.
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d
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Figure 13. Experimental waveforms of 2 inverters in parallel with nonlinear loads.

Figures 14a–14c show experimental waveforms of output voltage and current using the LPF+LS method,

the SOGI method, and the method proposed in this paper, respectively, when the system shares an uncontrol-

lable rectifier nonlinear load. The spectrum analysis of output voltage in Figures 14a–14c was conducted by

Fluke analyzer; the FFT diagrams are shown in Figures 15a–15c. As can be seen from Figure 15, the THD of

output voltage using the LPF+LS method, the SOGI method, and the method proposed in this paper is 9.4%,

3.7%, and 2.3%, respectively. The THD of output voltage by the proposed method in this paper is the lowest,

which is consistent with the simulation results.
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Figure 14. Experimental waveforms of 1 inverter with nonlinear load: (a) using LPF+LS method; (b) using SOGI

method; (c) using the method proposed in this paper.

( a ) (b ) (c )
 

Figure 15. Spectrogram of output voltage: (a) using LPF+LS method; (b) using SOGI method; (c) using the method

proposed in this paper.
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6. Conclusion

In this paper, a current feedback control strategy for parallel inverters using a third-order general-integrator

crossover-cancellation network implemented in virtual impedance is proposed, which avoids derivation of output

current, reduces system calculation, and enhances system response. The proposed method consists of 2 parts:

a crossover-cancellation feedback network, which achieves band-pass effects, and a multilevel TOGI–OSG link,

which achieves filtering function. This method has excellent effects on suppressing the DC component in output

current and could improve output voltage waveforms and reduce the THD of output voltage. In addition, this

method also has advantages including easy implementation, quick and accurate signal tracking ability, and

effective suppression of noises in the input signal. Simulated and experimental results have demonstrated the

good performance of the method.
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