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ABSTRACT Driven by inertial demand from the grid, the virtual synchronous generators (VSGs) are

widely utilized in distributed generation systems. However, harmonic sources in the distributed generation

systems with high grid impedance will cause grid voltage distortion. Distorted voltage greatly affects the

power quality of VSG. Moreover, it is difficult to suppress different types of harmonics (such as sub-

synchronous harmonics and non-integer high-frequency harmonics) by one conventional solution in VSG-

based grid-connected system. To solve the problem, this paper proposes a magnitude-reshaping strategy to

increase the output impedance in all harmonic-frequency-bands, thereby suppressing the harmonics. The

magnitude-reshaping strategy consists of a notch filter and harmonic regulator. The notch filter extracts

harmonic components of grid current, whereas the harmonic regulator increases the equivalent harmonic

impedance. The equivalent harmonic circuit of reshaped VSG-based system is equivalent to open circuit.

Therefore, the power quality of grid-connected current can be guaranteed. To analyze the performance of

themagnitude-reshapingmethod, frequency-coupling impedancemodel of VSG is established. Furthermore,

Comparing with the conventional harmonic suppression methods, the frequency response characteristics of

the equivalent harmonic impedance are analyzed. Finally, the effectiveness of proposed control strategy is

validated by experiment results.

INDEX TERMS Virtual synchronous generator, weak grid, magnitude-reshaping, harmonic suppression,

frequency-coupling impedance model.

I. INTRODUCTION

With the shortage of fossil fuels and the aggravation of

environmental pollution, renewable energy sources (RESs)

have developed rapidly. However, the large-scale integra-

tion of RESs coupled to the grid reduces the inertia of the

power system, and causes frequency and voltage changes

and even leads to system instability [1]–[3]. To solve the

problem of inertia shortage and frequency fluctuation, the vir-

tual synchronous generator (VSG) control strategy for grid-

connected inverter is proposed in [4]. The VSG strategy

imitate the primary power regulation and primary frequency

regulation characteristics of the synchronous generator to

provide inertial support for the grid. With the excellent con-

trol performance, VSG control strategy is widely used inwind
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power generation, RESs interface in microgrid and VSC-

HVDC [5], [6]. However, most of the VSG-based RESs are

distributed in remote locations such as mountainous areas,

islands and rural areas that are far away from cities. Thus,

they are weakly connected to the grid with high impedance,

which are prone to oscillations or interactions between VSG

and the grid [7]. Furthermore, the grid voltage is distorted by

harmonic sources in weak grid, which seriously affects the

power quality of VSG.

In order to damp the current harmonics, harmonic

impedance of inverter should be reshaped. Impedance reshap-

ingmethods can be realized by using passivemethods [8], [9],

external active methods [10]–[13], and internal active meth-

ods [14]–[21]. In the passive methods, a passive filter [8]

increases the resistance in the filter of each inverter. This

method is cheap and simple in design, but causes addi-

tional power losses. The performance of passive methods
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is severely affected by grid impedance. Compared with the

performance of the passive method, the active method has

a faster response and dynamic harmonic suppression capa-

bility [10]. The external active method suppresses resonance

by adding external circuits and control algorithms, of which

the active power filter (APF) is the most commonly used

method. In [11], a global active damper method to virtualize

the harmonic resistance to increase the stability of the system

is proposed. Research [12] proposes another active damper

method by using a low-power inverter with an LC series filter.

In [13], high-pass filters are adopted for resistive active filters

(R-APF) to extract harmonic components, furthermore, the

product of the harmonic components and gain coefficient are

fed back to the control system to achieve damping character-

istics. External active methods require additional circuits and

sensors. Moreover, the installation location of the external

device is unchangeable.

Internal active dampers for harmonic suppression are cost

effective than the external active damper. It achieves har-

monic suppression by optimizing control parameters ormodi-

fying control algorithms [14]–[21]. Compared with the exter-

nal active damping strategy, the optimized control algorithm

is easy to operate with no power loss [15]. In [16], a phase-

reshaping strategy aimed at changing the admittance phase of

the inverter is proposed. However, the inverter grid-connected

system as a multi-time scale system has complex phase

characteristics in various frequency bands [17]. Therefore,

the phase reconfiguration strategy is relatively complicated

in practical applications. In [19], a control strategy including

PCC voltage feedforward and grid-connected current feed-

back is proposed to suppress system instability and grid back-

ground harmonic disturbance. However, this method requires

too many feedback parameters and is not effective in sup-

pressing non-integer-order voltage harmonics at PCC. The

same problem exists in [20], the effectiveness of harmonic

suppression algorithm depends on the accuracy of the grid

impedance measurement. It is difficult to suppress harmonic

in different frequency bands by using conventional methods.

The harmonic suppression by resonance controller to mit-

igate different-order harmonics have been widely proposed

in previous work. However, the working environment of a

weak grid is very complicated. The background harmonics of

weak grid includes integer-order harmonic, non-integer-order

high-frequency harmonic and sub-synchronous oscillation.

Themechanisms of the above-mentioned harmonics are com-

pletely different, and their resonance frequencies not fixed.

Therefore, traditional resonance controllers cannot solve the

latter two harmonic problems.

The notch-filter based method was initially implemented

in [21], where genetic algorithms have been adopted to fine-

tune the notch filter. Additionally, in [22], a thorough analysis

of notch-filter based active damping was presented. In [23]

a self-commissioning technique was proposed, which can

online estimate the resonance frequency, enabling that the

notch filter can be retuned accordingly. Reference [24] pro-

posed an active damping method based on cascaded notch

filter to ensure the system stability. Reference [25] used notch

filter to extract the harmonic component of grid-connected

current, and increase the output impedance of the inverter

in high-frequency band, so as to suppress oscillation. How-

ever, the traditional notch filter-based harmonic suppression

methods have not considered the local harmonic sources.

In the system with local harmonic source, the quality of

VSG current can be improved perfectly by notch filter-based

harmonic suppression methods. However, the grid-connected

current and PCC voltage are distorted. From the perspective

of the grid, the power quality is substandard. Therefore the

harmonics caused by VSG in parallel with different types of

local harmonic sources should to be solved urgently.

Another problem to be addressed is the reshaping effect

evaluation of VSG impedance. The small-signal model of

VSG is established in [26], [27], in which the dynamic

performance of VSG is analyzed. However, the impedance

coupling is ignored. The output impedance of the VSG is

coupled strongly between the frequency fs and its comple-

mentary frequency fc = 2f1 − fs in low-frequency band [28].

The impedance-reshaping method may increase the cou-

pling degree of the impedance, thus affecting the stability

assessment of grid-connected system. However, most of the

previous research on the modeling and analysis of VSG

have focused on high-frequency dynamics [29], [30] while

ignoring the effects of impedance coupling. Therefore, it is

necessary to analyze the influence of the impedance shaping

method on the coupling impedance of the inverter. Moreover,

the equivalent harmonic impedance of the VSG-based grid-

connected system needs to be established for analyzing the

effect of the impedance reshaping.

The main contribution of this research is to handle

these harmonic issues by one solution. Magnitude-reshaping

method is proposed in this paper to improve the power quality

and stability of the VSG-based grid-connected system.

The proposed method increases the VSG harmonic

impedance significantly, thus the equivalent harmonic circuit

of grid-connected system is equivalent to open circuit that

drives the harmonic current to approach zero. For further

study, the frequency-coupling impedance model of VSG is

established analyzing the effects of impedance-reshaping.

The rest of the paper is organized as follows. In Section II,

power quality issue of the VSG is analysed. The magnitude-

reshaping strategy for harmonic suppression is proposed

in Section III. Reshaping effects of proposed magnitude-

reshaping strategy are described based on the frequency-

coupling impedancemodel in Section IV. SectionV compares

the harmonic suppression effects with different harmonic

suppression methods with three different harmonic sources

connected to PCC, which validates the effectiveness of the

proposed method. Finally, Section VI concludes this paper.

II. GRID-CONNECTED CURRENT DISTORTION

ISSUE OF VSG IN WEAK GRID

Different types of local sources of harmonics exist in the

three-phase weak grid. When both the VSG and the local
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harmonic source are connected to the PCC, the power quality

of the grid deteriorates.

This paper studies three different types of harmonics

(integer-order harmonic, non-integer-order high-frequency

harmonic and sub-synchronous oscillation) in the system.

i) Sub-synchronous oscillation: it is caused by shaft vibra-

tion of synchronous generator, and its oscillation frequency

is generally less than 50 Hz;

ii) integer-order harmonic: it is caused by nonlinear load;

iii) non-integer-order high-frequency harmonic: it is

caused by the grid-source oscillations, which leads to critical

stability or instability of the system.

The mechanisms of these harmonics are different. The

impacts of the above-mentioned local harmonic sources on

power quality are explained as follows.

A. NON-INTEGER-ORDER HARMONIC:

DISTRIBUTED GENERATION

Topology of VSG in parallel with three-phase distributed

generation system is shown in Figure 1(a). The small signal

model of the grid-connected system is established by har-

monic linearization method, as shown in Figure 1(b). The

harmonic-domain circuit of distributed source is equivalent

to a current-controlled source in parallel with the output

impedance ZDGh(s).

FIGURE 1. Topology and the small signal model VSG-based
grid-connected system in parallel with distributed generation.

While the distributed source DG operates in the weak grid

(with large grid impedance Zg2), the grid-connected system

may be critical oscillation or unstable. The stability of the

system depends on the short circuit ratio (SCR) from the

perspective of DG.

SCR =
v2DGN
PDGZgs

(1)

where Zgs is the equivalent impedance in the blue dotted area.

When the interactive oscillation occurs in interactive sys-

tem, the iDGh contains non-integer-order harmonic compo-

nents. The igh can be expressed as:

igh (s) = vinvh (s)

Zinvh (s) + Zg1h (s) + Zg2h (s) // (Zlineh + ZDGh)

− vgh (s)

Zg2h (s)+
(

Zinvh (s)+Zg1h (s)
)

// (Zlineh+ZDGh)

+ iDGh (s)
Zinvh (s) + Zg1h (s)

Zg2h (s) + Zinvh (s) + Zg1h (s)
(2)

It is assumed that the harmonic components of vg and

vinv are small. Then the harmonic component of ig can be

expressed as

igh (s) ≈ iDGh (s)
Zinvh (s) + Zg1h (s)

Zg2h (s) + Zinvh (s) + Zg1h (s)
(3)

B. INTEGER-ORDER HARMONIC: NONLINEAR LOAD

Topology of VSG-based grid-connected system with three-

phase local nonlinear load is shown in Figure 2(a). The

small signal model of three-phase the grid-connected system

is established by harmonic linearization method, as shown

in Figure 2(b). The VSG is equivalent to a voltage source in

series with a output impedance Zinv(s). The harmonic-domain

circuit of nonlinear load is equivalent to a harmonic current

source.

FIGURE 2. Topology and the small signal model of VSG-based
grid-connected system with nonlinear load.

VOLUME 8, 2020 184401
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The harmonic component of ig is mainly caused by the

switching action of local nonlinear load. The nonlinear loads

is equivalent to integer-order (such as 5th, 7th, 11th and 13th)

harmonic source in parallel with impedance. The grid- con-

nected harmonic current igh can be expressed as:

igh (s) = vinvh (s) − vgh (s)

Zinv (s) + Zg1 (s) + Zg2 (s)

+
iRh (s)

(

Zg2h (s) //
(

Zinvh (s) + Zg1h (s)
))

Zg2h (s)
(4)

It is assumed that the harmonic components of vg and

vinv are small. Then the harmonic component of ig can be

expressed as:

igh (s) ≈
iRh (s)

(

Zg2h (s) //
(

Zinvh (s) + Zg1h (s)
))

Zg2h (s)

= iRh (s)

1 + Zg2h (s)
/[(

Zg1h (s) + Zinvh (s)
)] (5)

C. HARMONIC SOURCE: SYNCHRONOUS GENERATOR

Topology of VSG-based grid-connected system with syn-

chronous generator is shown in Figure 3(a). The small

signal model of the three-phase grid-connected system is

established by harmonic linearization method, as shown

in Figure 3(b). The harmonic-domain circuit of synchronous

generator is equivalent to the voltage source.

FIGURE 3. Topology and the small signal model of VSG-based
grid-connected system with synchronous generator.

When shaft oscillation occurs in the system, the voltage

of synchronous generator vsh contains sub-synchronous har-

monic. In this case, the grid-connected current igh can be

expressed as:

igh (s) =
vinvh (s)

(

Zlineh
Zlineh+Zg2h(s)

)

Zinvh (s) + Zg1h (s) + Zg2h (s) //Zlineh

− vgh (s)

Zg2h (s) +
(

Zinvh (s) + Zg1h (s)
)

//Zlineh

+
vsh (s)

(

Zinvh(s)+Zg1h(s)
Zinvh(s)+Zg1h(s)+Zg2h(s)

)

Zlineh + Zg2h (s) //
(

Zinvh (s) + Zg1h (s)
) (6)

It is assumed that the harmonic components of vg and

vinv are small. Then the harmonic component of ig can be

expressed as:

igh (s) ≈
vsh (s)

(

Zinvh(s)+Zg1h(s)
Zinvh(s)+Zg1h(s)+Zg2h(s)

)

Zline + Zg2h (s) //
(

Zinvh (s) + Zg1h (s)
) (7)

The above-mentioned harmonics may lead to a serious

distorted harmonic grid current igh(s). If the sum of harmonic

impedance of inverter and power grid is too small, it leads to

the total harmonic distortion (THD) of grid current larger than

the grid-connected standard (<5%). Then, the adaptability

that VSG cannot be guaranteed. Moreover, if the sum of

harmonic impedances of the inverter and the grid has negative

real part, the system will have poles in the left plane, which

leads the grid-connected system to instability.

The control target of this paper is to suppress the grid-

connected harmonic current igh. The harmonic current in the

grid is absorbed by the VSG, so that the local harmonic

source will not bring harmonic problems to the grid. There-

fore, the VSG should be designed and controlled properly to

improve the power quality.

III. MAGNITUDE-RESHAPING STRATEGY FOR HARMONIC

SUPPRESSION IN VSG

A. SHORTAGE OF PREVIOUS HARMONIC SUPPRESSION

SCHEME FOR VSG

Voltage feedback strategy is the most widely used for har-

monic suppression. It is done by feeding back the PCC

voltage into the control system to track the PCC harmonic

voltage, as shown in Figure 4(a). Harmonic regulator uses

the proportional control to increase harmonic impedance.

However, it is also hard to address the power quality of VSG

at high-frequency band.

Impedance-based harmonic suppression method is another

solution to solve the problem [17]. It is realized by feedback

of the potential difference of additional inductance Zsh into

the control system to track harmonic voltages of vpcc and vsh,

as shown in Figure 4(b). Harmonic regulator usually adopts

the multi-resonant control to increase harmonic impedance,

which is expressed as [17]:

Gh (s) =
∑

i=5,7,11,13,17,19

2ωcs+ ω2
c

s2 + 2ωcs+ (iωn)
2 + ω2

c

(8)

where i is the number of major harmonics, and ωn is the

fundamental angular frequency. Similarly, thismethod cannot

suppress high-frequency harmonics perfectly.

184402 VOLUME 8, 2020
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FIGURE 4. Topology of harmonic suppression strategy: (a) Voltage
feedback strategy. (b) Impedance-based harmonic suppression method.

FIGURE 5. Proposed magnitude-reshaping strategy.

B. PROPOSED MAGNITUDE-RESHAPING

METHOD FOR VSG

To address the power quality issue in VSG-based

grid-connected system, the impedance-based magnitude-

reshaping method is proposed as shown in Figure 5. The

output impedance of VSG is reshaped by feedback variables

igabc. ih represents the harmonic component ioabc, which is

obtained through notch filter GN(s). Then the harmonic reg-

ulator GPD(s) improves the output impedance of the inverter

in the harmonic frequency region and generates the harmonic

voltage reference mh.

The harmonic voltage reference of VSG (mh) is expressed

as:

mh = GMR (s) ig = GPD (s)GN (s) (io + iR) (9)

The notch filter is adopted to obtain the harmonic currents

of the inverter. The expression of Gh(s) are given as:

GN (s) = s2 + ω2
n

s2 + 2ωcs+ ω2
n

(10)

whereωc is the cutoff frequencywith value of 4π rad/s, which

means that the impedance reshaping strategy has no effect on

the frequency band in the range of [48Hz, 50Hz], andwill not

interfere with the fundamental component of the VSG output

current. On basis of (10), it is derived that |GN(fh)| = 1.

The harmonic regulator GPD(s)GPD(s) is given as:

GPD (s) = Kp + Kds (11)

where Kd is the differential coefficient used for increasing

high-frequency harmonic impedance and Kp is proportional

coefficient aimed to increase harmonic impedance in the sub-

synchronous frequency region. The Bode plot of GMR(s) is

shown in Figure 6.

FIGURE 6. The Bode plot of magnitude-reshaping regulator GMR(s).

C. HARMONIC SUPPRESSION MECHANISM OF

MAGNITUDE-RESHAPING METHOD

Before introducing magnitude-reshaping strategy, the modu-

lation signal mabc can be obtained in the control system by

sampling the output voltages and currents as:




ma
mb
mc



 = Gmi (s)





ioa
iob
ioc



 + Gmv (s)





voa
vob
voc



 (12)

whereGmi(s) andGmv(s) are the transfer functions associated

with VSG control system derived in Section IV.

The state space equation of the main circuit are given as:

sL





ioa
iob
ioc



 = KmVdc





ma
mb
mc



 −
(

1 + s2LC
)





voa
vob
voc



 (13)

where Km is the modulator gain.
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Substituting (12) in (13), the output impedance of the

inverter can be obtained as:

Zinv (s) = −voa

ioa
= sL − KmVdcGmi (s)

1 + s2LC − KmVdcGmv (s)
(14)

After introducing magnitude-reshaping strategy, the mod-

ulation signalmabc consists of harmonic voltage valuemh and

fundamental voltage mf , as seen from Figure 5.





ma
mb
mc



=Gmi (s)





ioa
iob
ioc



+Gmv (s)





voa
vob
voc



−GMR (s)





iga
igb
igc





(15)

where




ioa
iob
ioc



 =





iga
igb
igc



 −





iRa
iRb
iRc



 ,





voa
vob
voc



 =





vpcca
vpccb
vpccc



 + Zg1 (s)





ioa
iob
ioc





Ignoring the disturbance signal iR in the transfer function.

Substituting (15) in (13), the equivalent impedance view from

PCC to VSG can be derived as:

Zeq (s) = −vpcca

iga
= sL − KmVdc (Gmi (s)−GMR(s))

1 + s2LC − KmVdcGmv (s)
+Zg1 (s)

= Zinv (s) + KmVdcGMR (s)

1 + s2LC − KmVdcGmv (s)
+ Zg1 (s)

= Zinv (s) + Zvir (s) + Zg1 (s) (16)

In order to ensure the power quality of PCC voltage and

grid current, the reshaped impedance of the VSG should

be close to infinity in the harmonic band. The fundamental

impedance and harmonic virtual impedance are derived as:

Zvir (s)|s=f1 = lim
s→f1

KmVdc
(

Kd s+ Kp
)

1 + s2LC + ∞ = 0 (17)

lim
s→0

Zvir (s) ≈ lim
s→0

KmVdcKp

1 + s2LC − KmVdcGmv (s)
= KmVdcKp

(18)

lim
s→fc

Zvir (s) ≈ lim
s→fc

KmVdcKd s

1 + s2LC − KmVdcGmv (s)
=KmVdcKd s

(19)

where fc is the switch frequency. From (17) to (19), it is noted

that the virtual impedance magnitude in the low-frequency

band is mainly determined by Kp, and the impedance magni-

tude in the high-frequency band is determined by differential

coefficient Kd.

The following three cases are used to discuss the harmonic

suppression mechanism of virtual impedance Zvir.

Equivalent circuit of reshaped VSG-based grid-connected

system with nonlinear load is shown in Figure 7. It is

assumed that the harmonic components of vg and vinv

FIGURE 7. Equivalent circuit of reshaped VSG-based grid-connected
system with nonlinear load.

are small. Then the harmonic components of ig can be

expressed as

igh (s) ≈
iRh (s)

((

Zg2 (s)+Zvirh (s)
)

//
(

Zinvh (s)+Zg1h (s)
))

(

Zg2 (s) + Zvir (s)
)

= iRh (s)

1 +
(

Zg2h (s) + Zvirh (s)
)/[(

Zg1h (s) + Zinvh (s)
)]

= iRh (s)

1 +
(

Zg2h (s) + Zvirh (s)
)/

K1 (s)
(20)

The Magnitude-reshaping method is equivalent to add a

virtual impedance Zvir into the system. If |Zg2h + Zvirh| ≫
|K1(s)|, then the harmonic components of igh reduce.

vpcch (s) = igh (s)Zg2 (s) (21)

According to (21), the harmonic components of vpcc also

decrease. Most of the harmonic current flows into the VSG.

Therefore, Magnitude-reshaping method improves the power

quality by adding Zvir.

FIGURE 8. Equivalent circuit of reshaped VSG-based grid-connected
system in parallel with distributed generation.

Equivalent circuit of reshaped VSG-based grid-connected

system with distributed generation is shown in Figure 8.

The Magnitude-reshaping method is equivalent to add a

virtual impedance Zvirh into the system. With Magnitude-

reshaping method enable, the harmonic component of ig can

be expressed as:

igh (s) ≈ iDGh (s)
Zinvh (s) + Zg1h (s)

Zg2h (s) + Zvirh (s) + Zinvh (s) + Zg1h (s)

= iDGh (s)
1

1 +
(

Zg2h (s) + Zvirh (s)
)/

K2 (s)
(22)

If |Zg2h + Zvirh| ≫ |K2(s)|, then the harmonic components

of igh sharply reduce. PCC voltage is given as:
vpcc (s) = vgh (s) + Zg2h (s) igh (s) ≈ vgh (s) (23)
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Then from the perspective of distributed source, equivalent

grid impedance Zgs reduced. Zgs can be derived as:
Zgs (s)

= Zlineh (s) +
(

Zg1h (s) + Zinvh (s)
)

//
(

Zg2h (s) + Zvirh (s)
)

≈ Zlineh (s) (24)

Therefore, the SCR of system decreases. According to the

impedance stability criterion, the conditions for interactive

oscillation no longer exist. The stability of the grid-connected

system is improved. Therefore, the magnitude of the reso-

nance current iDGh is greatly attenuated. The power quality

is guaranteed.

FIGURE 9. Equivalent circuit of reshaped VSG-based grid-connected
system in parallel with synchronous generator.

Equivalent circuit of reshaped VSG-based grid-connected

system with nonlinear load is shown in Figure 9. The

magnitude-reshaping method is equivalent to add a vir-

tual impedance Zvir into the system. After adding a virtual

impedance Zvir into the system, the harmonic components of

ig can be expressed as:
igh (s)

=
vsh (s)

(

Zinvh(s)+Zg1h(s)
Zinvh(s)+Zg1h(s)+(Zg2h(s)+Zvirh(s))

)

Zlineh (s) +
(

Zg2h (s) + Zvirh (s)
)

//
(

Zinvh (s) + Zg1h (s)
)

= vsh (s)
(

Zg2h (s) +Zvirh (s)
) (

1 + Zlineh (s)
/(

Zinvh (s)+Zg1h (s)
))

= vsh (s)
1

(

Zg2h (s) + Zvirh (s)
)

(1 + K3 (s))
(25)

If |Zg2h + Zvirh| ≫ |1+ K3(s)|, then the harmonic compo-

nents of igh reduce. Most of the harmonic current flows into

the VSG. In this case,Magnitude-reshapingmethod improves

the power quality.

From the perspective of impedance reshaping, the pur-

pose of magnitude-reshaping strategy is to improve the har-

monic virtual impedance and make the harmonic path of grid

connected-system equivalent to open circuit, which improves

the robustness of VSG against grid background harmonics.

IV. RESHAPING PERFORMANCE OF

MAGNITUDE-RESHAPING STRATEGY BASED ON

FREQUENCY-COUPLING IMPEDANCE MODELING

A. FREQUENCY-COUPLING IMPEDANCE MODELING

FOR EQUAVILANT IMPEDANCE

In order to analyze the effects of the magnitude-reshaping

strategy on the grid-connected system, a frequency-coupling

FIGURE 10. Topology and control diagram of VSG.

impedance model of VSG is established in this section. The

structure and control system of VSG-based grid-connected

system is shown in Figure 10. Vdc is DC-side voltage; voa,

vob, and voc are output voltages of the inverter; ioa, iob and

ioc are the output currents of the inverter. The L and C is

the filter inductor and filter capacitor, respectively. ig is the

grid-connected current; vg is the grid voltage; Zg is the grid

impedance. P and Q are the instantaneous output power of

inverter. Pref and Qref are the power references of inverter.

The error signals between instantaneous output power and the

power reference are sent to VSG controller to generate the

amplitude E and angle θ of VSG internal voltage. Then,

the modulation signal mabc is generated by coordinated rota-

tion. Finally, the gate signals of IGBT are generated in the

PWM modulator.

In the time domain, the output voltage and current with

small perturbations can be written as:

voa (t) = V1 cos (2π f1t + θv1) + Vs cos
(

2π fpt + θvs
)

+Vc cos (2π fct + θvc) (26)

ioa (t) = I1 cos (2π f1t + θi1) + Is cos
(

2π fpt + θis
)

+ Ic cos (2π fct + θic) (27)

where f1, fs, fc are the fundamental frequency and the

two complementary harmonic frequencies, respectively, with

fc = 2f1 − fs; V1, Vs, and Vc are the amplitude of voltages

at f1, fs and fc, respectively; I1, Is, and Ic are the amplitudes

of currents at f1, fs and fc; θv1, θvs and θvc are phase angles

correspond to voltages, and the current angles follow the same

notation.

In the frequency domain, the phasor representations are

given as [2]:

V̇oa[f ]=











V̇1, f = f1

V̇s, f = ±fs
V̇c, f = ±fc,

İoa[f ]=











İ1, f = f1

İs, f = ±fs
İc, f = ±fc

(28)
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where V̇ is vector expression of V1, V̇1 = V1 6 θv1, V̇s =
Vs 6 θvs, V̇c = Vc 6 θvc and output currents follow the same

notation.

The instantaneous power of the inverter is given as:










P(t) = voaioa + vobiob + vocioc

Q(t) = [(vob − voc) ioa + (voc − voa) iob

+ (voa − vob) ioc]
/
√
3

(29)

Substituting (28) in (29) and ignoring DC component and

high-order perturbation components, the vector expressions

of output power are calculated as:
[

Ṗ [f ]

Q̇ [f ]

]

= +1.5

[

V̇ ∗
1 V̇1

jV̇ ∗
1 −jV̇1

] [

İs
İ∗c

]

+ 1.5

[

İ∗1 İ1
−jİ∗1 jİ1

] [

V̇s
V̇ ∗
c

]

, f = fp − f1 (30)

where ∗ denotes complex conjugation.

VSG controller imitates primary voltage regulation and

frequency modulation characteristics of synchronous gener-

ator. As shown in the VSG controller structure in Figure 1,

the expression ofGP(s) andGQ(s) can be obtained as follows:










GP (s) = 1

s (Js+ D)

GQ (s) = 1

Ks

(31)

where J is the virtual inertia, D is the damping coefficient,

and K is droop coefficient. ω1 is the fundamental angular

frequency.

The error signals of the instantaneous power and the rated

power are sent to the power controller GP(s) and GQ(s).
{

θ̇ = GP (s) Ṗ

Ė = GQ (s) Q̇
(32)

Neglecting second-order perturbations and substituting (30)

in (32) the expression of θ̂ and Ê in the frequency-domain are

derived as follows:
[

θ̇ [f ]

Ė [f ]

]

=
[

1.5V̇ ∗
1GP (s) 1.5V̇1GP (s)

j1.5V̇ ∗
1GE (s) −j1.5V̇1GE (s)

] [

İs
İ∗c

]

+
[

1.5İ∗1GP (s) 1.5İ1GP (s)

−j1.5İ∗1GQ (s) j1.5İ1GQ (s)

] [

V̇s
V̇ ∗
c

]

s = ss − s1, f = fs − f1 (33)

The voltage transformation converts the voltage from the

Eθ polar coordinate frame to the three-phase stationary coor-

dinate frame. The voltage modulating signal of VSG algo-

rithm of phase A is written as follows:


















mfa (t) =
(

E1 + Ê
)

cos
(

ω1t + θ1 + θ̂

)

mfb (t) =
(

E1 + Ê
)

cos
(

ω1t + θ1 − 2π
/

3 + θ̂

)

mfc (t) =
(

E1 + Ê
)

cos
(

ω1t + θ1 + 2π
/

3 + θ̂

)

(34)

where Ê and θ̂ are disturbances at frequency fp − f1.

Since θ̂ is far less than 1, it is assumed that cos θ̂ = 1 and

sin θ̂ = θ̂ . According to the principle of harmonic lineariza-

tion, we can simplify (34) by removing the second-order and

higher-order terms of the perturbation Hence, the first-order

term of the voltage modulating signal of VSG algorithm can

be derived as:

mfa (t) = Ê cos (ω1t + θ1) − θ̂E1 sin (ω1t + θ1) (35)

where cos (ω1t + θ1) and sin (ω1t + θ1) are ac signals with

frequency of f1.

In (35), the product of ac signals produces harmonics with

two complementary frequencies of fs and fc. When system is

in steady state, voltage modulating signal of VSG algorithm

can be derived in the frequency-domain:
[

Ṁfs [fs]

Ṁ∗
fc [fc]

]

= 1

2

[

Ė1 jθ̇1
Ė∗
1 −jθ̇∗

1

][

θ̇ref [f ]

Ėref [f ]

]

, f = fs−f1 (36)

where Ė1 = j2π f1Lİ1 + V̇1 is the vector representation of

E1 sin (ωt + θ1); and θ̇1 = Ė1/
∣

∣Ė1
∣

∣.

Combining (33) and (36), the modulating signal of the

VSG is derived as:
[

Ṁfs [fs]

Ṁ∗
fc [fc]

]

= 3

4

[

Ė1V̇
∗
1GP (s)−θ̇1V̇

∗
1GE (s) Ė1V̇1GP (s)+θ̇1V̇1GE (s)

Ė∗
1 V̇

∗
1GP (s)+θ̇∗

1 V̇
∗
1GE (s) Ė∗

1 V̇1GP (s)−θ̇∗
1 V̇1GE (s)

]

×
[

İs
İ∗c

]

+ 3

4

×
[

Ė1 İ
∗
1GP (s) + θ̇1 İ

∗
1GQ (s) Ė1 İ1GP (s) − θ̇1 İ1GQ (s)

Ė∗
1 İ

∗
1GP (s) − θ̇∗

1 İ
∗
1GQ (s) Ė∗

1 İ1GP (s) + θ̇∗
1 İ1GQ (s)

]

×
[

V̇s
V̇ ∗
c

]

= Gmi(s)

[

İs
İ∗c

]

+Gmv(s)

[

V̇s
V̇ ∗
c

]

, s = ss − s1

(37)

The current responses to the voltage perturbation can be

found by the systems state space equation:
[

ssL1 0

0 scL1

] [

İs
İ∗c

]

= KmVdc

[

Ṁs

Ṁ∗
c

]

−
[

1 + s2sL1C 0

0 1 + s2cL1C

] [

V̇s
V̇ ∗
c

]

(38)

Combining (37) and (38), the current-voltage vector rela-

tion of the VSG is derived as:
[

V̇s
V̇ ∗
c

]

=
(

KmVdcGmv(ss−s1)−
[

1 + s2sL1C 0

0 1 + s2cL1C

])

\
([

ssL1 0

0 scL1

]

− KmVdcGmi(ss − s1)

) [

İs
İ∗c

]

=
[

Zss (ss) Zsc (sc)

Zcs (ss) Zcc (sc)

] [

−İs
−İ∗c

]

(39)

where \ represent the left division symbol in the matrix.
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FIGURE 11. Frequency responses of equivalent impedance Zeq: (a) Plots of Zeqss(s); (b) Plots of Zeqsc (s); (c) Plots of Zeqcs(s); (d) plots of Zeqcc (s); Blue
line: without harmonic suppression strategy; Red line: with voltage feedback control strategy.

FIGURE 12. Frequency responses of equivalent impedance Zeq: (a) Plots of Zeqss(s); (b) Plots of Zeqsc (s); (c) Plots of Zeqcs(s); (d) plots of Zeqcc (s); Blue
line: without harmonic suppression strategy; Red line: with impedance-based harmonic suppression strategy.

The reshaped impedance of the inverter can be expressed

as:

Zinv =
[

Zss (ss) Zsc (sc)

Zcs (ss) Zcc (sc)

]

(40)

On the basis of (17), the series virtual impedance can be

expressed as:

Zvir (s) = KmVdcGMR (s)

1 + s2LC − KmVdcGmv (s)
(41)

Ignoring the fundamental component and higher-order

components, the virtual impedance can be rewritten in the

rectangular form of vector expression as:

Zvir =
([

1 + s2sLC 0

0 1 + s2cLC

]

− KmVdcGmv (ss − s1)

)

\

KmVdcGMR (ss) (42)

Zg1 = diag
(

Zg1 (ss) ,Zg1 (sc)
)

(43)

In case 1, as seen in Figure 1(b), the equivalent impedance

of grid-connected system viewed from PCC to VSG can be

derived in the vector expression as:

Zeq=Zinv +
(

Zvir + Zg1

)

//Zline=
[

Zeqss (ss) Zeqsc (sc)

Zeqcs (ss) Zeqcc (sc)

]

(44)

In case 2, as seen in Figure 7, the equivalent impedance can

be derived in the vector expression as:

Zeq=Zinv+Zvir + Zg1=
[

Zeqss (ss) Zeqsc (sc)

Zeqcs (ss) Zeqcc (sc)

]

(45)

In case 3, as seen in Figure 9, the equivalent impedance can

be derived in the vector expression as:

Zeq=Zinv+
(

Zvir+Zg1

)

//Zline=
[

Zeqss (ss) Zeqsc (sc)

Zeqcs (ss) Zeqcc (sc)

]

(46)

B. RESHAPING PERFORMANCE ANALYSIS

Figures 11 to 13 show frequency responses of the equiv-

alent impedance Zeq of VSG-based grid-connected system

with three different harmonic suppression methods. The

parameters of systems are shown in Table 1. The blue

lines represent frequency response curves with no harmonic

suppression strategy, while the red lines represents fre-

quency response curves with voltage feedback control, strat-

egy impedance-based harmonic suppression strategy, and

magnitude-reshaping control strategy, respectively.

Figure 11 shows the frequency response characteristics

of VSG with PCC voltage feedback method in red lines.

Compare to the results with no harmonic suppression strat-

egy, both the diagonal elements (Zeqss(ss) and Zeqcc(sc))
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FIGURE 13. Frequency responses of equivalent impedance Zeq: (a) Plots of Zeqss(s); (b) Plots of Zeqsc (s); (c) Plots of Zeqcs(s); (d) plots of Zeqcc (s); Blue
line: without harmonic suppression strategy; Red line: with proposed magnitude-reshaping strategy.

TABLE 1. Parameters of grid-connected system.

and the off-diagonal elements (Zeqsc(sc) and Zeqcs(ss)) are

increased in amplitude significantly in the low-frequency and

mid-frequency band, thus the harmonic currents are effec-

tively suppressed. However, the increased off-diagonal ele-

ments Zeqsc(sc) and Zeqcs(ss) will lead to impedance coupling,

which will influence the stability of grid-connected system.

According to generalized Nyquist stability criterion, the non-

negligible coupled impedance will increase the complexity

of stability assessment. Moreover, the reshaping performance

of voltage feedback method on high frequency impedance is

unsatisfactory.

Figure 12 shows the frequency response characteristics of

VSGwith impedance-based harmonic suppression strategy in

red lines. Because the sampling filter Gh(s) is only designed

for the 5th, 7th, 11th, 13th, 17th and 19th harmonic voltages.

The equivalent impedance remains unchanged in other fre-

quency bands. The amplitude of the equivalent impedance

of the grid-connected system at the above-mentioned spe-

cial frequency tends to infinity, so it can be guaranteed that

these specific harmonics will not exist in the grid-connected

currents. As seen, this method cannot suppress non-integer

harmonic currents.

Figure 13 shows the frequency response characteristics

of VSG with magnitude-reshaping strategy in red lines.

In the harmonic frequency the diagonal elements (Zeqss(ss)

and Zeqcc(sc)) significantly increase in magnitude as shown

in Figures 8(a) and 8(d), while the impedance response of

off-diagonal elements (Zeqsc(sc) and Zeqcs(ss)) magnitude-

reshaping is changed slightly. Therefore, the proposed

method will not affect the complexity of the stability assess-

ment of the grid-connected system.Moreover, themagnitude-

reshaping method has little effects on the phase-frequency

response.

V. EXPERIMENT VALIDATIONS

To validate the proposed method, a HIL experiment platform

based on RTLAB and DSP TMS320F28335 is established

to verify the effectiveness of the proposed method. The

experiment studies three cases as discussed in Section II

to compare the performances among the different types of

harmonic suppression strategies. Case 1 studies the sys-

tem with distributed generator connected to PCC, which

leads to non-integer-order high-frequency harmonics. Case 2

studies the system with nonlinear load connected to PCC,

which leads to integer-order super-synchronous harmon-

ics. Case 3 studies the system with of synchronous gen-

erator connected to PCC (with 30Hz sub-synchronous

oscillation).

The main circuit parameters and control parameters are

shown in Table 1. The control structure of these har-

monic suppression methods is shown in Figures 4 and 5,

respectively.
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FIGURE 14. Waveforms with different harmonic suppression strategies in Case1.

The VSG controller transfer function is:










GP (s) = 1

s (0.2s+ 20)

GQ (s) = 1

50s

(47)

In magnitude-reshaping strategy, the Magnitude-reshaping

compensator controller transfer function is:

GMR (s)=GN (s)GPD (s)= s2 + 98596

s2+25.12s+ 98596
(10+0.1s)

(48)

In PCC voltage feedback strategy, the compensator con-

troller transfer function is:

Gc (s) = GN (s)Kf =
12

(

s2 + 98596
)

s2 + 25.12s+ 98596
(49)

In impedance-based harmonic suppression method, feed-

back gain m = 61, n = 60. And the compensator controller

transfer function is:

Gh (s)=
∑

i=5,7,11,13,17,19

12.56s+ ω2
c

s2+12.56s+ (iωn)
2 + 39.43

(50)

FIGURE 15. Topology of paralleled DG.

Case 1: Topology of VSG in parallel with other current-

controlled inverter is shown in Figure 1(a). Figure 14 shows

the results of the VSG with three different harmonic suppres-

sion methods under case1. The distributed generator is an

LCL-based current-controlled inverter with the rated capacity

of 20KVA. Impedance of grid line Zline is 1mH. Impedance of
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FIGURE 16. Waveforms with different harmonic suppression strategies in Case2.

grid line Zg1 is 2mH. The grid impedance Zg2 is 6mH. Topol-

ogy of paralleled DG is shown in Figure 15. The parameters

of LCL filter are, L1 = 3mH, L2 = 1mH, and C = 22µF.

The PI controller transfer function in paralleled DG is:

Gpi (s) = 0.12 + 340

s
(51)

The PLL transfer function is:

TPLL (s) = HPLL (s)

1 + V1HPLL (s)
(52)

where HPLL (s) =
(

2.62 + 1650
s

)

.

Due to the grid-source oscillation between distributed gen-

erator and the weak grid, iR contains a large amount of

non-integer-order harmonic currents, which will affect the

PCC voltage vpcc and grid-connected current ig. The interac-

tion oscillations between distributed generation and the grid

occurs because of the large grid impedance Zg2.

The waveforms of grid-connected system with no

harmonic suppression method are shown in first column

of Figure 14. As shown in Figure 14(h), iDG contains a

lot of non-integer harmonic components. Affected by iDG,

the power quality of PCC voltage and grid current deteriorates

in Figures 14(a) and 14(d). The waveforms of the voltage-

feedback harmonic suppression method are shown in second

column of Figure 14. The control parameter Kf of PCC

voltage-feedback method is set to 12. In this case, the THD

of the PCC voltage and the grid current decrease. Obviously,

voltage-feedback method suppresses the non-integer-order

harmonic disturbance. The waveforms of impedance-based

harmonic suppression method are shown in third column of

Figure 14. Compared with the experimental results without

harmonic suppression strategy, the power quality of the

power grid is worse. Obviously, impedance-based harmonic

suppression method has no harmonic suppression effect on

grid-source interaction oscillations. The waveforms of the

magnitude-reshaping method are shown in forth column of

Figure 14. In the condition, the THD of PCC voltage and grid

current decreases sharply. The reason why the power quality

of VSG improves is that the differential coefficient Kd of the

amplitude shaping method makes the output impedance of

VSG significantly increase in the high frequency range, so the

harmonic path of the grid-connected system is equivalently

open circuit. The harmonic current of distributed generator is

absorbed by VSG.

Case 2: Figure 16 shows the experiment results with

three different types of harmonic suppression methods under
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FIGURE 17. Waveforms with different harmonic suppression strategies in Case3.

case 2, while the nonlinear load connects to the PCC.

Impedance of grid line Zg1 is 2mH. The grid impedance Zg2
is 6mH. The filter inductor of nonlinear load is 10mH. The

rated power of nonlinear load 10KVA.

Due to the switching of diode, the load current in the

three phase bridge rectifier circuit, iR contains a large

amount of integer-order harmonic currents, which affects

grid-connected power quality.

The waveforms of grid-connected system with no har-

monic suppression method are shown in first column of

Figure 16. As shown in Figure 16(h), The current of the local

nonlinear load is close to a square wave. Affected by iDG,

the power quality of PCC voltage and grid current deteriorates

as shown in Figures 16(a) and 16(d). The results of the PCC

voltage-feedback method are shown in second column of

Figure 16. In this case, the THD of the PCC voltage and

grid current are reduced, but still contains a small amount

of low-order harmonics. The feedback of the PCC voltage

makes Zeq increase rapidly in mid-frequency band, so that

amplitude of the harmonic gridcurrent reduces. The harmonic

suppression effect of the impedance-based method is similar

to voltage-feedbackmethod, which are shown in third column

of Figure 16. Due to the frequency aliasing effect, iR contains

a small portion of high-frequency harmonics. The waveforms

of proposed method are shown in forth column of Figure 16.

In this condition, the power quality of PCC voltage and grid

current is better than the result of impedance-based harmonic

suppression method and PCC voltage-feedback method.

THDvoltage-feedback > THDimpedance-based

> THDmagnitude-reshaping. (53)

Since the proportional regulator of magnitude-reshaping

method reshapes the output impedance of VSG to a larger

value in the mid-frequency band. The harmonic current on

the nonlinear load is absorbed by VSG. The power of the

nonlinear load determines distortion rate of the PCC voltage.

If the power consumed by the non-linear load exceeds the

rated capacity of the VSG, the THD of the PCC will increase

dramatically. Thus, the magnitude-reshaping strategy is the

most effective in solving the PCC voltage distortion caused

by nonlinear loads among the three methods.
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Case 3: Figure 17 shows the results of the VSG-based

grid connected system with three different types of harmonic

suppression methods. In this case, the synchronous generator

is connected to PCC. In order to imitate the shaft oscillation

of the synchronous generator, sub-synchronous currents are

injected into the PCC. The power reference of synchronous

generator 10KW. The Zline is 1mH. Zg1 is 2mH.

The waveforms of grid-connected system with no har-

monic suppression method are shown in first column of

Figure 17. Both grid-connected current and synchronous

motor output current contain obvious sub-synchronous

harmonics. It is illustrated that VSG-based grid-connected

system has poor robustness against the low-frequency distur-

bances. The waveforms of the voltage-feedback method are

shown in second column of Figure 17. Compared with the

results with no harmonics suppression, the THD of the PCC

voltage and grid current reduced slightly. The waveforms of

impedance-based harmonic suppression method are shown in

third column of Figure 17. Since impedance-based harmonic

suppression method is aimed at the specified-order harmon-

ics, it is not sensitive to sub-synchronous harmonic distur-

bances. The waveforms of proposed magnitude-reshaping

method are shown in forth column of Figure 17. The har-

monic suppression performance is almost the same as the

results with voltage-feedforward method. It is illustrated that

only magnitude-reshaping method have good performance in

low-frequency band.

Based on the above results, it is obvious that voltage feed-

back method has poor performance at high-frequency band,

while impedance-based harmonic suppression method has no

suppression effect on low-frequency and high-frequency har-

monics. By comparison, the proposed magnitude-reshaping

strategy can enhance the robustness of the inverter under

weak grids and improve power quality of PCC voltage

and grid current in wider frequency ranges, as shown

in Table 2.

TABLE 2. Harmonic suppression performance under three cases.

VI. CONCLUSION

Conventional harmonic suppression methods for VSG have

limited capacity to solve different types of local harmonic

problem by one solution. In order to solve this problem,

a magnitude-reshaping strategy for suppressing harmonic is

proposed in this paper.

Compared with the PCC voltage-feedback method based

on notch filter, the proposed method has better robustness

to sub-synchronous harmonics. Compared with impedance-

based harmonic suppression strategy based on resonant

controller, the magnitude-reshaping strategy has better har-

monic suppression effects on sub-synchronous harmonics

and non-integer-order harmonic. Based on the analysis of the

harmonic resonance mechanism, the magnitude-reshaping

strategy is designed to increase the equivalent harmonic

impedance of VSG-based systems significantly. Therefore,

the harmonic currents caused by local harmonic sources can

be absorbed by reshaped VSG, and the harmonic compo-

nents of grid-connected currents decrease sharply. Therefore,

the power quality of grid-connected current and PCC voltage

can be guaranteed.

Another contribution of this paper is the establishment of

the frequency-coupling impedance model of the VSG-based

grid-connected system. Themodel intuitively reflects the per-

formance of impedance reshaping. The frequency response

of the coupling impedance shows that in the above three

methods, only magnitude-reshaping strategy has the least

influence on the off-diagonal elements in impedance matrix.

Therefore, this method has the least impact on the grid-

connected stability assessment.

In general, the magnitude-reshaping method is proved to

be an efficient solution for weak grid with harmonic sources.
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