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Abstract Along with the increasing penetration of dis-

tributed generation with voltage-source converters (VSCs),

there are extensive concerns over the potential virtual rotor

angle stability, which is characterized by oscillations of

power and frequency during the dynamic process of syn-

chronization in the grid. Several control strategies have

been developed for VSCs to emulate rotating inertia as well

as damping of oscillations. This paper classifies these

strategies and provides a small-signal modeling framework

including all kinds of VSCs in different applications for

virtual rotor angle stability. A unified perspective based on

the famous Phillips–Heffron model is established for var-

ious VSCs. Thus, the concepts of equivalent inertia and the

synchronizing and damping coefficients in different VSCs

are highlighted, based on the similarities with the syn-

chronous generator (SG) system in both physical

mechanisms and mathematical models. It revealed the

potentiality of various VSCs to achieve equivalence with

the SG. This study helps promote the unity of VSCs and

traditional SGs in both theories and methods for analyzing

the dynamic behavior and enhancing the stability. Finally,

future research needs and new perspectives are addressed.

Keywords Voltage-source converter (VSC), Synchronous

generator, Virtual rotor angle stability, Inertia,

Synchronizing, Damping

1 Introduction

Over the last decades, extensive use of grid-connected

power electronic devices has brought changes into modern

power systems. Various distributed generation (DG) units

are connected to the alternate current (AC) grid via pulse

width modulation (PWM) based voltage-source converters

(VSCs) [1, 2]. In addition, VSCs are also applied in grid-

connected energy storage (ES) systems and are even used

as commutation components in high-voltage DC (HVDC)

transmission [3–5]. Consequently, VSCs are gaining a vital

role in the modern power system.

From the perspective of the power system, VSC-based

DG was originally expected to operate as a static syn-

chronous generator (SSG) [6]. However, different from the

traditional synchronous generator (SG), the VSC is regar-

ded as a device of the flexible AC transmission system

(FACTS), which is only responsible for exchanging con-

trollable real and reactive power as an ancillary facility

[7, 8] instead of bringing grid-forming capabilities into the

power grid. Therefore, a considerable portion of VSCs are

operated in current-source controlled (CC) mode, to keep

the simplicity of the control strategy as well as an adequate
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utilization of renewable power [2]. From the perspective of

emerging microgrid [9], control strategies are first pro-

posed for parallel-connected VSC-based DGs in a stan-

dalone AC supply system [10], which is also motivated by

the challenges in uninterruptible power supply (UPS) sys-

tems [11, 12]. On this technical route, the VSC is regarded

as an essential grid-forming component of the electrical

grid, and it is operated in a voltage-source controlled (VC)

mode. As an interface between DG systems and the grid,

VSCs are endowed with similar responsibilities as the

traditional SGs to deliver electric power into the AC grid.

Nevertheless, VSCs lack rotating inertia and damping

properties compared with the traditional SG. As the pen-

etration level of VSC-based DG increases in modern power

systems, traditional SGs, along with the inherent rotating

inertia and damping properties to which they contribute,

will be replaced on a large scale. The overall system inertia

and damping are dramatically decreased, which can pose

threats to grid dynamic performance and stability [13–15].

It is characterized by the low-frequency oscillations of

power and frequency during various disturbances [14–17].

The oscillations may lead to over-current trip of the

transmission line or even system disconnection [18].

Therefore, it is significant to investigate the stability of the

modern power system with increasing VSCs.

Extensive research has focused on the stability analysis

of the modern power system with VSCs, especially the

small-signal stability analysis. Time-domain simulations

are carried out to investigate the effects of the DGs, such as

photovoltaic and wind turbine, on the dynamic behavior of

the power system [19]. According to the time-domain

simulation analysis, the intuitive dynamic response of a

specific system can be presented and the optimal control

design of a certain specific VSC can also be implemented,

but the instability mechanism can hardly be explained, and

the conclusion of generality is unavailable [20]. Eigenvalue

analysis is another method to study the small-signal sta-

bility of the modern power system with VSCs [21–23]. For

example, a detailed state space model is established for the

entire system including droop-controlled VC-VSCs, net-

work and loads in [22], and the eigenvalue analysis reveals

that the droop coefficient will affect the low-frequency

oscillation significantly. However, with the expansion of

system scale, eigenvalue analysis based on detailed dif-

ferential equations of the entire system has poor practica-

bility in multi-VSC system because of the dramatically

increased order of the differential equations [24]. The

effect mechanism of a certain VSC parameter on the sys-

tem oscillation is also not so clear [24]. Though there has

been some preliminary theoretical research, a mature the-

oretical framework on the stability analysis of the modern

power system with VSCs has not yet formed, compared

with the traditional power system.

The oscillations of power and frequency come down to

the rotor angle stability issue in the traditional power sys-

tem [25, 26]. Recently the concept of virtual rotor angle is

proposed for VC-VSCs [25, 26]. Thus, it is expected to

analyze the stability problem of the modern power system

using the traditional method of SG-based power system,

and then to establish the basis for methods of enhancing

stability through VSC control. For instance, synchroniza-

tion and stability mechanism of multi-VSC system is

explored by utilizing a network of generalized Kuramoto

oscillators, which is originally used to analyze the stability

of traditional SG-based system [27]. This work is based on

the classic Phillips–Heffron model [18, 28] of the droop-

controlled VC-VSC and is inspired by the equivalence

between this VC-VSC and the traditional SG on the elec-

tromechanical time scale. It indicates that the well-devel-

oped theories as well as methodologies in traditional power

system can be applied in the modern power system

including SGs and increasing VSCs. The critical issue is

that whether it is possible to establish the Phillips–Heffron

model for various VSCs, since VSCs have diverse types

because of the differences of the power interface on the AC

side, the energy supply on the DC side and the specific

control structure of the VSCs.

This paper provides a modeling framework for all kinds

of VSCs for the small-signal stability analysis of the

modern power system. Through exploring the equivalence

between traditional SG and various VSCs on the elec-

tromechanical time scale, the Phillips–Heffron model is

established for each kind of VSCs in this paper. Thus, the

dynamics of VSCs are characterized the by using the

inertia, synchronizing and damping coefficients (namely

KJ, KS and KD), the same as traditional SGs. It is beneficial

for a clear understanding of various VSCs from the per-

spective of traditional SGs and power system. It is also

expected to promote the application of the well-developed

theories and methods in traditional power system to

investigate the dynamic behaviors and stability issues of

the modern power system with VSCs.

2 Classic Phillips–Heffron model

Power system stability is a complex subject, and clas-

sification is an effective method to deal with the com-

plexities. Thus, there are rotor angle stability, namely the

synchronization stability, frequency stability and voltage

stability [29]. The rotor angle stability refers to the ability

of interconnected power generation units to remain in

synchronism. It is categorized as short-term phenomena

that involves the electromechanical oscillations in power

systems. Different from the frequency stability, which

depends on the balance between generation and load in the
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mid or long term, the rotor angle stability is mainly asso-

ciated with the inertia and damping, which are the concepts

of the dynamic in the short term. Though the small-signal

stability analysis is based on the linearization method, it is

also validated to be effective for the nonlinear dynamic

respond in most practical cases [18]. Furthermore, it is

suitable for the modern power system with various small

disturbances since its analysis result only depends on the

initial state of the system.

To investigate the small-signal rotor angle stability, an

appropriate model needs to be established. On the one

hand, an accurate model to depict complete dynamics of a

real SG is complicated. It is a seventh-order mathematical

model comprising two parts: a second order mechanical

model and a fifth-order electrical model [18]. Though the

accurate model possesses a certain merit of theoretical

research, the high-order mathematical model is difficult to

implement and its practicability is limited. Therefore,

simplified reduced-order models of SG are widely used in

practical application according to the dynamics of concern

and different accuracy requirements. In terms of rotor angle

stability, the transient and sub-transient of electromagnetic

dynamics in a real SG can be ignored. On the other hand,

some ancillary components in an SG system can also be

neglected in the rotor angle stability analysis.

For an SG-based power system, the inertia property, the

synchronizing ability and the damping of electromechani-

cal oscillations are critical features affecting the rotor angle

stability. These aspects can be characterized by the clas-

sical Phillips–Heffron model. It reflects the small-signal

dynamic relationship of the rotor angle and the angular

frequency clearly and intuitively, which is applied as an

effective tool for stability analysis and control. As shown in

(1), the Phillips–Heffron model is given according to the

block diagram in Fig. 1.

KJ

dDx
dt

¼ �KSDd� KDDx

dDd
dt

¼ x0Dx

8
><

>:
ð1Þ

where x is the angular velocity of the SG rotor; x0 is the

rated angular velocity; d is the rotor angle. It is worth

mentioning that the torques Tm and Te in Fig. 1 can also be

replaced by the corresponding power Pm and Pe in the per-

unit system. The corresponding model parameters are listed

as:

KJ¼2H

KS¼
3

2

USGUg

XL

cos d0

KD¼D

8
><

>:
ð2Þ

where H is the inertia constant and D is the damping torque

coefficient, as described in [18]; USG is the terminal voltage

of the SG; d0 is the steady-state rotor angle. As for the

traditional SG, a single machine infinite bus system is

usually regarded as the research paradigm [18], with a

transmission line reactance XL and a bus voltage Ug.

3 Classification of VSCs

In order to enhance the frequency support and oscilla-

tion damping of the modern power system with increasing

VSCs, some SG-imitation control strategies are proposed

gradually for some certain VSCs to emulate the rotating

inertia and damping of oscillations. For example, the

VSYNC project [30] and the virtual synchronous generator

(VSG) control [31]. Nevertheless, there are many types of

VSCs according to different applications and control

strategies. It is necessary to establish the Phillips–Heffron

model for each type. Before presenting the modeling

framework for all kinds of VSCs, the various VSCs are

classified according to their low-frequency dynamics,

which are associated with the oscillations of power and

frequency.

As a power interface, VSC determines the source

property of the DG from the perspective of the grid. Its

interface control mode on the AC side will directly influ-

ence the interaction of the VSC and the grid. Thus, the

control mode on the AC side of the VSC should be con-

sidered when modeling for stability analysis on the elec-

tromechanical time scale. Besides that, the character of the

power supply on the DC side of the VSC will also impact

the power dynamic of the VSC and then impact the design

of the control loops. So, it is necessary to take the energy

supply on the DC side into account when modeling for the

stability analysis.

The AC interface control can be flexibly designed, such

as the PQ control, droop control, VSG control and so on.

According to the features of electric source, VSCs with

these different control methods can be categorized as VC-

VSCs and CC-VSCs [32], as shown in Fig. 2. For the VC-

VSCs, the terminal voltage of the AC interface is regarded

as the control target, and they regulate the frequency and

amplitude of the terminal voltage to exchange the specified

active power and reactive power with the grid. For the CC-

VSCs, the output current of the AC interface is taken as the

ΔTin
−

KS

−

ΔTe

1
KJs

Δω Δδ

KD

+ +
s

ω0

Fig. 1 Block diagram of Phillips–Heffron model
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control target, and they adjust the active component and

reactive component of the output current for purpose of

exchanging the corresponding power with the grid.

The energy supplies on the DC side of VSCs include

photovoltaic panels, fuel cells, ESs, gas turbines, wind

turbines, among others [2, 7]. The VSCs with fuel cells or

the ESs on the DC side are regarded as voltage-source

supplied (VS) VSCs in this investigation. On the one hand,

a DC/DC converter is always equipped with these energy

supplies to stabilize the voltage of the DC capacitor. On the

other hand, these energy supplies can provide sufficient

energy for the VSC within a certain period of time. Those

VSCs with photovoltaic panels, wind turbines, or gas tur-

bines on the DC side are called power-source supplied (PS)

VSCs in this paper. The wind turbine or gas turbine is

connected to the VSC through a rectifier generally, and the

stabilization of the DC capacitor voltage is in the charge of

VSC itself. Though the photovoltaic panel is also con-

nected to the VSC by a DC/DC converter, it cannot ensure

adequate energy supply for the VSC under variable loads

owing to the random energy supply of the photovoltaic

panel. Therefore, VSCs with these energy supplies are

called PS-VSC in terms of the energy supply on the DC

side.

Taking both the control mode of the grid interface on the

AC side and the energy supply on the DC side into account,

various VSCs are classified into 4 categories. Each of them

has some engineering application cases.

There are some VSCs used as the master in the micro-

grid with the master-slave control structure [9], and some

VSCs used as the grid interface in the UPS system [33, 34].

Usually, these VSCs are equipped with ESs or fuel cells on

the DC side, and their grid interface is VC mode. Thus, this

type of VSCs is called voltage-source supplied and volt-

age-source controlled VSC (VS/VC-VSC).

For the VSCs with photovoltaic panels or wind turbines

on the DC side, their grid interface is CC mode in most

instances, such as the ordinary photovoltaic applications

and wind power applications [8, 13, 14]. This kind of VSCs

is named as power-source supplied and current-source

controlled VSC (PS/CC-VSC).

For the CC-VSCs with photovoltaic panels or wind

turbines, ES can also be equipped on the DC side to

implement the virtual inertia for frequency supporting

function of the CC-VSCs [30, 35]. These VSCs are called

voltage-source supplied and current-source controlled VSC

(VS/CC-VSC).

When the gas turbine or HVDC bus that is regarded as

the power-source instead of voltage-source is configured on

the DC side of the VSC, the grid interface on the AC side is

controlled in the CC mode generally. However, in some

engineering cases the grid interface is also operated in the

VC mode [36]. These VSCs is named as power-source

supplied and voltage-source controlled VSC (PS/VC-

VSC).

4 Modeling framework of VSCs

As mentioned above, an appropriate model for various

VSCs is necessary to analyze the small-signal stability.

Though there are several SG-imitation control strategies

for some certain VSCs, a modeling framework for all VSCs

is still not formed. From the perspective of the equivalence

between the VSCs and the traditional SG, a modeling

framework based on the classic Philips-Heffron model is

established, as shown in Fig. 3.

Voltage-
source 
control

AC
bus

ω∗

V*

Z
Current-
source
control

AC
busZ

P*

Q*

(b) CC-VSC(a) VC-VSC

*uabc *iabc

Fig. 2 VC-VSC and CC-VSC

Pin

uabc

AC
bus

Filter

Voltage controller
−

+

V*

ω∗

PS/VC-VSC

+
*uabc

ΔPm

−

+

KS

−

Δω Δδ

KD

Unified small-signal
SG-equivalent model

+

ΔPe

s
ω01

KJs

uabc

AC
bus

Filter

Voltage controller
−

+

V*

ω∗

Udc

VS/VC-VSC

+
*uabc

Pin

iabc

AC
bus

Filter

Current controller
−

+

P*

Q*

PS/CC-VSC

+
*iabc

iabc

AC
bus

Filter

Current controller
−

+

P*

Q*

Udc

VS/CC-VSC

+
*iabc

Fig. 3 SG-equivalent modeling framework of VSCs
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The necessity of this framework has several aspects.

First, there are considerable challenges in the modeling and

analysis of the modern power system with various VSCs as

they have different structures and control modes. It is

necessary to convert various VSCs into a unitary Philips-

Heffron model, which is beneficial to the simplification of

the modeling and analysis. Second, there is no well-de-

veloped method for stability analysis of the modern power

system with VSCs, it is necessary to apply the developed

theory of the traditional power system on the modern

power system with VSCs based on the equivalence

between VSCs and the SG. Third, the integration and

interaction of VSCs and SGs in the modern power system

also put forward urgent requirements of the equivalence

research between VSCs and the SG.

In addition, the SG-equivalent modeling of VSCs is

feasible. From the perspective of the function, VSCs act as

the grid interface of power generation, which is the same as

the SG. From the perspective of the time scale, some

important low-frequency dynamics of VSCs are on the

same timescale as the electromechanical dynamics of the

SG. It is possible to establish SG-equivalent model for

VSCs using these low-frequency dynamics.

4.1 SG-equivalent model of VS/VC-VSC

As shown in Fig. 4, the DC capacitor voltage of the VS/

VC-VSC is controlled constant, and the output voltage on

the AC side is taken as the control target. The control

structure mainly includes a power-control outer loop and a

voltage-control inner loop. Generally, the time scale of the

power-control dynamic is about 3–10 Hz, and the time

scale of the voltage-control dynamic is about 200–400 Hz

[22]. According to the perturbation theory [18], the power-

control dynamic that is closer to the electromechanical

time scale is the main consideration when implementing

SG-equivalent modeling for the VS/VC-VSC.

There is a traditional power-control method for the VS/

VC-VSC, which is called droop control [10], as shown in

Fig. 5. It has been widely used since 1993, and has become

a classical method for VS/VC-VSCs. For the common

inductive network, droop-controlled VSCs take the

responsibility of power sharing and balancing in electrical

grids based on the frequency- and voltage-drooping

mechanisms according to (3) [10]:

x� ¼ x0 þ kPðP� P0Þ
V� ¼ V0 þ kQðQ� Q0Þ

�

ð3Þ

where x* is the reference value for angular frequency; V* is

the reference value for voltage; kP and kQ are the droop

gains for the active and reactive power control, respec-

tively. In this paper, only the active power control is

studied, since the reactive power control is almost

identical.

In order to improve the virtual rotor angle stability of the

microgrid under disturbances, a modified droop control for

VSCs is proposed in [37]. As shown in Fig. 6, the droop

gain is modified as a function of dx/dt. Thus, the equiva-

lent inertia will be added virtually to the VSC by modifying

the droop gain. Moreover, the VSC will supply higher

power when the frequency deviation is large, which is

beneficial to maintain the virtual rotor angle stability.

This SG-imitation strategy can be incorporated into the

classical Phillips–Heffron model. The corresponding iner-

tia coefficient, synchronizing coefficient, and damping

coefficient can be derived as the following:

KJ ¼
k1DP
kP

KS ¼
3

2

U1Ug

XL

cos h0

KD ¼ 1

kP

8
>>>>><

>>>>>:

ð4Þ

where U1 is the terminal voltage; h0 is the steady-state

power angle; DP is the active power deviation; k1 is the

differential gain coefficient in Fig. 6. As shown in (4), the

PCC

P

Q

−

+

−
+

P0

Q0

ω∗

V*

Filter

Power 
control

Voltage 
control

AC busUdc

uabc
*

uabciabc

+

+

Fig. 4 Block diagram of VS/VC-VSC

P

Q

uabc

P0

Q0

kP

kQ
−

+

ω0

V0

ω∗

V∗

+

iabc

*uabc
+

+

−

+

++

+

Fig. 5 Block diagram of traditional droop control
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+

−

+

+
k1

+

−

ω0

ω*

kP

d
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++
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Fig. 6 Block diagram of modified P-x droop control
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inertia or damping coefficient can be flexibly designed for

VSCs without the physical constraint of a real SG. For

example, the equivalent inertia in (4) is a variable instead

of a constant, and is proportional to the active power

deviation.

To further simulate the inertia and damping of the SG, a

virtual inertia frequency control strategy is proposed in

[38]. As shown in Fig. 7, a control block diagram is

designed imitating the second order dynamic characteris-

tics of the SG.

Under the guidance of the small-signal SG-equivalent

modeling framework, classical Phillips–Heffron model can

also be established for the VSC with virtual inertia fre-

quency control strategy. The corresponding characteristic

coefficients can be derived as the following:

KJ ¼ J1

KS ¼
3

2

U1Ug

XL

cos h0

KD ¼ Dp1 þ
1

kP

8
>>><

>>>:

ð5Þ

where J1 is the inertia coefficient and Dp1 is the original

damping coefficient in [38].

Improved droop control strategies have achieved good

SG-equivalent properties. However, it is not enough to

simulate all the operation characteristics of SGs. If a VSC-

based DG is operated as an SG completely, no difference

between the VSC and SG can be detected from the grid

side. Thus, some literature [31, 39, 40] prepares to mimic

the mechanical equations and the electromagnetic equa-

tions of a conventional SG in detail, and to construct the

control model for the DG inverter. This makes the DG

inverter analogous to the SG not only in external charac-

teristics but also in the internal mechanism. These control

strategies are called VSGs or synchronverters. Different

from the previous concept of VSG for CC-VSCs, they are

real voltage sources, and they achieve the unification of

VSC-based DGs and SGs from the perspective of power

system.

As shown in Fig. 8, the popular VSG scheme is pro-

posed in [31]. J2 is the moment of inertia of all the parts

rotating with the rotor, Dp2 is a damping factor, and e is the

back EMF due to the rotor movement. Te is the electro-

magnetic torque that is found from the energy stored in the

machine magnetic field and the description of other

variables can also be found in [31]. When the VSG

scheme is incorporated into the classical Phillips–Heffron

model, the corresponding characteristic coefficients can be

derived as the following:

KJ ¼ J2

KS ¼
3

2

U1Ug

XL

cos

KD ¼ Dp2

8
><

>:
h0 ð6Þ

Besides the SG-imitation by deliberately constructing

supplementary control loop, the inherent feature of droop

control can also be utilized for SG-imitation. A block

diagram illustrating the implementation of the frequency-

droop control is shown in Fig. 9. In general, the active

power measured at the grid interface of the power

electronic converter is low-pass filtered. Based on the

droop control, some literature explored its dynamic

property [21, 22]. The stability and the dynamics of the

parallel-connected VC-VSC system are revealed to be

strongly influenced by the value of the droop coefficients

and by the cut-off frequency of the low-pass filter (LPF),

which makes the bandwidth of the power flux controller

much smaller than that of the voltage-control loop in the

inverter. The filtering time constant affects the frequency

response of the VSC remarkably [21, 22] and it is similar to

the inertial time constant of a traditional SG [41, 42].

In recent years, the equivalence between the droop-

controlled VSCs and traditional SG is revealed on the

electromechanical time scale [41, 42]. Assuming a constant

set-point x0 for the grid angular frequency and a constant

reference P0 for the active power, it is revealed that the

droop gain 1/kP for the VSC is equivalent to the damping

coefficient in SG system, and the filter time constant is

ωPCC

ω*

+

− +

+

P0

Pm
−

−

1
s

θ

Dp1

P

ωPCC
+

−

+ 1
kP

+ + + 1
J1s

+

Fig. 7 Block diagram of virtual inertia frequency control
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.
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+

−P0 kP
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Fig. 9 Improved frequency-droop control using an LPF
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related to the rotor inertia in SG system. This SG-imitation

can be categorized into the proposed modeling framework,

and it can also be expressed by the block diagram as shown

in Fig. 1. The corresponding characteristic coefficients can

then explicitly be expressed by (7) and Tf is the filtering

time constant in Fig. 9.

KJ ¼
Tf

kP

KS ¼
3

2

U1Ug

XL

cos h0

KD ¼ 1

kP

8
>>>>><

>>>>>:

ð7Þ

Strictly speaking, the grid angular frequency xg should

be a measured parameter to provide the synchronous

frequency, instead of being regarded as a constant value.

Therefore, an improved method is implemented in [43],

and the control diagram is shown in Fig. 10. Considering

the variation of grid angular frequency xg, a well-designed

first-order lead-lag-unit is inserted to the droop control in

order to generate the equivalent inertia and damping as SG.

The VSC with the improved method in [43] can also be

incorporated into the classical Phillips–Heffron model, the

characteristic coefficients are given below, where Ta is the

lead time constant and Tb is the lag time constant as shown

in Fig. 10.

KJ ¼
Tb

kP

KS ¼
3

2

U1Ug

XL

cos h0

KD ¼ KSTa

8
>>><

>>>:

ð8Þ

The equivalent SG model of droop-controlled VC-VSC

has been successfully applied to synchronization and

stability analysis for microgrids with multiple VSCs [44],

using the classic Kuramoto oscillator theory, which is

originally applied to analyze the stability of multi-SG

systems [27].

4.2 SG-equivalent model of the PS/VC-VSC

The aforementioned equivalence between the droop-

controlled VSC and SG has been demonstrated, consider-

ing the DC-link as an ideal battery with infinite energy.

Actually, the DC-link voltage may not maintain a constant

in many actual circumstances without infinite energy on the

DC side. Therefore, these VSCs should be regarded as PS/

VC-VSCs and the DC-link dynamics should be considered.

As shown in Fig. 11, the AC voltage reference of the inner

control loop depends on the output of the power-control

loop, which is responsible for maintaining the stable DC

voltage.

Taking the DC-link dynamics of the PS/VC-VSC into

account, emulating the behavior of traditional SG is also

achieved, because the DC-link can be regarded as a virtual

rotor of the SG. A new control strategy for PS/VC-VSCs is

presented, which enables DC-link voltage regulation by

frequency and power angle adjustment [36, 45–47]. As

shown in Fig. 12, the cascaded frequency, angle, and DC-

link voltage loops are designed. Then additional damping

and synchronizing properties are emulated in the VSC as in

traditional SGs, and the DC-link dynamic is also consid-

ered. The electromechanical dynamics can be obtained in

the following:

J3
dx
dt

¼ �Ku1Ku2 x� x
0

ð Þ � Ku2hþ U2
DC � U2

DC;ref ð9Þ

where J3 is the virtual inertia associated with the DC

capacitor; UDC and UDC,ref are the filtered value of the DC-

link voltage udc and its reference value; Ku1 and Ku2 are the

damping coefficients, Ku2 can be interpreted as the syn-

chronizing coefficient.

This SG-imitation can also be integrated into the pro-

posed modeling framework, and the corresponding char-

acteristic coefficients are expressed by (10).

KJ ¼ J3

KS ¼
3

2

U1Ug

XL

cos h0

KD ¼ Ku1Ku2

8
><

>:
ð10Þ

In addition to the research that artificially constructed

the virtual electromechanical swing dynamic of a

traditional SG, some researches make use of the physical

similarity between the DC-link capacitor and the SG rotor.

The intrinsic electromechanical swing dynamic of DC-link

capacitor is exploited to implement SG-imitation of VSCs.

A steady-state linear relationship between the DC-link
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P
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−
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+

−

ω0

ω*

Lead-lag unit
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Fig. 10 Droop control with a first-order lead-lag unit
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voltage udc and the angular frequency x is also designed,

which can be regarded as a generalized droop control

between udc and x [48]. It implements the SG-imitation for

PS/VC-VSCs by using the DC-link dynamics. Then a

differentiator can be inserted to achieve the damping

property in a dynamic, as shown in Fig. 13. The dynamic

behaviors of the DC-link capacitor and the SG rotor are

similar pattern as stated in [24]. The angular velocity of the

SG rotor x and the voltage of the DC capacitor udc are

corresponding variables. Thus, the corresponding dynamics

can be obtained, as shown in (11).

x� ¼ x0 þ 1þ sKd1ð Þ udc � Udcð Þ ð11Þ

The DC-link capacitor is similar to the SG rotor, and

both of them are responsible for storing and transmitting

transient energy. The DC-link voltage dynamic is

expressed in (12).

KJ

dudc

dt
¼ Pdc � Ps ð12Þ

where Pdc is the active power that is injected into the DC-

link capacitor; Ps is the active power that is delivered to the

AC grid. Assuming that Pdc keeps constant during a short

time, the classical Phillips–Heffron model can also be

derived according to the PS/VC-VSC in Fig. 13, and the

corresponding characteristic coefficients can be listed in

(13). As shown in (13), the equivalent inertia coefficient KJ

is related to the DC capacitance C, the rated DC voltage

Udc and the rated active power Pbase.

KJ ¼
CU2

dc

Pbase

KS ¼
3

2

U1Ug

XL

cos h0

KD ¼ KSKd1

8
>>><

>>>:

ð13Þ

4.3 SG-equivalent model of VS/CC-VSC

For the VS/CC-VSC, a DC/DC converter is often

equipped to stabilize the voltage of the DC-link, and the

energy supply on the DC side is able to provide sufficient

energy for the VSC within a certain period of time. Since

the voltage on the DC side is stable, the VSC control is

focused on the output AC current control, as shown in

Fig. 14. The VS/CC-VSC adjusts the active component and

reactive component of the output AC current in order to

exchange the corresponding power with the grid, with the

help of the phase-locked loop (PLL).

By revealing the inherent PLL feature of the traditional

SG, as shown in Fig. 15, a special PLL imitating the

inherent phase-locking dynamic of SG is applied, instead

of the conventional PLL with proportional-integral (PI)

controller [49].

Based on the research achievement in [49], the VS/CC-

VSC with the special PLL can be integrated into the pro-

posed modeling framework, and the corresponding char-

acteristic coefficients are given in (14), where J4 is the

inertia coefficient and KF is the feedback gain as shown in

Fig. 15.

KJ ¼ J4
KS ¼ Ug cos h0
KD ¼ kF

8
<

:
ð14Þ

With a certain amount of ES connected to the DC-link,

grid coupled VSCs are able to achieve virtual inertia

emulation and also primary frequency control, thus the

VSYNC project is put forward [30]. For the VS/CC-VSC,
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some supplementary power-control loops are constructed

to implement the virtual inertia and frequency response,

due to the inherent output power margin on the DC side

[30, 35]. As shown in Fig. 16, SSOC is the state of charge

(SOC) of the ES cell. The original power reference is

PSOC,ref, which is generated merely according to the SOC.

The inertia-imitating power reference Pin,ref and the

frequency-adjusting power reference Pf,ref is generated to

implement the dynamics of traditional SG.

Under the guidance of the small-signal SG-equivalent

modeling framework, classical Phillips–Heffron model can

also be established for the VS/CC-VSC with supplemen-

tary power-control loops. The corresponding characteristic

coefficients can be derived as the following:

KJ ¼ Kinertia1

KS ¼
3

2

U1Ug

XL

cos h0

KD ¼ Kf1

8
><

>:
ð15Þ

where Kf1 and Kinertia1 are the proportional gain coefficient

and the differential gain coefficient, respectively.

Some researches [50, 51] further put forward that it is

necessary for the VS/CC-VSC to completely mimic the

static and dynamic properties of synchronous machine by

making full use of its own dynamic advantage. Then the

VSC can be regarded as conventional power stations from

a grid point of view. The virtual synchronous machine

(VISMA) model is first presented in [51], which is based

on the complete two-shaft model of an electrically excited

synchronous machine. As shown in Fig. 17, the voltages at

the point of common coupling of the grid are measured to

calculate the phase currents in strict accordance with the

mathematical model of SG. Then these obtained phase

currents are regarded as the reference for the VSC. Hence,

seen from the grid side, the VSC can behave like a real SG

if it is always capable of feeding the current value calcu-

lated by the VISMA model.

The control strategy shown in Fig. 17 includes the

electrical part and the mechanical part. The mechanical

part is the main consideration when implementing SG-

equivalent modeling since its time scale is closer to the

electromechanical time scale. Thus, the VS/CC-VSC with

the VISMA control can also be integrated into the proposed

modeling framework, and the corresponding characteristic

coefficients are given in (16), where J5 is the inertia

coefficient and Kd2 is the damping coefficient.

KJ ¼ J5

KS ¼
3

2

U1Ug

XL

cos h0

KD ¼ Kd2

8
><

>:
ð16Þ

For the VS/CC-VSC with short-term ES, the DC

capacitor voltage is relatively constant. Except capacitor

dynamics, there is another pivotal dynamics in the

conventional PLL. PLL dynamic can significantly affect

the frequency response of the VS/CC-VSC, especially

under the condition of weak grid [52–54]. Generally, the

timescale of the PLL dynamic is approximately 1–30 Hz

[54, 55], and it is close to the electromechanical timescale.

Without the control loop reconstructions mentioned above,

a virtual electromechanical swing process like SG in the

VS/CC-VSC with a conventional synchronous reference

frame PLL is still revealed [56].
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As shown in Fig. 18, the conventional synchronous

reference frame PLL is given. kp and ki are the proportional

and integral parameters of the PLL controller. The equiv-

alent inertia parameter J6 can be regarded as an common

factor of the proportional and integral parameters. The

status variable W in the PLL can be regarded as an indi-

cation of the energy level of the VS/CC-VSC, which is

defined as the virtual energy. An SG-equivalent small-

signal model as shown in Fig. 1 is also derived in [56],

utilizing the electromechanical dynamic of the conven-

tional PLL. The corresponding inertia coefficient, syn-

chronizing coefficient, and damping coefficient can be

derived as the following:

KJ ¼ J6
KS ¼ kiUg cos h0
KD ¼ kpUg cos h0

8
<

:
ð17Þ

4.4 SG-equivalent model of PS/CC-VSC

As shown in Fig. 19, block diagram of the PS/CC-VSC

is given. There is DG with fluctuant power on the DC side.

Thus, it is necessary for the controller of the PS/CC-VSC to

keep the DC-link voltage stable. The PS/CC-VSC is widely

used in the ordinary photovoltaic applications and wind

power applications without ES on the DC side.

To enhance the power system stability with the

increasing penetration level of VSC-based doubly fed

induction wind generator (DFIWG), a supplementary

control loop is integrated to the PS/CC-VSC to reintroduce

inertia response [57], and the kinetic energy stored in the

rotating mass of the wind turbine blades is extracted to

support the power system frequency. Besides inertial con-

trol, primary frequency control of VSC-based DFIWG is

also proposed [58–60]. It can thereby participate in primary

frequency control as traditional SG during an eventual

decrease of system frequency under the premise of enough

wind power. In [61], the authors presented an integrated

control method achieving both the inertia property and

primary frequency control. As shown in Fig. 20, the upper

branch is the basic rotor control loop, which is responsible

for the general power balance of the DC-link. The middle

branch is the inertia emulating control unit, and the last one

is used for the primary frequency support.

Based on Fig. 20, the PS/CC-VSC can be integrated into

the proposed modeling framework, and the corresponding

inertia coefficient, synchronizing coefficient, and damping

coefficient are given in (18), where Kf2 and Kinertia2 are the

proportional gain coefficient and the differential gain

coefficient respectively.

KJ¼Kinertia2

KS¼
3

2

U1Ug

XL

cos h0

KD¼Kf2

8
><

>:
ð18Þ

Actually, inherent similarities of the physical meaning

and internal mechanism between the PS/CC-VSC and the

traditional SG system still exist even without the

supplementary control loops as previously mentioned.

Recently, several physical concepts related to PS/CC-

VSCs are developed [24], demonstrating the inherent unity

of PS/CC-VSC and traditional SG. As mentioned in [24],

the stability on electromechanical timescale of the PS/CC-

VSC mainly depends on the capacitor power balance and

its voltage stability, as shown in Fig. 21. It is similar to the

rotor angle stability of traditional SG system. There is a

similar pattern between the dynamic behaviors of SG rotor

and the DC capacitor. Taking advantage of the similarity,

the equivalent physical mechanism compared to the SG is

revealed and the SSG model is established [24]. The model
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can be expressed by the block diagram in Fig. 1, and the

corresponding characteristic coefficients can be derived as

the following [24]:

KJ ¼
CU2

dc

Pbase

KS ¼
3

2
KiUg cos h0

KD ¼ 3

2
KpUg cos h0

8
>>>>><

>>>>>:

ð19Þ

where C is the DC capacitance; Udc is the rated voltage of

the capacitor; Kp and Ki are the proportional and integral

parameters of the Udc controller.

5 Comparison of different VSCs

Various VSCs can be categorized into four types from

the perspective of application. There are PS/CC-VSCs, VS/

CC-VSCs, VS/VC-VSCs and PS/VC-VSCs, according to

the types of energy supply on the DC side and the control

modes on the AC side. As mentioned above, SG-imitation

for all the VSCs can be implemented by constructing

supplementary control loop or utilizing the inherent elec-

tromechanical swing dynamics. Though the specific pro-

cedures of SG-imitation for these VSCs are different, the

classical Phillips–Heffron model can be applied in the

synchronization stability investigation of various VSCs. A

modeling framework is established for all kinds of VSCs to

clarify the corresponding inertia, synchronizing and

damping coefficients. Different from the traditional SGs,

the equivalent inertia, synchronizing and damping coeffi-

cients of VSCs mentioned above are flexible and varied, as

shown in Table 1. The 13 cases of SG-imitation for various

VSCs shown in Table 1 are as follow: Case 1, flexible

inertia loop for droop control; Case 2, virtual inertia fre-

quency control; Case 3, VSG control; Case 4, SG model of

droop control by LPF; Case 5, SG-imitation by lead-lag

unit; Case 6, control considering the udc dynamic; Case 7,

SG-imitation by the DC-link; Case 8, reproduce PLL fea-

ture of SG; Case 9, VSYNC project; Case 10, VISMA;

Case 11, equivalent SG model by the PLL; Case 12,

improved DFIWG control; Case 13, SSG model by the DC-

link dynamic.

For VSCs without constant voltage-source supply on the

DC side, namely the PS/CC-VSCs and PS/VC-VSCs, the

DC-link has an inherent electromechanical swing dynamic.

It can be utilized for SG-imitation, such as Cases 7 and 13

in Table 1. On this occasion, the equivalent inertia coeffi-

cient directly depends on the DC capacitance and the rated

voltage of the DC-link. It gives a physical insight of the

equivalent inertia. In terms of the VSCs without utilizing

the DC-link dynamic directly, such as Cases 6 and 12, the

equivalent inertia seems to be a flexible configuration.

However, the constraints of the short-term power supply on

the DC side must be considered when selecting inertia

parameter as there is no ES. For those VSCs with ES,

namely the VS/CC-VSCs and VS/VC-VSCs, the DC-link

voltage almost maintains a constant. Their equivalent

inertia can be freely configured according to the system

requirements. It is obvious that the equivalent synchro-

nizing coefficient of VC-VSCs is completely consistent

with that of the traditional SGs, seen from Cases 1 to 7.

Nevertheless, as a current-source relying on the synchro-

nization to a stable grid voltage, the equivalent synchro-

nizing coefficient of most CC-VSCs is related to the

parameters of the PLL or the reconstructed PLL.

6 Future trends

Along with an increase in VSC-based device penetra-

tion, there is an increasing concern over the frequency

response and stability of the VSC-based modern power

system. The concepts of the virtual rotor angle [25] and

power-electronics-enabled power system [62, 63] are pro-

posed successively. A solution toward enhancing the sta-

bility is to provide additional electromechanical dynamic

as the traditional SG virtually. As mentioned above, vari-

ous control strategies and analysis focus on the equivalence

between the VSCs and SGs. Considerable efforts are still

needed to reliably integrate large amounts of DGs into the

power system. Here are some important further research

trends:

Firstly, more effective and practical algorithms as well

as control methodologies are needed to simulate the

Table 1 Comparison of the equivalent inertia and the synchronizing

and damping coefficients of VSCs

Case KJ KS KD

1 k1DP/kP 1.5U1Ugcos(h0)/XL 1/kP

2 J1 1.5U1Ugcos(h0)/XL Dp1?1/kP

3 J2 1.5U1Ugcos(h0)/XL Dp2

4 Tf/kP 1.5U1Ugcos(h0)/XL 1/kP

5 Tb/kP 1.5U1Ugcos(h0)/XL KSTa

6 J3 1.5U1Ugcos(h0)/XL Ku1Ku2

7 CU2
dc=Pbase 1.5U1Ugcos(h0)/XL KSKd1

8 J4 Ugcos(h0) KF

9 Kinertia1 1.5U1Ugcos(h0)/XL Kf1

10 J5 1.5U1Ugcos(h0)/XL Kd2

11 J6 kiUgcos(h0) kpUgcos(d0)

12 Kinertia2 1.5U1Ugcos(h0)/XL Kf2

13 CU2
dc=Pbase 1.5KiUgcos(h0) 1.5KpUgcos(h0)
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behaviors of SG, taking into account the different practical

applications. The energy buffer that acts as a virtual rotor is

the key for VSCs in SG-imitation, such as the DC-link. The

selection of the energy buffer should be made according to

specific circumstances for different VSC-based DGs. The

utilization of the energy buffer by different control strate-

gies will achieve different SG-equivalent dynamics. The

time scale of the response, the power capacity and the

duration of the energy are important indicators for the

energy buffer. It is necessary for further studies to coor-

dinate the timing and the capacity of the energy discharge

of the VSC-based DGs with the characteristics of SGs.

Secondly, more attention needs to be paid to the

potential flexibility of VSC-based devices when simulating

the SG properties. For physical SG, the rotational

momentum and friction factor cannot be changed, while it

is easy for the VSCs to optimize the equivalent inertia or

damping coefficient needed, providing that the timing and

the capacity of the energy buffer is adequate. For example,

some self-tuning methods allow the SG-equivalent VSC to

increase and reduce its virtual inertia and virtual damping

considering the acceleration/deceleration of the virtual

angular velocity in each phase of oscillation [64, 65] in

order to achieve better performance of the frequency

response than that in conventional SGs.

Thirdly, greater clarity about the dissimilarity between

various VSCs and SG needs to be pursued, based on the

existing knowledge about the similarity and equivalence

mentioned in this paper. A common sense, which needs be

considered, is that the similarity between VSCs and SG is

special while the dissimilarity is general, although many

efforts have been made to seeking the equivalence between

them. Only the limitations of the equivalence have been

clearly understood, the equivalence can be better utilized.

For example, the current limitation in droop-controlled

VSCs makes it more prone to lose synchronous stability

than conventional SGs [25]. Even more importantly, the

VSCs possess more a complex impedance characteristic in

the frequency band above the fundamental frequency,

which may also cause super-synchronous resonance. This

is also a difference from the traditional SG.

Fourthly, it is necessary to make intensive efforts toward

the application of well-developed models, theories, and

methods in traditional power system to the investigation of

dynamic behaviors and stability of modern power system

with VSC-based DGs. Based on the full knowledge of

similarities and differences between SGs and various VSC-

based DGs, modeling and analysis of VSC-based systems

can be implemented by taking advantage of traditional

theories, in some limited and appropriate occasions. For

example, some valuable conclusions about synchronization

and stability for microgrid with multiple VSCs are

extracted by applying the classic Kuramoto oscillator the-

ory that is originally utilized in a multi-SG system [44].

Finally, it is also necessary to develop new standards

and certifications regarding the virtual inertia and damping

for the VSC-based DGs, considering the frequency

response requirements of power grid and specific situations

of different VSC-based DGs synthetically. The previously

mentioned discrimination of similarities and differences,

and the analysis results from the perspective of traditional

theory, can provide reference for the standards and certi-

fications. This work is significant for coordinating opera-

tion between VSCs and SGs in the new environment with

growing penetration of VSC-based devices.

7 Conclusion

This paper categorizes various VSCs into four types

according to the energy supply on the DC side and the

control modes on the AC side. There are PS/CC-VSCs, VS/

CC-VSCs, VS/VC-VSCs and PS/VC-VSCs. It is revealed

that the SG-equivalent electromechanical swing dynamic

can be extracted from all the VSCs. The key point on SG-

imitation is taking advantage of the real or virtual energy

buffer in VSCs. Then, a complete framework of SG-

equivalent small-signal modeling of all kinds of VSCs is

established. The VSCs with different application environ-

ments have similar dynamic behavior, and the behavior

characteristics can be represented by the classical Phillips–

Heffron model. Thus, the equivalent inertia, synchronizing

coefficient, and damping coefficient in different VSCs are

derived and compared. The modeling framework based on

a comparison with a traditional SG is beneficial for clearly

cognizing the VSC-based DGs. Finally, the future research

trend is addressed. Some important topics are mentioned:

improvement of effective and practical SG-equivalent

strategies considering the particularity of different VSC-

based DGs, performance improvement by exploiting the

potential flexibility of VSC-based DGs, more thorough

understanding of the dissimilarity, migrating application of

modeling and analysis theories, and formulating or revising

future standards for the new system.
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