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Abstract: With the large-scale centralized penetration of renewable energy represented by wind
turbine and photovoltaic power generation, the equivalent inertia and synchronous torque of tra-
ditional power grids have decreased, which is worsening the frequency dynamics and threatening
the stability and reliability of power grids. Virtual synchronous generators (VSGs) are a type of
grid-friendly inverter in microgrids (MGs) that mimic rotational synchronous generators (SGs) to
maintain system stability with the increasing penetration of power electronic converters. In this
paper, the stability analysis method of one type of VSG, synchronverter, is investigated based on
internal voltage dynamics. The torque components affecting the stability mechanism of synchroniz-
ing, inertia, and damping torque is introduced, which offers a physical insight into transient stability
and dynamic performance. Insufficiency in either damping or synchronizing torque would increase
the unstable possibility. The characterization method of stability mechanisms can be illustrated by
the phasor diagram of synchronverter internal voltage. Some cases under different disturbances
which change the pattern of synchronizing and damping torque and in turn influence the internal
voltage dynamics of synchronverters, are also discussed. In addition, an auxiliary correction control
loop is proposed and added in the synchronverter control loop to enhance the robustness of the
synchronverter against disturbances. The tunable coefficient of the correction loop is analyzed based
on the internal voltage method. Simulation results verify the validity of the internal voltage stability
method in synchronverters.

Keywords: synchronverter; internal voltage; synchronizing torque; damping torque

1. Introduction

The distributed energy resources connected to the electric power system (EPS) through
voltage source converters (VSCs) are growing quickly [1–3]. The ratio of synchronous
generators (SGs) in traditional power systems decreases and the equivalent inertia of power
grids is reduced. As a result, the system stability will be jeopardized [4]. Moreover, the
decrease of inertia will lead to a large frequency deviation and high rate of change of
frequency (RoCoF) [5,6] under all kinds of disturbances to further damage the system. It is
necessary to explore the control strategies that can equip the VSCs with inertia to overcome
the adverse effects of low inertia.

Therefore, a variety of grid-forming control strategies for converters have been stud-
ied [7]. The controls of virtual synchronous generators (VSGs) have been investigated,
where the mature synchronous generator technology is embedded in the controller core
and accordingly these converters have the dynamic behavior of conventional SGs. This
has become popular in recent research [8–10]. The characteristic comparison between VSG
and SG is presented in Table 1. As shown, VSGs have a more flexible coefficient design
than SGs, which provide more of a design margin for the controller in VSGs. One way to
control VSGs is through the synchronverter [11], which can realize the astatic control of
active and reactive power loops, making the system have the capacity for inertia provision
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and frequency and voltage regulations. More importantly, the electromagnetic character-
istics of SGs are delicately inherited in synchronverters, including the dynamic behavior,
which is more precise than other VSG types in portraying the electromagnetic dynamics
performance. Moreover, phase-locked loop (PLL) control and the PLL-related instabilities
in weak grid systems are avoided in synchronverters. In this case, the synchronverter is
the competitive control for integrating RESs (Renewable Energy Sources), which are often
located in remote areas and connected to a weak grid [11], and also applied to high-voltage
DC (HVDC) transmission systems with VSCs [12]. Moreover, the weak grid will even
lose more grid-strength with the large-scale access of power electronic devices, which
will lead to the further reduction of inertia, damping, frequency/voltage regulation, and
over-current capacity. The severe challenges to the safe and stable operation of power grids
will be deeply imposed. In this situation, the advanced control technology with the active
support ability of new energy exhibits important research value.

Table 1. Characteristic comparison between VSG and SG.

Power Type Inertia Type Energy Source Parameter
Control

Harmonic
Characteristics

SG synchronous
inertia prime motor constant low-order

harmonic

Voltage-source
VSC

virtual
synchronous

inertia
Photovoltaics,
wind turbine,

storage
Flexible

High/medium/
low-order
harmonicsCurrent-source

VSG
Fast frequency

response

As one of the key stability problems of the power systems, angle stability can be
divided into a small-signal and transient angle stability [8–13]. The small-signal analysis
methods have been widely studied in VSG synchronverters by means of linear system
theory such as eigenvalues and frequency analysis. The small-signal dynamics [14,15],
the model establishment, and parameter design [16,17] of novel VSGs with optimized
small-signal stability [18,19] are studied. Whereas, the analysis of transient angle stability
is limited and needs to be further studied.

Firstly, the flexible and controllable parameters of the VSG body and power grid
parameters will affect the transient stability. The virtual inertia and damping parameters of
voltage-source VSGs, reactive droop coefficient, and line impedance parameters will affect
the transient stability margin of the VSG itself. In this case, the research in [20] analyzed the
damping relationship of damping coefficient D and inertial coefficient J in the second-order
transfer function with power angle. However, this method could not demonstrate the
dynamics under different disturbances. Secondly, the transient stability of VSGs can be
improved by using appropriate transient control strategy. For example, analog, with the
classical analysis method of a transient problem in the traditional power system, Equal Area
Law, the transient stability of VSGs can be converted into the Lyapunov energy function
method. The VSG power-angle stability would be improved through “reducing the accel-
eration area and increasing the deceleration area”, as was representatively shown in [21].
However, the Lyapunov energy function is not easy to obtain, and the prediction results
always show some conservations. To improve the transient stability, some research studied
the impact of the optimization of current limiting and the change of power reference or the
limiting voltage on transient stability [22,23]. To simplify the analysis, the synchronizing
coefficient is usually regarded as constant, then the equivalent synchronizing model was de-
veloped [24]. However, the above methods are rarely used in synchronverters, whether in
transient parameter or transient control designs. As mentioned, synchronverters have more
precise descriptions of electromagnetic dynamics and weak PLL-dependence compared to
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other types of VSGs, which greatly benefits the active support capability of new energy.
Therefore, it is valuable to investigate the stability improvement of synchronverters.

Synchronverters could remove the PLL to create self-synchronization and power
synchronization control, in which the voltage source converter feature would be maintained
during the switch between islanded and grid-connected modes [25]. As a result, internal
voltage dynamics can be used to demonstrate the essential characteristics of grid-connected
VSGs whatever control strategies are applied. Some control methods based on the internal
voltage stability of VSCs integrated into a weak grid are studied [26,27]. The effects of inner
control on system stability based on internal voltage theory was revealed and a linearized
model is derived in [13]. However, these discussions have not given further insight into the
physical mechanism of VSGs. Furthermore, the analysis needs to be extended into transient
analysis so that the dynamics behavior can be comprehensively described.

Based on the conventional synchronous machine theory, electromagnetic behavior is
used to describe the dynamics with the timescale covering the inductor and the capacitor
characteristic in SGs. Due to the simulation of SG external characteristics in synchronverters,
the equivalent motion dynamics of the synchronous generator rotor can also be applied.
How to use the analysis method of SG rotor motion in the synchronverter is an interesting
topic. According to SG theory, two unstable conditions in synchronverters can be described:
(1) the virtual rotor angle is continuously increased due to the lack of synchronizing torque;
(2) the virtual rotor will swing with the increasing amplitude due to the insufficient supply
of damping torque.

In other words, the torque variance after suffering disturbance can be decomposed
into two individual components:

∆Te = Ts∆δ + TD∆ω (1)

where Ts is the synchronous torque coefficient and TD is the damping torque coefficient.
The stability of the power system is dependent on these two components of every

power converter. Without sufficient synchronous torque, the virtual power angel and the
rotor angle will be in an unstable operation with the phenomena of aperiodic deviation.
On the other hand, the system will be led to unstable oscillation without enough damping
torque. In this sense, the concepts of damping torque and synchronizing torque can be
adopted in the synchronverter as well. In this paper, inspired by the SG theory, the concept
of synchronverter internal voltage is proposed to describe the physical properties of a
synchronverter with grid-connected operation mode. To explore the physical meaning,
synchronverter inertia, damping torque, and synchronizing torque for low-frequency
oscillation description are explained. In addition, how these torques influence the internal
voltage stability is also discussed. In addition, to improve the transient dynamics, an
auxiliary correction control loop across active power loop (APL) and reactive power loop
(RPL) are proposed, which brings the positive effect on synchronverter transient stability
without affecting the steady-state performances.

Contributions of this paper are as follows:

• Considering the similarity of electromagnetic dynamics between synchronverters and
SGs, the analysis method of internal voltage is proposed. Concepts of inertia, damping,
and synchronizing torque in a wide timescale are presented, as well as the operation
mechanism and transient modeling. It is the first time to apply the internal voltage
method in VSGs. Therefore, synchronverters can be explored from the perspective of
physical insight and mechanism explanation.

• The auxiliary correction control loop linking APL and RPL is proposed, which helps
to enhance transient robustness against varied disturbances. The biggest advantage of
the proposed loop is its easy implementation.

• The model and stability analysis method of synchronverters under varied disturbances
are presented. Moreover, the effectiveness of the proposed correction control loop in
transient improvement is analyzed.
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This paper is organized as follows. Section 2 introduces the preliminaries of syn-
chronverters and describes the synchronverter control system. Section 3 presents the
modeling and concept of internal voltage. The concepts of inertia, damping torque, and
synchronizing torque in electromechanical timescales are explained as well. The auxiliary
correction control loop is proposed to improve the transient performance and is introduced
in Section 4. The model of synchronverters is established, the analysis under disturbances
of different strength grids, and operating points is analyzed based on internal voltage
theory. The impact of coefficients on the proposed correction loop is indicated as well. In
Section 5, simulation results are presented, and the conclusion is drawn in Section 6.

2. Preliminaries

A synchronverter is a power electronic converter that mimics a conventional syn-
chronous generator and acts as an interface for smart grid integration. As a result, dis-
tributed generation (DG) can easily take part in the frequency and voltage regulation and
offer inertia and damping to the grid, as conventional synchronous generators do [11]. A
synchronverter consists of a power part and a control part. The controller of a three-phase
synchronverter, as shown in Figure 1, includes the mathematical model with a control core
the same as a three-phase round-rotor synchronous machine. The back electromotive force
eg in the mathematical model is passed through a Pulse- Width Modulation (PWM) gener-
ation block to generate PWM signals to drive the power switches. The currents flowing
out of the inductors are treated as the stator current ig and feedback into the mathematical
model. Two control loops, APL and RPL, are imbedded in the synchronverter controller.
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Figure 1. Schematic of the synchronverter main circuit, control system, and grid interface. (a) APL;
(b) RPL; (c) power system of the synchronverter.

Some assumptions are established: for a round rotor machine without damper wind-
ings, there are p pairs of poles per phase and no saturation effects in the iron core, and no
neutral line among stator windings to form a star topology. As shown, the synchronverter
has two control loops, which are APL (Figure 1a) and RPL (Figure 1b).
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APL mimics SG rotor dynamics and sometimes it does not need PLL (here, PLL is
drawn in Figure 1a for the grid-connected operation). The mechanical friction coefficient
Dp is equivalent to the frequency droop coefficient, which saves the design of an extra
frequency droop loop. This loop can regulate the synchronverter frequency/speed ωg and
generate the phase angle θg for eg. Pt and Qt are used to denote the active and reactive
power injected into the grid from the PCC, respectively,

The electromechanics dynamics of the rotor is described as,

Jg
dω

dt
= Tm − Te − Dp(ωg −ω∗g) (2)

where Jg is the moment of inertia of the rotational virtual rotor, Tm is the mechanical torque,
and Te is the electromagnetic torque. Dp is damping coefficient. ωg is the rotating speed
of the synchronverter-emulated SG, and the equation related to the virtual rotor angle is
represented by θg =

∫ t
0 ωgdt.

ω∗g is its reference value. Te is obtained from the energy E stored in the machine
magnetic field:

Te = −p ∂E
∂θm

∣∣∣
ig ,i f constant

= pM f i f
〈
i, siñθg

〉
= Ψ f iT

g [sin θg, sin(θg − 2
3 π), sin(θg +

2
3 π)]T

(3)

where M f i f = Ψ f denotes the excitation flux, and the mechanical torque is calculated by

Tm =
Pre f
ωN

.
Dp is defined as ∆ωg/∆T(∆ωg = ωg −ω∗g), and it can be set for the torque to change

100% for a 1% frequency change, for example. The active torque Tm can be obtained from
the reference active power Pref by dividing it with the nominal mechanical speed ω∗g [11].

In RPL, as shown in Figure 1b, the synchronverter output active power Qg or line-
to-line RMS value of the point of common coupling (PCC) terminal voltage ut can be
controlled by regulating the excitation flux Ψ f . The dynamics of Ψ f are descried as

K
dΨ f

dt
= S1(Qre f −Qg) + S2

√
2
3

Dq(U∗t −Ut) (4)

where Qref is the reference reactive power, which is equal to the nominal power here, and U∗t
and Ut are the line-to-line RMS value of reference and output terminal voltage, respectively.
The difference between U∗t and t Ut is amplified with the voltage droop coefficient Dq
before adding to the difference between Qref and the reactive power Qg. The resulting
signal is then fed into an integrator with a gain of 1/K to generate Ψ f . Here K is dual to the
inertia Jg. The time constant τv of the voltage loop is

τv =
K

ωgDq
≈ K

ω∗g Dq
(5)

In addition, there is, Dq = ∆Qg/∆Ut. The active and reactive power are, respectively,

Pg = ωgΨ f iT
g [sin θg, sin(θg −

2
3

π), sin(θg +
2
3

π)]
T

(6)

Qg = −ωgΨ f iT
g [cos θg, cos(θg −

2
3

π), cos(θg +
2
3

π)]
T

(7)

As shown in Figure 1c, the synchronverter is connected to the grid with the voltage
u∞. The inner voltage eg of a synchronverter and its RMS value Eg are addressed as,

eg = ωgΨ f [sin θg, sin(θg −
2
3

π), sin(θg +
2
3

π)]
T

(8)
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Eg =

√
3
2

ωgΨ f (9)

The interface of a grid with a synchronverter needs to pass the output L-type filter
with equivalent resistance Rs and reactance Xs. The PCC is connected to the grid via
transmission line with resistance Re and reactance Xe. To simplify the analysis, the system
is inductive dominant, which means Xe > > Re. Assuming that the phase angle of grid is
θ∞, an angle difference between the grid and synchronverter inner voltage will exist and is
represented by

dθg∞

dt
=

dθg

dt
− dθ∞

dt
= ωg −ω∞ (10)

where ωg = 2π f∞ is the angular speed of the grid voltage, and θ∞ is the phase angle of u∞.
There is,

Pt ≈ Pg = TeωN = ωN

√
3
2

Ψ f U∞ sin θ∞

Xe + Xs
(11)

Qt =
Xe

(Xs − Xe)
2 E2

g −
Xs

(Xs − Xe)
2 U2

∞ +
Xs − Xe

(Xs − Xe)
2 EgU∞ cos(θg − θ∞) (12)

Note that U∞ is the line-to-line RMS value of u∞.
According to the main circuit shown in Figure 1, the relationship equation is obtained

as follows:

Pg =
UgU∞

Xe + Xs
sin(θg − θ∞) (13)

Then,

sin(θg − θ∞) = Pg
Xe + Xs

UgU∞
(14)

3. Internal Voltage Analysis of Synchronverters

In a sense, synchronverters belong to the VSC category, which is inhered from VSC
inner voltage characteristics but exhibits some differences.

3.1. Internal Voltage in Synchronverters

Figure 2 is the typical small-signal model of a single synchronous generator (SG)
supplying an infinite bus system. In the torque-angle loop, the feedback electric torque ∆Te
is composed of two components, which can be expressed as:

∆Te = K1∆δ + K2∆Eq (15)
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If the circuit resistance is neglected, the coefficients K1–K4 in Figure 2 are expressed
as [28]:

K1 = E′qUg0cosδ0/(Xg + X′d) (16)

K2 = Ug0sinδ0/(Xg + X′d) (17)

K3 = (Xg + X′d)/(Xg + Xd) (18)

K4 = (Xd − X′d)/(Xg + X′d)Ug0sinδ0 (19)

From the point of view of SG, the synchronverter has similar inner voltage characteris-
tics theoretically. Following the conventional SG model, the synchronverter inner voltage
can be defined as eg, which is located before the filter inductance. The angle θg∞ = θg − θ∞
is regarded as the power-angle. In a synchronverter, θg∞ = θg− θ∞ can be obtained through
virtual mechanical dynamics, i.e., swing function.

Since U∞ is the line-to-line RMS value of u∞, according to the phase diagram shown
in Figure 3a, the RMS value of terminal voltage ut is,

Ut =

√
X2

e

(Xe + Xs)
2 E2

g +
2XeXs

(Xe + Xs)
2 EgU∞ cos θg∞ +

X2
s

(Xe + Xs)
2 U2

∞ (20)Electronics 2023, 11, x FOR PEER REVIEW 9 of 27 
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state during a disturbance.

As for the transient dynamics of a synchronverter, control design could be imple-
mented in different timescales.

3.2. Small-Signal Modeling of Synchronverter Internal Voltage

Some assumptions are established before the analysis of synchronverter small-signal
modeling and are demonstrated as follows:

• Control system dynamics in a fast current inner-loop timescale are neglected;
• The effect of the AC capacitor is not considered;
• The active power input Pin is constant.

As stated, the LCL filter is represented by the fundamental frequency impedance and
the high-frequency component is shunted.

As shown in Figure 1c, the grid interface of a synchronverter is closely linked with
filter impedance and terminal impedance, as follows:

→
e g −

→
Ut

Xs
=

→
Ut −

→
U∞

Xe
(21)
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Equation (21) is organized by,

→
Ut =

Xe

Xe + Xs

→
e g +

Xs

Xe + Xs

→
U∞ (22)

Equation (22) is written as,

Ut =
Xe cos(θg − θt)

Xe + Xs
Eg +

Xs cos θt

Xe + Xs
U∞ (23)

0 =
Xe sin(θg − θt)

Xe + Xs
Eg −

Xs sin θt

Xe + Xs
U∞ (24)

Equation (1) is rewritten by combining (2):

Jg
dω

dt
= Tm −

√
3
2 Ψ f U∞

Xs + Xe
sin(θg − θ∞)− Dp(ωg −ω∗g) (25)

Linearizing Equations (23) and (24), results in the following:

∆Pe = −
Eg0U∞0 cos θg0

Xe + Xs
∆θg +

U∞0 sin θg0

Xe + Xs
∆Eg (26)

∆Ut = −
Eg0 sin(θg0 − θt0)Xe

Xe + Xs
∆θg +

cos(θg0 − θt0)Xe

Xe + Xs
∆Eg (27)

Based on equation (7), the linearized result is written:

∆Qg =
2XeEg0 + (Xs − Xe)U∞0 cos(θg0 − θ∞0)

(Xe + Xs)
2 ∆Eg −

(Xs − Xe)Eg0U∞0 sin(θg0 − θ∞0)

(Xe + Xs)
2 ∆θg (28)

In addition, linearization of the swing function (2) is obtained as follows:

∆Tm = Jq∆ωgs +

√
3
2 U∞0

Xs + Xe
sin(θg0 − θ∞0)∆Ψ f +

√
3
2 Ψ f 0

Xs + Xe
U∞0 cos(θg0 − θ∞0)∆θg + Dp∆ωg (29)

As for the reactive power loop, the linearized function is represented by

K∆Ψ f s = −

 2Xe Eg0+(Xs−Xe)U∞0 cos(θg0−θ∞0)

(Xs+Xe)
2

+
√

2
3

Dq Xe cos(θg0−θt0)
Xs+Xe

∆Eg +

 (Xs−Xe)Eg0U∞0 sin(θg0−θ∞0)

(Xs+Xe)
2

+
√

2
3

Dq Xe Eg0 sin(θg0−θt0)
Xs+Xe

∆θg (30)

3.3. Description of Inertia, Damping, and Synchronizing Torque

Synchronverters have some similar features with traditional synchronous generators.
In this sense, the concepts of inertia, damping, and synchronizing torque can also be
introduced in synchronverter analysis. Since the synchronverter is built by power electronic
converters, the concepts of three different torque still exist during the operation.

The electromagnetic torque variation ∆Te is divided into two components, one is ∆Td
and the other is ∆Ts. ∆Td is used to describe damping torque in proportion to rotate speed
∆ωg of the internal voltage, and ∆Ts represents synchronizing torque which is in proportion
to phase ∆θg. The equation characterizing the torque variation is addressed as follows:

∆Tm = H∆ωgs + Ks
∆ωg

s
+ Kd∆ωg (31)

∆Td = Kd∆ωg (32)
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∆Ts = Ks
∆ωg

s
(33)

where
H = Jq (34)

Kd = Dp (35)

Ks =

√
3
2 Ψ f 0

Xs + Xe
U∞0 cos(θg0 − θ∞0) (36)

H is the inertia coefficient of the synchronverter, Kd represents the damping torque
coefficient, and Ks is the synchronizing torque coefficient.

Synchronverter damping torque and synchronizing torque are the main factors to keep
systems stable and secure. As shown in Figure 4, the small disturbance coming from the
grid or load would produce variant torque, which is converted into variant synchronizing
and damping torque. Due to the inheritance of a synchronous generator, the damping
torque is directly proportional to the virtual damping coefficient Dp, whereas synchronizing
torque is affected by more factors. Synchronverters exchange damping torque with the
grid, instead of consuming it through resistance, which is helpful to suppress oscillation
of the rotation speed in the internal voltage. Synchronizing torque is applied to restrain
the oscillation of the internal voltage phase, which is beneficial for the synchronization
between the synchronverter and grid.
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Figure 4. Diagram for demonstrating variations of damping torque ∆Td and synchronizing
torque ∆Ts.

To investigate the impact of damping torque and synchronizing torque on the system
stability in the synchronverter internal voltage, the small disturbance is forced and the
movement trajectory of rotational phase and angular frequency variation is drawn, which
is illustrated in Figure 5 and built in the ∆θg-∆ωg reference frame. Although the synchron-
verter was enforced by disturbance, the phase and rotational speed variance of internal
voltage will finally reach zero and the system will become stable. A phasor diagram of
damping and synchronizing torque is shown in Figure 5a, it is pointed out that the synchro-
nizing torque is in phase with a small variation of synchronverter phase ∆θg. Whereas, the
damping torque is in phase with the variation of synchronverter internal voltage rotational
speed ∆ωg as illustrated in Equations (31)–(33). The synthesized electromagnetic torque
variation ∆Te is situated in the first quadrant under the damping and synchronizing torque
actions, and thereby the small disturbance is restrained and even eliminated. Overall, the
damping torque can be used to damp the oscillation of synchronverter rotational speed
of internal voltage, and the synchronizing torque is contributed to damp the oscillation of
internal voltage phase.

To investigate the impacts of the two torques on system stability, two cases are investi-
gated, and the response results are illustrated in Figure 6. It is clearly shown in Figure 6a
that the diverging oscillation of internal voltage occurs when damping torque is negative.
On the other hand, the negative synchronizing torque (the damping power is still positive)
will result in the synchronverter instability as shown in Figure 6b. It is noteworthy that
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there is synchronizing torque to regulate by means of tuning Ks in synchronverter, which
indicates there is a possibility of PLL-less design that different with other VSC (voltage
source converter) [29]. Therefore, the internal voltage method provides an alternative for
the mechanism-based analysis of the synchronverter.

The phasor diagram for demonstrating the leading effect of damping torque is illus-
trated in Figure 7. Due to the leading effect, damping torque variant ∆Td is in the second

quadrant. Compared with the normal condition, the synthesizing vectors
→

∆Te =
→

∆Ts +
→

∆Td
are more likely to step into the second quadrant to lose system stability when damping
torque is reduced.
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3.4. Proposed Synchronverter Controller Design

When disturbances such grid dip occur, the internal voltage of VSC in RPL is likely
to oscillate and in turn deteriorate the APL stability. Since the droop coefficients in APL
and RPL in synchronverters re hard to change due to the influence of steady-state droop
characteristics, designing another auxiliary control loop would be a desirable method to
improve the transient stability. In this paper, an auxiliary correction loop is proposed
and added between APL and RPL, which is addressed by the red line in Figure 8; the
power interface with the grid is the same as Figure 1 and neglected here. The input of
the correction control loop is Ψf, and its output is obtained by the high-pass filtering of
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Ψf, where Df is a tuneable parameter. The high-pass filter
D f s

τss+1 can relieve the transient
dynamics caused by the disturbances without changing the inertial characteristics in APL
and RPL.
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4. Stability Analysis Based on Internal Voltage Dynamics
4.1. A Small-Signal Model of a Synchronverter with an Auxiliary Correction Loop

As discussed, the system stability of synchronverters can be analyzed through study-
ing responses of internal voltage, which is highly affected by damping and synchronizing
torque. However, the Equations of (31)–(33) are obtained without considering the APL.
In this section, the synchronverter internal voltage is thoroughly studied by exploring
damping and synchronizing torque including both APL and RPL.
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Combining Equations of (31)–(36), is the following is obtained:

∆Tm = Jq∆ωgs + Dp∆ωg

+

√
3
2 Ψ f 0

(Xs+Xe)
3Ks


ψ f 0 cos(θg0 − θ∞0)(Xe + Xs)2Ks

+U∞0 sin2(θg0 − θ∞0)Eg0(Xs − Xe)

+DqEg0 sin(θg0 − θ∞0) sin(θg0 − θt0)Xe(Xe + Xs)

∆θg

= Jq∆ωgs + Gd(s)∆ωg + Gs(t)∆θg

(37)

There are three components in Equation (37): inertia, damping torque, and synchro-
nizing torque in the view of internal voltage stability. Gs(s) is used to describe the gain of
variance of internal voltage angle with respect to synchronizing torque as shown as follows,
without considering the phase angle variance of grid ∆θ∞:

∆Tm − G∞(s)∆ω∞ = Gh(s)∆ωgs + Gd(s)∆ωg + Gs(s)
∆ωg

s
(38)

where

Gh(s) =
Jg + τsDp

τss + 1
(39)

Gd(s) =
τs JgXts2 + DpXt + D f

√
3
2 U∞ cos(θg0 − θ∞0)

(τss + 1)Xt
=

∆Td
∆Tm

(40)

Gs(s) =
ωNψ0

f

√
3
2 U∞ cos(θg0 − θ∞0)

(τss + 1)Xt
=

∆Ts

∆Tm
(41)

G∞(s) = Jgs + Dp (42)

When a synchronverter is working in grid-connected mode, the variance of mechanics
torque is affected by the grid frequency fluctuation ∆ω∞, which further changes the damp-
ing and synchronizing torque. According to the expressions of (39)–(42), the variances
of damping and synchronizing torque all have the angle with their coordinate ∆ωg and
∆θg. The synthesized torque can be designed in the first quadrant to guarantee the system
stability.

To investigate the impact on the damping and synchronizing torques, the synchron-
verter small-signal model is built in Section 4. The transfer function G1(s) is defined by

G1(s) =
∆Te1

∆ωg
(43)

G1(s) is influenced by control parameters of the synchronverter, operating point, and
grid strength. The expression of Gs(s) is strictly synchronized with the small variation
of ∆θg and is regarded as the dominant factor to keep system synchronize with the grid.
In synchronizing torque function, ∆Te1 should be designed in a positive direction of ∆θg,
which is located in the first/fourth quadrant. The damping torque should be in close phase
with the direction of ∆θg to damp the oscillation of internal voltage. G1(s) is used to reflect
the dynamics of damping torque. Gh(s) is the equivalent inertia composed of time constant
tf, inertia Jg, and damping coefficient Dp. Gd(s) is the damping gain.

4.2. Analysis of Internal Voltage Stability

The dynamics of phase and magnitude in terminal voltage are sensitive to the output
power, the disturbances such as voltage dip likely exaggerate this sensibility. In turn,
some minor disturbances reflected in internal voltage would dramatically change the
output power. A strong coupling between internal voltage and output power is built.
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The damping torque is affected by the factors related to the rotational angular speed of
internal voltage, which can be analyzed through the expression of Gd(s). There is a leading
effect between damping torque and rotational speed variance ∆ωg of internal voltage. As
a result, the synthesized torque would likely fall in the second quadrant and the system
would be unstable with a negative damping component, as shown in Figure 7. Since there
is no PLL provided in the synchronverter, and no lagging regulator towards variance of
internal voltage phase is adopted, the phase-synchronization is then realized. The internal
voltage stability is accordingly converted into the damping torque analysis, which is why
the transfer function of Gd(s) needs to be specifically discussed. The synthesized torque
contributed by synchronizing and damping torque is also defined. To illustrate the detailed
impact of these two torques, the phasor diagram is drawn in the ∆θg and ∆ωg coordinates.
Both damping and synchronizing components should be positive in ideal situations based
on the phasor diagram. Due to the leading effect of Gd(s), a small negative synchronizing
torque component exists. It is necessary to evaluate the overall synchronizing torque.

Figure 7b presents the results based on the small-signal model of the synchronverter.
There is a leading angle θ1 between the damping torque and rotational speed variance
∆ωg, as analyzed by phase-angle characteristics via the Bode diagram, which brings the
decrease in damping torque and subsequently jeopardizes the system stability. Based on
stability criterion, the internal voltage can maintain stability with positive damping and
synchronizing torque.

The quantized influencing analysis can be viewed by observing Gd(s)’s phase char-
acteristics at the oscillation frequency obtained from the Bode diagram. The oscillation
frequency is regarded as the frequency dominated by the main pole in the synchronverter
model. To examine the internal voltage stability from the perspective of damping torque,
the phase margin in G1(s) is a useful tool. The open-loop bode diagrams of G1(s) are
presented in Figures 9–11 with variant operation points, Df in auxiliary correction loop
and grid strengths. The grid strengths are defined by the concepts of SCR (short circuit
ratio). From Figure 9, it is obtained that the phase angle between Te1 and ∆ωg reference
frames becomes larger when the active power output is from 0.6 p.u. to 1.0 p.u. and
2 p.u. (per-unit value of rated power). The output active power is lower, the angle is
approaching zero. In fact, since the damping components are all positive in these three
cases, the disturbance can be fed back over the decreased rotational speed of the internal
voltage. Whereas the synchronizing components of Te1 projected in ∆θg reference frame are
negative, a potential risk of inducing the system in an unstable state exists. The proposed
correction loop can regulate the damping and dynamics performance of APL. In this sense,
the tunable coefficient Df acts as the function of dynamics and damping modification. To
describe the physical mechanism, G1(s) gives the bode results with three different Df. The
angle is very large when Df =−1.5, that means the absolute value of negative synchronizing
torque, which is projected in the ∆θg reference frame, will be larger than the case with Df =
0.1 and 3.5. It implies that the negative stability effect is comparatively slight when Df is
positive. The results are shown in Figure 10. In the third case, the different grid strengths
that are reflected by SCR are investigated and the results can be observed in Figure 11. The
phase of G1(s) at the dominated frequency becomes smaller since SCR is changed from
a stiff grid (SCR = 15.4) to a moderate grid (SCR = 2.5) and to a weak grid (SCR = 0.65).
Although the absolute value of negative synchronizing torque derived from ∆Td grows
larger when the grid strength becomes weaker, the synchronverter is capable of providing
more support on synchronization torque against disturbance from the weak grid.
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In order to assess whether the results based on internal voltage stability are valid, the
Bode diagram with the open-loop transfer function G2(s) is addressed. G2(s) is defined as

G2(s) =
∆Te

∆Tm
(44)

Considering that there are two torques, synchronizing and damping torques to syn-
thesize the electromagnetic torque in ∆θg and ∆ωg coordinates, their stability contributions
need to be identified. Figures 12–14 show the Bode diagram of G2(s) with varied grid
strengths, operating points, and Df. In Figure 12, the phase margin is reduced with heavier
load. However, the phase margin is positive in these three cases, which means their internal
voltages are still stable. Figure 13 presents the phase margin of G2(s) with different Df.
When Df = 0.1 and 3.5, the phase margin of G2(s) is positive, whereas the margin becomes
negative with Df = −1.5 and the system becomes unstable. Figure 14 illustrates the Bode
diagram of G2(s) with variant grid strengths evaluated by different SCRs. The phase mar-
gins have few changes when synchronverter is connected to both strong and weak grid,
the system is still stable. In other words, the internal voltage stability of the synchronverter
has more reliability with the disturbance from the weak grid than conventional VSCs.
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Figure 15 shows the additional synchronizing torque projected on the ∆θg-axis with
different scenarios. In Figure 15a, the additional synchronizing torques obtained by ∆Te1
projections on the ∆θg-axis are all negative if the operation points are changed. The
difference lies in the absolute value of the negative synchronizing torque. It is obvious that
it is growing larger with the increasing Pe. Due to the existence of another synchronizing
torque, the negative synchronizing torque can be synthesized positively and the stable
internal voltage is obtained, as shown in Figure 15b. The transient stability is better than the
case with the increased operating points. The same analysis method can be implemented in
the case with varying values of Df and grid strengths, the results are presented in Figure 15c–
f. In Figure 15c,d, the absolute value of negative synchronizing torque projected on ∆θg
by Te1 is larger with negative Df than the cases with positive Df = 0.1 and 3.5. The overall
synthetical synchronizing torque with Df = −1.5 will be negative since it is overwhelmingly
negative, and the synthetical torque becomes positive when Df = 0.1 and 3.5, as shown in
Figure 15d. In this sense, the internal voltage will lose the stability with Df = −1.5 whereas
the opposite results are obtained with the positive Df. It is noticeable that the grid strength
has little effect on synchronverter internal voltage stability, which can be reflected that the
system is still stable with SCR = 0.65 as shown in Figure 15e,f. It is demonstrated that the
ratio of negative synchronizing torque is slightly changed when the grid is getting weaker,
which means the synchronverters have strong robustness against weak grid disturbance.
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5. Simulation Results

To verify the validity of the internal voltage stability analysis method and results in
Section 4, a synchronverter system is built in SIMULINK/MATLAB. The specification of a
synchronverter is shown in Table 2. The internal voltage dynamics on different scenarios
with variant disturbances are obtained.

Figure 16 illustrates the dynamics of synchronverter internal voltage with variant grid
strengths. It can be observed that the disturbance from weak or stiff grids cannot influence
the overall synchronverter stability. This phenomenon is in coordination with the analysis
results described in Figures 11 and 14, and phasor diagram in Figure 16a–c. The dynamics
of the internal voltage with changed active power outputs are shown in Figure 17. The
internal voltage has some oscillations under the different operating point Pe. It restored
more quickly when the synchronverter supplies less active power to the grid. The operation
points have little impact on system stability, which is coordinated with the conclusions
drawn from Figures 9 and 12, phasor diagram of Figure 15a,b. The results are different
when the coefficient Df is altered. The internal voltage is kept stable when Df is positive
and chosen as 3.5 and 0.1 and the dynamics response becomes a diverging oscillation when



Electronics 2023, 12, 700 19 of 25

Df is set as −1.5, which means the internal voltage is unstable. It reaches the conclusions
obtained in Figures 9 and 12. The phasor diagram is displayed in Figure 18.

Table 2. Synchronverter specifications.

Symbol Quantity Values

Ls Output inductance 2.2 mH
Le Grid filter inductance 3.75 mH
S1 Switch 1 1
S2 Switch 2 0
Dp Damping coefficient 1407 N·m·s/rad
Dq Voltage droop coefficient 3711 Var/V
Jg Virtual inertia coefficient 2.814 kg·m2

K Reactive power regulator gain 27,980 Var·rad/V
VDC DC-link voltage 720 V
U∞ Grid voltage 398.37 V
Pset Rated DC power capacity 3.6 MVA
Vg Rated voltage 398.37 V
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Figure 16. Internal voltage dynamics with different grid strengths: (a) SCR = 15.4; (b) SCR = 2.5;
(c) SCR = 0.65.
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Figure 17. Internal voltage dynamics with different active output power: (a) Pe = 0.6 p.u;
(b) Pe = 1.0 p.u; (c) Pe = 2.0 p.u.
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Figure 18. Internal voltage dynamics with different values of Df: (a) Df = 3.5; (b) Df = 0.1; (c) Df = −1.5.

Figure 19 shows the waveforms of AC line voltage ug, synchronverter output current
ig, and disturbances with switchovers among different operating points. It is demonstrated
that the system is kept stable when the system is switched from 0 to operating points Pe =
0.6 p. u., 1.0 p. u., and Pe = 2.0 p. u. The oscillation during Pe transition is almost neglected
as shown in the results of the synchronverter current and voltage. It is validated that
synchronverters have the robustness against disturbance of operating point changes, in
which the results of internal voltage are similar to the results shown in Figures 9a, 12a, 15a
and 9b, 12b, 15b, respectively.

Figure 20 shows the results of AC line voltage ug, synchronverter output current ig,
with disturbance having changed grid impedance in the condition of Pe = 1.0 p. u. As
shown, the simulation was carried out to realize SCR switching from the initial SCR = 3
to SCR = 15.4, 1.0, and 0.65 at the switch point, t = 3 s, respectively. It is indicated that
both overshoot and transient time in synchronverter current and voltage are small. It also
reveals that internal voltage stability is weaker with the reduction of grid strength. Due to
the introduction of extra damping and synchronizing torques imposed by synchronverters,
the transient stability is still guaranteed in a wide range even when the synchronverter is
suddenly connected to an extremely weak grid. It adheres to the analysis results shown in
Figures 11e, 14e, 15e and 11f, 14f, 15f, respectively.

Figure 21 illustrates responses of AC line voltage ug, synchronverter output current
ig, and disturbance signal with different Df in the condition of switching grid impedance
from SCR = 3 to 0.65 at t = 3 s. As demonstrated in Figure 20c, the transient stability of a
synchronverter is influenced by the grid strength indicated by setting time and oscillation
degree. We proposed an auxiliary correction control loop (shown in Figure 8) to improve
the transient dynamics without changing the steady-state performance. In contrast, the
proposed control loop is added in a synchronverter with coefficient Df = 3.5 in the condition
similar to Figure 20c. The results shown in Figure 21a verify that the transient dynamics are
much better after using the proposed correction loop. In other words, the proposed loop
can dramatically improve the transient performance against some disturbances. However,
inappropriate coefficient designs of Df would jeopardize the transient stability or even
lead to system collapse due to the insufficient damping or synchronizing torques. For
example, the damping torque falls in the second quadrant to weaken the synthetic torque
when Df = −1.5. As a result, the synchronverter will lose its transient stability as shown in
Figure 21c. The simulation results coordinate with the results from Figures 15c,d and 18.
From a contrastive transient dynamics point of view, a synchronverter has more robustness
against all kinds of disturbances than other conventional VSC.
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Figure 21. Dynamics of AC line voltage, synchronverter current, and disturbance with varied Df

in the proposed auxiliary correction loop: (a) responses with Df = 3.5; (b) responses with Df = 0.1;
(c) responses with Df = −1.5.

6. Conclusions

This paper presents and develops the stability analysis method based on internal
voltage stability for synchronverters. As opposed to SG, synchronverters have more control
flexibility to change the transient dynamics. By contrast between synchronverters and
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SG, the similarity is identified. Accordingly, the concepts of inertia, damping torque, and
synchronous torque are used to describe synchronverter internal voltage’s characteristics
in electromechanical timescale. Through the analysis, synchronizing torque is in phase
with the variance of internal voltage phase, used to synchronize the phase between the
synchronverter and grid. Damping torque can damp the frequency oscillation. To investi-
gate the internal voltage stability, phasor diagrams and Bode diagrams are analyzed. In
addition, an auxiliary correction control loop across APL and RPL is proposed and added
in the synchronverter control loop to enhance the robustness of synchronverters under
disturbances. To verify the validity of the analysis method, the simulations are conducted,
and the results are basically coordinated with the theoretical analysis. By using the method
of internal voltage stability, the synchronverter can be explored from the perspective of
physical insight and mechanism explanation, offering the novel idea in transient stability
improvement.

From the perspective of practical application, synchronverters have been applied in
many scenarios and projects in the world. The first and the largest scale of transformation
for the main network project, Zhangbei wind-PV-storage base with an adjustment capacity
of 547.5 MW, was built in 2016 and made a great contribution to the power supply of
the 2022 Winter Olympics in Beijing. Compared with traditional synchronous generators,
synchronverters are more effective in improving the new energy consumption capacity
and its large-scale power supply conducted by new energy. A similar story is spreading to
the UK, Germany, Ireland, etc. Synchronverter technique is gradually being incorporated
into synchronous grid systems that accept a high proportion of new energy sources. The
economic significance of this paper lies in the improvement and detailed theoretical analysis
of the inverter-derived VSG control, so as to better respond to the cooperative design of the
new energy carrier.
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