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Introduction: Grid-forming control has received increasing attention for being
an effective solution to cope with low-inertia and weak damping systems. Owing
to the basic characteristics of transient voltage regulation, inertia support and
primary frequency regulation (PFR), virtual synchronous generator (VSG) is the
most promising candidate of grid-forming control scheme. The damping
characteristic plays a significant role in stabilizing when the system is
disturbed. However, the traditional approaches for damping emulation pose a
number of problems, such as the introduction of phase-locked loop (PLL) that
may lead to stability issues, or the blurring of the functional distinction between
damping characteristic and primary frequency regulation. Moreover, the grid
strength affects the operational characteristics of the converters.

Methods: Based on the background of these issues, firstly, an effective transient
damping power strategy is proposed in this paper. In contrast to conventional
damping approaches, the proposed scheme provides a positive damping during
transient period that suppresses the fluctuation of active power, and has no
impact on the steady-state frequency droop characteristic. Ulteriorly, based on
small-signal models and classical control theory, an parameters adjustment
strategy for both active and reactive power control is proposed to
considerably enhance the adaptability of the converter to the variations in
grid strength.

Results and Discussion: The results obtained from PSCAD/EMTDC and
hardware-in-the-loop (HIL) platform verify that proposed control strategy
exhibits excellent transient damping effect, the decoupling characteristic
between fixed damping coefficient and PFR coefficient, and performs well
across a broad spectrum of grid strengths.
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1 Introduction

Power electronic converters mainly shoulder the role of energy conversion in modern
power systems. (Thao et al., 2021). Along with the decreasing proportion of the
synchronous generators (SGs), the equivalent inertia in modern power systems is
declining, which makes the operational stability of the system vulnerable to threats. To
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improve the operational stability of the system, grid-forming control
technology comes into being (Zhang et al., 2021). One of the main
features of grid-forming control is the use of power synchronization
as an alternative to the classical PLL-based synchronization method.
There is a wide variety of grid-forming control schemes. Among
them, virtual synchronous generator (VSG) has received extensive
attention and research as a control scheme of grid-forming (Driesen
and Visscher, 2008; Gao and Iravani, 2008; Zhong andWeiss, 2011).
VSG adopts control strategy appropriately to simulate the typical
external characteristics of SGs, including virtual inertia and
damping. Basically, the active power control loop (APCL) of
VSG simulates the rotor inertia by simulating the swing
equation. Moreover, the selection of the virtual inertia of VSG is
more flexible compared to the fixed rotational inertia of the SGs. In
contrast, there are many different ways of modelling the damping
characteristic.

Damping control is introduced to solve the problem of active power
oscillations when active power reference or grid frequency is disturbed.
The most typical damping modelling approach is to use damping
power, which is directly proportional to the difference in angular
frequency. The first approach adopts a damping term proportional
to the difference between the angular frequency of VSG and the actual
angular frequency of the grid to realize damping emulation (Shintai
et al., 2014; Liu et al., 2016). When the grid frequency varies due to the
increase or decrease of the active load, the variations can be offhandedly
sensed by VSG. Once the steady-state is reached, the frequency of VSG
aligns with the actual grid frequency and no steady-state error generates.
However, this kind of mimicking approach has the following
disadvantages. On the one hand, PLL (or other frequency measuring
module) is required to detect the actual frequency of the grid generally.
In weak grid, it may cause stability problems (Golestan et al., 2017). On
the other hand, it actually violates the intention for which the concept of
grid-forming was originally proposed, that is, it is able to control voltage
amplitude and phase independently without relying on grid voltage
information. The second method uses a damping term proportional to
difference between the angular frequency of VSG and the rated angular
frequency (Zhong and Weiss, 2011), it is simple and does not require
grid frequency information. However, when the grid frequency deviates
from the rated value, the damping term is not zero at steady state, which
changes the static droop characteristic of VSG. In other words, a
coupling between the damping coefficient and PFR coefficient appears.

In fact, the traditional damping approaches as described above
may not suppress oscillations well when relatively large virtual
inertia coefficient and small damping coefficient are adopted.
Decreasing the inertia coefficient or increasing the damping
coefficient in a certain range is advantageous to enhance system
damping and suppress oscillations. Therefore, the damping
characteristic can be enhanced by adjusting the inertia and
damping coefficient. In (Alipoor et al., 2015), the selection
principle of virtual inertia is given according to the frequency
deviation and frequency change rate, and the Bang-Bang control
is adopted for the changing virtual inertia. Different from (Alipoor
et al., 2015), the threshold values are set in (Wen et al., 2017; Li et al.,
2019). The virtual inertia remains fixed when the frequency
deviation and frequency change rate are both smaller than the
set values. An adaptive parameters control strategy with constant
damping ratio is proposed in (Wang et al., 2018). When the virtual
inertia changes according to the given rules, the damping coefficient

also changes to ensure a constant damping ratio. In (Wen et al.,
2018), an expression of virtual inertia with respect to frequency
change is constructed, and based on the constructed expression, the
relationship between damping coefficient and frequency change rate
is further obtained. It can be seen that changing these two
parameters will effectively change the dynamic response when
the system is disturbed. However, both virtual inertia and
damping coefficient remain constant when the system is at a new
equilibrium point. The coupling problem between the damping
coefficient and the PFR coefficient is not solved when the grid
frequency deviates from the rated value.

It can be seen that it is worth proposing an improved damping
algorithm, which can suppress the active power oscillation without
affecting PFR characteristic. For this purpose, various solutions have
been proposed in literature. (Liu et al., 2019), added a damping term
generated by state feedback control. A further application of a low-
pass filter (LPF) to the calculated active power provides an
additional design freedom. The proposed damping method in
(Chen et al., 2021) is developed from the relation between power
dynamics and angular acceleration. The main advantage is also that
the damping level can be freely adjusted. (Suul et al., 2016), replaced
the grid frequency by the virtual frequency of VSG through a first-
order LPF. Nevertheless, there is no discussion regarding the
adjustment of the time constant of LPF. Similarly, some other
solutions are proposed by adding a virtual damping term based
on LPF (Yan and Jia, 2019; Shuai et al., 2020; Lan et al., 2023; Huang
et al., 2024), constructed transient electromagnetic power by using a
first-order lag unit and also given a parameters design method for
APCL. Nevertheless, they may significantly degrade the inertial
response of VSG when introducing additional damping terms
(Yu et al., 2021). To tackle this issue, a novel damping method
utilizing active power reference feed-forward control is proposed to
preserve the original inertial response of the VSG (Yu et al., 2022).
Furthermore, some literature combine the output of reactive power
control loop (RPCL) and APCL to realize transient damping
emulation. (Dong and Chen, 2017), used a damping correction
loop to add an additional adjustable parameter for adjusting the
dynamic characteristics of the APCL without affecting the steady-
state characteristics. A damping active power which carries the
information about the difference between the VSG internal
frequency and the grid frequency is generated using the output
information of the APCL, RPCL and the measured grid voltage
(Ebrahimi et al., 2019; Khajehoddin et al., 2019). The
aforementioned methods not only achieve the purpose of
enhancing the damping of system to a certain extent, but also
realize the parameters decoupling. However, the effect on the
dynamic response of the system when grid strength varies is not
taken into account. This means that the issue of adaptability of the
fixed parameters to the grid strength needs to be investigated. The
equivalent grid impedance denoted by the short circuit ratio (SCR)
affects the operating characteristics of VSG. For example, the output
active power will oscillate when the equivalent grid impedance
changes under fixed parameters (Mohammed et al., 2023).
Meanwhile, the majority of the literature focus on the parameters
design of the APCL. The parameters of RPCL under strong and weak
grid also needs to be designed properly. A comprehensive design
method of parameters based on grid impedance estimation for both
APCL and RPCL is proposed (Mohammed et al., 2023). However,
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the coupling problem between fixed damping coefficient and PFR
coefficient remains unconsidered. (Wang et al., 2022). adopted
reinforcement learning and the adaptive dynamic programming,
and takes into account weak grid conditions to design the
parameters of APCL. However, the parameters design of RPCL
are not considered.

In conclusion, an effective method is still lacking for solving the
coupling problem that exists in traditional damping approaches
between the damping coefficient and PFR coefficient, and
simultaneously considering the effects of grid impedance on
APCL. Furthermore, the effect of grid impedance on RPCL also
needs to be considered for designing the parameters to make the
responses exhibit satisfactory performance.

Prompted by the aforementioned research, this paper proposes a
transient damping power strategy and a detailed design method of
parameters is given. Themain contributions of this paper are as follows:

1) An improved damping strategy is proposed by using transient
oscillation active power to replace fixed damping power in the
control loop. It addresses the coupling problem between fixed
damping coefficient and PFR coefficient and exhibits excellent
damping effect with the existence of the transient power.

2) Considering the effect of varying grid impedance on the
dynamic response of APCL, an adjustable parameters
method based on the proposed damping strategy is
designed by using a reduced-order approach. Meanwhile, by
analyzing the effect of the zero on the dynamic response
characteristics, the key parameter is adjusted appropriately
to attenuate the negative effects from the zero. Based on the
adjustable parameters, the active power response demonstrates
satisfactory performance when grid strength varies.

3) Summarizing the effect of varying grid impedance on the
dynamic response of RPCL and analyzing the response of
RPCL in relation to the position of zeros, a useful design
guideline of key parameters for RPCL is proposed. The
adjusted parameters ensures that the reactive power
response can be adapted to the varying grid strength, which
is advantageous for system voltage stability to some extent.

The rest of the paper is organized as follows. Section 2 gives an
overview of VSG basic control principle and analyzes the problems
of traditional VSG (T-VSG). In Section 3, the proposed damping
strategy based on transient oscillation power is elaborated, and the
design method for the key parameters of APCL and RPCL is
detailed. The performance of the proposed control strategy is
widely assessed using PSCAD/EMTDC and a HIL experiment
platform in Section 4. Finally, Section 5 draws the conclusions.

2 Problem statement of T-VSG

2.1 Overview of VSG basic control principle

Figure 1 shows the main circuit topology and basic control
architecture of general VSG. The circuit topology mainly consists of
an inverter with an LCL filter. A three-phase inverter topology is used in
this paper. Lf1, Lf2 and Cf are the inverter-side filter inductor, grid-side
filter inductor, and the filter capacitance, respectively. Rf represents

damping resistance, which is used to suppress the resonance spikes. es
and if are the output voltage and current of the inverter, respectively.
upcc and ipcc are the voltage and current at the point of common
coupling of the main grid, respectively. The voltage source ug
represents the main grid, where Lg and Rg are the equivalent
inductance and resistance, respectively. The basic control
architecture of the VSG contains three parts, i.e., the power
control loop, the virtual impedance loop, and the current
inner-loop control. The virtual rotor angle θ generated by the
APCL and the amplitude of the virtual internal potential Ep
generated by the RPCL are combined to form the reference value
of internal potential named eemf. Then, a voltage difference
between eemf and upcc is used to generate the current reference
value expressed by iref through the virtual impedance. ipcc is
generally controlled by PI controllers to follow iref. It is
considered that the control bandwidth of the current control
loop is much larger than that of the power control loop, hence, its
influence on the power control loop will not be considered in
subsequent analysis (Mohamed and El-Saadany, 2008).
Meanwhile, the coupling term between APCL and RPCL is
ignored in this paper (Wu et al., 2016).

2.2 Analysis of the coupling between the PFR
and the virtual damping term

Traditional APCL (T-APCL) enables the inverter to have the
characteristics of virtual inertia, damping and PFR by emulating the
typical characteristics of real SGs. Figure 2 shows the control block
diagram, and the mechanical equation is obtained by implementing
the classic swing equation of SGs, as in

2H
d ω* − 1( )

dt
� Pref

* − kω ω* − 1( ) − P*
e −Dp ω* − 1( ) (1)

where the superscript “*” represents per unit value. Pref
* and P*

e are the
active power reference and actual output active power, respectively. ω*
is the virtual angular frequency. H is the inertia constant, Dp is the
damping coefficient and kω represents coefficient of PFR.

The power angle expressed as δ is defined as the difference in
phase angle between the output voltage of VSG and the grid voltage

δ � ωN

s
ω* − ω*

g( ) (2)

where ω*
g and ωN are the angular frequency of grid voltage and its

rated value.
The active power delivered by the inverter to the main grid can

be approximatively represented as (Mandrile et al., 2023)

P*
e ≈

E*
sU

*
g

X*
f +X*

g

δ (3)

where, E*
s and U*

g are the magnitude of inverter output voltage and
grid voltage, respectively.

X*
f and X*

g are the equivalent reactance of VSG and the main
grid, respectively.

According to Eqs 1-3, and the without considering the
perturbations of the active power reference and the grid
frequency, the state equation can be obtained in Eqs 4, 5
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X
· � A0X (4)

A0 �
0 ωN

− E*
sU

*
g

2H X*
f +X*

g( ) −kω +Dp

2H

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (5)

where X � [Δδ Δω* ]T is the state variable and A0 is the
state matrix.

Then, the eigenvalues of the system are obtained from the Eq. 5

p
1,2

�
−kω+Dp

2H ±


















kω+Dp

2H( )2 − 2
E*
sU

*
gωN

H X*
f
+X*

g( )
√

2
(6)

In addition, it can be obtained from Eq. 1

ω* � 1 + 1
2Hs + kω +Dp

Pref
* − P*

e( ) (7)

As can be seen in Eq. 6, p1 and p2 vary with the change of Dp,
which in turn affects the dynamic response of the output active
power. The oscillation of the active power is suppressed as Dp

continues to increase. According to (Eq. 7), the damping effect of Dp

is reflected in the introduction of a damping power term actually.
When the power balance of the system is broken, VSG regulates the
virtual rotational speed with the synergy of virtual inertia and
damping power to ensure stability of system.

The small-signal transfer function between the output power
and grid angular frequency is obtained by considering the grid
frequency perturbation based on Eqs 1–3

ΔP*
e

Δω*
g

� − 2Hs + kω +Dp( )K0

2Hs2 + kω +Dp( )s + K0
(8)

where

K0 �
E*
sU

*
g

X*
f +X*

g

ωN (9)

Based on Eqs 8, 9, when steady-state is reached, (Eq. 8) can be
written as

ΔP*
e � − kω +Dp( )Δω*

g (10)

The existence of Dp will cause an equivalent increase of PFR
coefficient, leading to an increasing steady-state error of active
power when grid frequency deviates from the nominal frequency.

FIGURE 1
Main circuit topology and basic control structure of general VSG.

FIGURE 2
Control structure of T-APCL.
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Dp should be minimized to decrease the steady-state deviation from
this perspective. However, from the perspective of achieving a
satisfactory dynamic response, a relatively large Dp is desirable.
Thereout, the introduction of a fixed damping power term cannot
optimize the dynamic response and the steady-state response
characteristics of the T-APCL simultaneously because of the
mutual coupling between the fixed damping term and PFR.

2.3 Problems of T-VSG in different
grid strength

Based on (Eqs 1–3) and without considering the grid
frequency perturbation, the small-signal closed-loop transfer
function between the output active power and its reference
can be obtained as follows

Gcp s( ) � ΔP*
e

ΔPref
*
� K0

2Hs2 + kω +Dp( )s +K0
(11)

The parameters used in the theoretical analysis based on Eq. 11
in Figures 3, 5 are shown in Supplementary Table S1.

Figure 3 shows the Bode diagram of Gcp(s) under variation of
SCR. It can be seen that for fixed control parameters, decreasing the
SCR leads to a reduction in system bandwidth, consequently slowing
down the response speed of APCL. As the SCR increases, the active
power response is fast, but the system has a tendency to oscillate.
Clearly, the dynamic response of the system is strongly related to
the grid strength, and fixed parameters cannot ensure
consistently optimal control performance in the face of
varying grid strength.

Traditional RPCL (T-RPCL) of VSG generally uses a PI
controller and a LPF in grid connected mode (GCM) (Fang

FIGURE 3
Closed-loop Bode diagram of Gcp(s) under variation of SCR.

FIGURE 4
Closed-loop control structure diagram of RPCL.
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et al., 2021), to track the reactive power reference with zero steady-
state error. The control block diagram is shown in Figure 4 and the
governing equation is shown below

E* � E0
* + ωcq

s + ωcq
kpq + kiq

s
( ) Qref

* − Q*
e( ) (12)

where kpq and kiq are proportionality coefficient and integral
coefficient, respectively. ωcq represents cut-off frequency of LPF.

The reactive power delivered by the inverter to the grid is

Q*
e �

E∗2
s − E*

sU
*
g cos δ

X*
f +X*

g

(13)

Based on Eqs 12, 13, the small-signal closed-loop transfer
function between the output reactive power and its reference can
be approximatively derived as follows

Gcq s( ) � ΔQ*
e

ΔQref
*
�

kqωcqkiq
kpq
kiq

· s + 1( )
s2 + ωcq + ωcqkpqkq( )s + kqωcqkiq

(14)

where

kq �
2E*

s − U*
g

X*
f +X*

g

(15)

Based on Eqs 14, 15, Figure 5 depicts the Bode diagram of Gcq(s)
under different SCRs. It can be seen that with fixed parameters, the

FIGURE 5
Closed-loop Bode diagram of Gcq(s) under variation of SCR.

FIGURE 6
Control structure of TOPD-APCL.
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FIGURE 7
Closed-loop small-signal model when ωcp varies: (A) Zero-pole distribution; (B) Bode diagram.

FIGURE 8
Closed-loop small-signal model when ke varies: (A) Zero-pole distribution; (B) Bode diagram.
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FIGURE 9
Closed-loop small-signal model when SCR varies: (A) Zero-pole distribution; (B) Bode diagram.

FIGURE 10
Comparison of the response between the reduced-order system with a zero and the standard second-order system.
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control bandwidth of the system increases, leading to a fast response
at the cost of significant overshoot, power oscillation and other poor
dynamic performance.

From the foregoing analysis, it is clear that
there are two issues with T-VSG, which can be identified
as follows:

FIGURE 11
The change in the system response after considering the zero: (A) Comparison of step responses between p1(t) and p2(t); (B) The change of the
overshoot when ξ changes.

FIGURE 12
The influence of the ωnq. (A) Root locus with different ωnq. (B) Step response with different ωn.
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1) The mutual coupling between the damping coefficient and the
PFR coefficient results in the failure to satisfy the damping
characteristic and the PFR requirement simultaneously.

2) Since the response characteristics are associated with the grid
strength, there is a problem of adaptation to grid strength if
fixed control parameters are used.

It is thus necessary to propose a control strategy that not only
satisfies the decoupling of the damping characteristic and the PFR,
but also performs well under a wide range variation of grid strength.

3 Proposed strategy

3.1 Transient-oscillation-power-based
damping strategy for APCL

Based on the analysis in the previous section, a new
control strategy is designed to meet two control objectives
as follows.

1) Minimize the steady-state deviation of the output active power
produced by the traditional fixed damping term when grid
frequency varies.

2) Suppress the oscillations of active power in case of
disturbances.

For these purposes, an improved control equation for active
power is designed, which can be expressed as

2H
d ω* − 1( )

dt
� Pref

* − kω ω* − 1( ) − P*
e[ ]Gp s( ) (16)

Gp s( ) � kes + ωcp

s + ωcp
(17)

where ke represents the equivalent damping coefficient, ωcp refers to
cut-off angular frequency of APCL.

The improved control scheme is referred to the transient-
oscillation-power-based damping strategy for APCL (TOPD-
APCL) in this paper. Figure 6 shows the control block diagram
of TOPD-APCL.

The following analyzes how the introduction of Gp(s) can
achieve decoupling and manifest the damping effect, as well as
the effect of parameters ke and ωcp on the dynamic response.

The frequency domain expression for Gp(s) is given by

Gp jω( ) � jkeω + ωcp

jω + ωcp
(18)

FIGURE 13
The influence of the ωcq: (A) Root locus with ωcq varies; (B) Step response with ωcq varies.
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As for the dc component, i.e., when jω = j0

Gp j0( ) � 1 (19)

It can be clearly demonstrated in Eqs 18, 19 that the steady-state
characteristic is unaffected and the decoupling is achieved in
comparison to (Eq. 10).

From the perspective of the small-signal model, it can also be
concluded that the decoupling is achieved. Considering the grid
frequency perturbation, the small-signal transfer function between
the output power and grid angular frequency of the proposed
strategy is obtained as follow

ΔP*
e

Δω*
g

� − K0 2Hs2 + 2Hωcp + kekpu( )s + kpuωcp[ ]
2Hs3 + 2Hωcp + kekpu( )s2 + keK0 + kpuωcp( )s + K0ωcp

(20)
When steady-state is reached, (Eq. 20) can be written as

ΔP*
e � −kωΔω*

g (21)

It can be clearly demonstrated that Eq. 21 is independent of Dp

in comparison to Eq. 10. Dp will not cause an increase of PFR
coefficient, the steady-state value only relates to kω.

The per unit value between power and torque satisfies P* =
T*ω*. Assuming ω* = 1, then the per unit values of power and
torque are equal. Therefore, torque component is replaced by
power component in the following analysis. For the sake of
simplicity in analyzing the damping characteristic of TOPD-
APCL, the PFR is disregarded temporarily. When the power
system is disturbed, the change in electromagnetic power can be
expressed as

ΔP* s( ) � ΔP*
e

kes + ωcp

s + ωcp
(22)

Based on Eq. 3, the small perturbation component of the
electromagnetic power is obtained as follows

ΔP*
e � KδΔδ (23)

where

Kδ �
E*
sU

*
g

X*
f +X*

g

(24)

Assuming that the frequency of oscillation component is ωosc,
the small perturbation component of the angular frequency
deviation at ωosc is given by

FIGURE 14
The analysis to the RPCL of the adjusted parameters under SCR changes: (A) Bode diagram; (B) Root locus.
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Δω* � jωosc

ωN
Δδ (25)

Based on Eqs 22–25, the small perturbation component of the
electromagnetic power at ωosc is obtained as follows

ΔP* jωosc( ) � Kδ

ω2
cp + keω2

osc

ω2
cp + ω2

osc

Δδ +Kδ
ke − 1( )ωcpωN

ω2
cp + ω2

osc

Δω*

� P1Δδ + P2Δω*
(26)

On the basis of the classical power system stability theory, the
change of electrical power of SGs following the disturbance can be
decomposed into a synchronizing power component and a damping
power component. The synchronizing power component P1 changes
in phase with Δδ, and the damping power component P2 changes in
phase with Δω (KUNDUR, 1994). P2 is a quantitative indicator of
the ability to suppress low-frequency oscillations, and the lack of
sufficient damping power produces oscillatory instability.

Furthermore, a system with both a positive P1 and a positive P2
is small-signal stable. It can be seen from Eq. 26 that P1 and P2 are
both related to the value of ke and ωcp. The value of ke should satisfy
larger than 1, with the aim of obtaining a positive P2. P1 is also
positive in this case. Actually, TOPD-APCL utilizes the oscillation
component of the difference of active power to form a damping
power, and the value of ke is mainly correlated with damping.

Through Eqs 2, 3, 16, 17, and disregarding the grid frequency
perturbation, an improved small-signal transfer function between
the output active power and power reference can also be obtained
as below

ΔP*
e

ΔPref
*
� K0 kes + ωcp( )
2Hs3 + 2Hωcp + kekω( )s2 + keK0 + ωcpkω( )s + ωcpK0

(27)

The impact of altering the parameters ke and ωcp, and the
variable SCR on the dynamic response of system can be
quantitatively analyzed based on Eq. 27.

The parameters used in the theoretical analysis of Figures 7–9
are shown in Supplementary Table S2.

Figure 7A exhibits the zero-pole distribution of the TOPD-
APCL system when ke is assumed to 10 and ωcp is increased from
1 to 100 at a step of 5. The zero z1 of the system can be obtained
from Eq. 27. It is clearly observable from Figure 7A that the z1
gradually moves away from the imaginary axis with the increase
of ωcp. It can also be observed from Figure 7A that the position of
the z1 and one of the poles p1 are fairly close when ωcp is small.
Hence, the effects of the two approximately counterbalance each
other. At the meantime, the p2 is farther away from the imaginary
axis and exerts little influence on the dynamic response

TABLE 1 Parameters of the simulation.

Quantity Symbol Value Units

Grid parameters

Rated voltage U 0.4 kV

Rated angular frequency ω0 100π rad/s

Strong gird (SCR = 15) Lg 0.378 mH

Middle gird (SCR = 5) Lg 1.133 mH

Weak grid (SCR = 1.2) Lg 4.722 mH

Inertia constant H 2.0 s

Filter inductance Lf1, Lf2 0.1 pu

Filter capacitance Cf 0.05 pu

Inverter parameters

Rated capacity Sn 0.09 MW

Virtual inductance Lv 0.1 pu

Virtual resistance Rv 0.05 pu

DC voltage Udc 1.1 kV

Sample frequency fs 10 kHz

Proportional gain of current loop kpc 0.2

Integral gain of current loop kic 15

Fixed parameters for simulation

Damping coefficient Dp 5 pu

coefficient of PFR kω 20 pu

Equivalent damping coefficient ke 20 pu

APCL cut-off angular frequency ωcp 150 rad/s

RPCL cut-off angular frequency ωcq 62.8 rad/s

RPCL proportional coefficient kpq 0.1 pu

RPCL integral coefficient kiq 20 pu

TABLE 2 Parameters of the HIL experiment.

Quantity Symbol Value Units

Grid parameters

Rated voltage U 0.4 kV

Rated angular frequency ω0 100π rad/s

Strong gird (SCR = 15) Lg 0.378 mH

Middle gird (SCR = 5) Lg 1.133 mH

Weak grid (SCR = 1.2) Lg 4.722 mH

Inertia constant H 2.0 s

Filter inductance Lf1, Lf2 0.1 pu

Filter capacitance Cf 0.05 pu

Inverter parameters

Rated Capacity Sn 0.09 MW

Virtual Inductance Lv 0.1 pu

Virtual Resistance Rv 0.05 pu

DC voltage Udc 1.1 kV

Sample frequency fs 10 kHz

Proportional gain of Current Loop kpc 0.1

Integral gain of Current Loop kic 10
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characteristics of the system when ωcp is large. Figure 7B shows
the Bode diagram under variation of ωcp. It is obvious that the
control bandwidth of the system correlates negatively with ωcp.
According to the above analysis, it can be found that ωcp affects
the dynamic response of the system. When ωcp adopts an
appropriate value, the response of the system is similar to that
of a second-order system.

Figure 8A illustrates the zero-pole distribution of the TOPD-
APCL with ωcp taken as 150 and ke increases from 1 to 30 at a

step of 1. As can be seen from Figure 8A, p1 moves away from the
imaginary axis and becomes the non-dominant pole as ke
increases. The conjugate poles p2 and p3 mainly affect the
dynamic response characteristics of the TOPD-APCL. They
gradually move close to the real axis, implying that the
overshoot will be reduced, with a slow response speed
simultaneously. At the same time, noticing that the z1 keeps
approaching the imaginary axis, then the z1 also affects the
dynamic response. Also, as can be seen from Figure 8B, the

FIGURE 15
The comparison between T-VSG and TOPD-VSG during frequency drops.

FIGURE 16
Power response comparison between T-VSG and TOPD-VSG. (A) under strong grid condition (SCR = 15.0); (B) under weak grid condition
(SCR = 1.2).
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system has a tendency to oscillate when the value of ke is small.
It can be explained that increasing the value of ke can play a role
in increasing damping. Based on the above analysis, ke affects
the dynamic response and is related to the damping of
the system.

When ωcp and ke are assumed to be constant, the zero-pole
distribution and Bode diagram are shown in Figures 9A, B under
variation of SCR, respectively. The conjugate poles p2 and p3 are

the dominant poles. They gradually move away from the
imaginary axis when SCR increases. They mainly affect the
dynamic response characteristics while p1 is the non-
dominant pole. It can be seen from Figure 9B that the active
power response is fast when SCR increases, which is consistent
with the above analysis given in Figure 9A. According to the
above analysis, it can be found that the dynamic response of the
system is different when SCR changes. In order to obtain a

FIGURE 17
The simulation results of the fixed parameters and the adjustable parameters responses when power reference is changed under strong grid (SCR =
15.0): (A) PCC current in dq frame; (B) Active power; (C) Reactive power.

FIGURE 18
The simulation results of the fixed parameters and the adjustable parameters responses when power reference is changed under weak grid (SCR =
1.2): (A) PCC current in dq-frame; (B) Active power; (C) Reactive power.

FIGURE 19
The simulation results when grid strength is changed: (A) Adjustable parameters of APCL; (B) Adjustable parameters of RPCL; (C) Active power; (D)
Reactive power.
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satisfactory dynamic response, it is necessary to adjust ωcp and
ke when SCR varies.

3.2 Adjustable parameters-based control
strategy for TOPD-APCL

The introduction of Gp(s) adds a pole and a zero to TOPD-APCL
compared to the conventional control system, which changes the
response characteristics of the system. The key parameters ke and ωcp

should be tuned to guarantee that the response of VSG is satisfactory. The
design of key parameters is based on the derived small-signal model.

Eq. 27 is transformed into the general form of a third-order
system with a zero, which can be expressed as

ΔPe1
*

ΔPref
*
�

p
0

1
2Hp

0

K0 kes + ωcp( )
s + p

0
( ) s2 + 2ξωns + ω2

n( )
�

p
0

1
2Hp

0

K0 kes + ωcp( )
s3 + 2ξωn + p

0
( )s2 + ω2

n + 2ξωnp0( )s + ω2
np0

(28)

where ξ and ωn are damping ratio and natural oscillation frequency
of a second-order system, respectively.

FIGURE 20
Experimental setup of the TOPD-VSG.

FIGURE 21
The experimental results when power reference is changed: (A) under strong grid (SCR = 15); (B) under weak grid (SCR = 1.2).
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It can be observed that the characteristic equation
includes three characteristic roots, which are a pair of
conjugate complex roots and a real root. It is the real
part −ξωn of the conjugate complex roots that determines
their impact on the dynamic performance and stability of the
system (Hu, 2013).

Assuming that the real root p0 = mξωn, and comparing (Eq.
27), three equivalent equations are given by Eq. 29.

2 +m( )ξωn � 2Hωcp + kekω
2H

ω2
n + 2mξ2ω2

n �
keK0 + kωωcp

2H

mω3
nξ �

K0ωcp

2H

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩
(29)

wherem is relative distance between the real root p0 and the real part
of the conjugate complex roots.

It can be solved from the three equations of Eq. 29

ωn �
1 + 2mξ2( )K0kω −












































1 + 2mξ2( )2K2

0k
2
ω − 4 2 +m( )ξK2

0 mξk2ω − 2mξHK0( )√
2 mξk2ω − 2mξHK0( )

ke � 2 2 +m( )ξωnH

kω
− 4mξω3

nH
2

kωK0

ωcp � 2mξω3
nH

K0

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
(30)

From Eq. 30, it can be seen that ωcp and ke can be automatically
adjusted following the change of SCR since K0 is related to SCR. When
the values ofH and kω are fixed,m and ξ affects ωcp and ke as well. The
following illustrates how the values of m and ξ are chosen.

It is clear from Eq. 28 that both the zero and the real pole p0
affect the dynamic response characteristics of the system. The effect
of the p0 on the system response gradually decreases when the value
of m is larger than a certain range. To reduce the system shown in
Eq. 28 to a second-order system and simplify the subsequent analysis
process, it is no harm to choosem = 10. In this case and based on Eqs
30, 28 can be rewritten as

FIGURE 22
The experimental results when SCR steps from 15.0 to 5.0.

FIGURE 23
The experimental results when SCR steps from 5.0 to 1.5.
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Ge1 s( ) � ΔPe1
*

ΔPref
*
�
ω2
n

1
ωcp

kes + ωcp( )
s2 + 2ξωns + ω2

n

(31)

The expression of standard second-order system is

Ge2 s( ) � ΔPe2
*

ΔPref
*
� ω2

n

s2 + 2ξωns + ω2
n

(32)

Comparing Eqs 31 and 32, it is apparent that the transfer
function includes an additional term after considering the zero,
which can be expressed as

ΔPe3
*

ΔPref
*
�

ω2
n

1
ωcp

kes

s2 + 2ξωns + ω2
n

� Ge3 s( )s (33)

The step response of the system shown in Eq. 31 is expressed

ΔPe1
* s( ) �

ω2
n

1
ωcp

kes + ωcp( )
s2 + 2ξωns + ω2

n

· 1
s

� Ge2 s( )︸��︷︷��︸
Standard second−order system

· 1
s︸︷︷︸

step function

+Ge3 s( ) · 1︸︷︷︸
impluse function

(34)

It is evident in Eq. 34 that the existence of the zero results in
the additional impulse response of Ge3(s) Eq. 33 in compared to
standard second-order system. In other words, second-order
system with a zero is the superposition of the step response of
standard second-order system Ge2(s) and the impulse response of
Ge3(s), as displayed in Figure 10.

According to the inverse Laplace transform, the step response of
Eqs 31, 32 are obtained as

p1 t( ) �

1 − e−ξωn t cos
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(35)

The output of the reduced-order system has a larger amount of
overshoot potentially because the presence of the zero causes the
output to superimpose a positive value. The partial derivation of (Eq.
35) yields
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(36)

When the Eq. 36 is equal to 0, the peak time tm can be obtained
as follows
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√
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(37)

Considering ke is 17.48 and ωcp is 151.73, Figure 11A shows the
comparison of step responses between p1(t) and p2(t) when ξ is 0.7. It
is obvious that the existence of the zero results in a considerable
overshoot. The overshoot of p1(t) can be obtained from Eq. 37.
Taking 0 < ξ < 1, for example, Figure 11B shows the change of the
overshoot when ξ changes. It can be seen that the overshoot
decreases when increasing ξ. Based on the above analysis, it can
be obtained that ξ cannot be selected based on the response
characteristics of the standard second-order system. Increasing ξ

appropriately to attenuate the negative effects from the zero.

3.3 Adjustable parameters-based control
strategy for RPCL

This sub-section focuses on the parameters design of RPCL.
Typically, the expression of kpq is expressed as

kpq � ΔUmax/Un

ΔQmax/Sn (38)

where ΔQmax and ΔUmax are the max reactive power deviation
and the maximum voltage deviation, respectively. For fixed
parameters, the droop coefficient kpq in Eq. 38 is generally
calculated and selected as 0.1pu (Pan et al., 2020), and the
integration loop is usually added so that the reactive power
can be controlled without steady-state error. The integral
coefficient kiq is selected as 20 in this paper.

In order to simplify the analysis, E*
g and U*

g are assumed to 1.0.
In comparison to the standard second-order close-loop transfer
function, the closed-loop transfer function with a zero can be
obtained as (Hu, 2013).

Gcq s( ) � ω2
nq

1
z s + 1( )

s2 + 2 ζ + ωnq

2z
( )︸����︷︷����︸

ζd

ωnqs + ω2
nq

(39)

where z is the zero, ωnq is the natural frequency. ζ is the damping
ratio of the close-loop transfer function of standard second-order
system, and ζd is the damping ratio of the second-order close-loop
transfer function with a zero.

Comparing (Eqs 14 and 39), two equivalent equations are given
by Eq. 40.
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ω2
nq � ωcqkiqkq

2ζdωnq � ωcq 1 + kpqkq( ){ (40)

Then, the parameters of the PI controller can be calculated based
on the following equation:

kpq � 2ζdωnq − ωcq

ωcqkq
� 2ζdωnq − ωcq( )X*

ωcq 2E*
s − Ug*( )

kiq �
ω2
nq

ωcqkq
� ω2

nqX*

ωcq 2E*
s − Ug*( )

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
(41)

It is clearly seen that kpq and kiq can be obtained through the
appropriately design of ζd, ωnq and ωcq to achieve satisfactory
performance at different grid strength. The following illustrates
how the values of ζd, ωnq and ωcq are chosen.

From Eq. 39, it can be found that if the system has a zero, its
damping ratio ζd is larger than ζ, which is usually selected as 0.707. Thus,
the system damping ratio ζd is set as 0.8 in this paper. To ensure the
voltage stability of the system under the weak grid situation, the
theoretical analysis is carried out under the condition of a weak grid
(SCR = 1.2). The initial value of the ωnq = 34.3 rad/s and ωcq = 50 rad/s
are obtained by substituting fixed PI parameters in Supplementary
Table S1 into Eq. 41, and following analysis to acquire adjusted
parameters is based on them. The influence of ωnq on the system
response is illustrated in Figure 12 when ωnq increases from 20 rad/s to
90 rad/s at a step of 10 rad/s. When ωnq rises, the poles progressively
move distant from the imaginary axis. To get a quick response and low
overshoot, the value of ωnq adopts 60 rad/s in this paper.

Since the position of zero also affects the response of RPCL, it is
discussed below. If all the zeros lie in the left half complex plane
(LHP), the system is classified as minimum phase (MP) system.
Conversely, if more than a zero is in the right half complex plane, the
system is categorized as a non-minimum phase (NMP) system. In a
NMP system, a strictly proper transfer function with an odd number
of positive zeros leads to an initial undershoot of the step response
and causes time delay (Bose et al., 2018).

It is unacceptable for the reactive power response during grid
voltage drops in the case of the NMP system. It causes the VSG to
initially absorb reactive power, further leading to a voltage drop and
detrimental effect on the grid. Therefore, the zero should be placed
in the LHP, and the relationship equation in Eq. 42 is obtained.

z � −kiq
kpq

� − ω2
nq

2ζdωnq − ωcq
< 0 (42)

The relationship among ωcq, ωnq and ζd can be obtained from
Eq. 42

ωcq < 2ωnqζd. (43)

With the restriction obtained in Eq. 43, ωcq ought to be less than
96 rad/s, meaning the cut-off frequency of LPF is less than 15.3 Hz.
Figure 13A shows the distribution of zeros and poles when ωcq varies
from 3.14 rad/s to 87.92 rad/s at a step of 12.56 rad/s. With the
relationship established in Eqs 41, 43, the poles do not change, and
the zero gradually approaches the imaginary axis. Figure 13B shows
the change of the zero leads to the step response becoming gradually
slow and the overshoot becoming small. The selection of ωcq at
62.8 rad/s is intended to ensure system stability and reduce

overshoot. Therefore, all the three parameters of the RPCL are
chosen. As observed from Figure 14, the proposed strategy based on
parameters adjustment can achieve the desired response and is
unaffected by grid strength.

4 Simulation and experimental results

To validate the effectiveness of the proposed method,
simulations and experiments are performed using PSCAD/
EMTDC and HIL platform based on Typhoon and real control
devices. The simulation model and experiment model are
established according to Figure 1. The average and detailed
models of converter are employed in PSCAD and Typhoon,
respectively. The parameters of the simulation and experiments
are listed in Tables 1, 2.

4.1 Test 1: comparisons between T-APCL
and TOPD-APCL

In this sub-section, the fixed parameters listed in Table 1 is
utilized, and the test is divided into two distinct parts. Taking the
aim of the research into account, the first part compares the active
power steady-state deviation of T-APCL and TOPD-APCL under
frequency disturbance. In the second part, the active responses of
TOPD-APCL and T-APCL are compared to validate the damping
characteristic of the proposed strategy.

4.1.1 Decoupling of damping characteristic
and PFR

For this test, the simulation scenario is set as follows. The
middle grid strength with SCR = 5.0 is selected, and the active
power reference is set to 0.8 pu. When t < 0.4 s, the grid frequency
remains constant at 50Hz, and the VSG-type grid-forming
converter operates stably in GCM. The grid frequency drops
from 50 Hz to 49.9 Hz at t = 4 s, and subsequently returns to
50 Hz at t = 6 s. Figure 15 displays the waveforms of the active
response using T-APCL and TOPD-APCL under grid frequency
disturbance. It can be seen from Figure 15 that the steady-state
deviation of the active power of the grid-forming converter using
TOPD-APCL is significantly smaller than that using T-APCL
when the grid frequency is reduced by 0.1 Hz. The steady-state
deviations calculated by kω · Δω*

g and (Dp + kω) · Δω*
g are

0.04 and 0.05 pu, respectively, which is consistent with the
analysis in the previous sections. It is evident that the
proposed TOPD-APCL can precisely regulate the steady-state
output of active power by PFR, and realize the decoupling
between damping characteristic and PFR.

4.1.2 Active power response differences
To further validate the damping characteristic of the proposed

TOPD-APCL strategy, the difference in active power step response
between T-APCL and TOPD-APCL is tested using the same fixed
parameters. The active power reference steps from 0 to 0.4 pu at t =
0.5 s and from 0.4 pu to 0.6 pu at t = 2.5 s. The simulation results are
displayed in Figures 16A, B.
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As visible in Figure 16A, the use of TOPD-APCL effectively
mitigates the dynamic oscillations and reduces power overshoots of
the active power under a strong grid. Figure 16B shows that TOPD-
APCL exhibits a faster response and lower overshoots compared to
T-APCL under weak grid. Through the comparison of the
simulation results of T-APCL and TOPD-APCL with fixed
parameters under strong and weak grids, it is evident that the
proposed TOPD-APCL can provide damping. Meanwhile, it
should be noted that for TOPD-APCL, the overshoot of active
power is a little large under both the strong grid and weak grid. This
is because the use of fixed parameters fails to demonstrate good
dynamic responses at different grid strength. It will be solved in test
two by using adjustable parameters.

The results in this test lead to a conclusion that TOPD-APCL can
fulfill two control objectives when using the same fixed parameters.
Firstly, it eliminates the negative effect ofDp on the steady-state error of
the output active power under grid frequency perturbation. Secondly, it
can suppress the oscillation of active power.

4.2 Test 2: testing for adaptability to different
grid strength

From the analysis of RPCL in Section 2, the analysis of APCL in
Section 3 and the simulation results of APCL in test 1, for TOPD-
VSG, the problem of the adaptation to the grid strength remains
unresolved when using the fixed parameters. This sub-section
focuses on the simulation verification of the strategy proposed in
Section 3 under different grid strength.

4.2.1 Strong grid condition
The grid impedance Lg is 0.378 mH, and SCR is set as 15. The

results are shown in Figure 17 When t < 0.5 s, the controller is in a
blocked state. When t = 0.5 s, the active power reference is set as
0.4 pu. At t = 2.5 s, the active power reference changes from 0.4 pu to
0.6 pu. At t = 4 s, the reactive power reference ramps up to 0.4 pu.
Figure 17A shows the comparison of the PCC current in dq-frame of
TOPD-VSG using fixed and adjustable parameters respectively. It
can be seen that the current oscillates and there is a risk of
overcurrent for the fixed parameter case, whereas there are no
noticeable oscillations of the current for the adjustable parameters
case. The zoomed-in view in Figure 17B shows that when the reactive
power reference steps, the active power of the TOPD-VSG using
fixed parameters experiences an overshoot of 57.03% with a
regulation time of 328 ms. While, the active power exhibits no
oscillations under the adjustable parameters, and the overshoot is
only 6.7% with a regulation time of 88 ms. It can be seen that the
oscillation of active power can be mitigated or even eliminated by
using the adjustable parameters. The zoomed-in view of Figure 17C
shows that the reactive power response of the TOPD-VSG using
adjustable parameters reduces the overshoot from 46.53% to 0% and
the settling time shortens from 358 ms to 168 ms. All the above
simulation results validate the superiority of the proposed adjustable
parameters strategy in the strong grid condition.

4.2.2 Weak grid condition
In this case, grid impedance Lg is chosen as 4.722 mH, which

refers to SCR = 1.2, to simulate the very weak grid scenario. Similar

to the test conditions under strong grid, the same power reference
commands are assigned, and the control parameters are computed.
The comparative waveforms of the PCC current in dq-frame, active
and reactive power responses of the TOPD-VSG using fixed and
adjustable parameters are shown in Figures 18A–C, respectively.
The simulation results in Figures 18A, B show that the overshoot of
the active power and the PCC current in d-axis can be eliminated by
using the adjustable parameters and have a faster response than
using the fixed parameters. In Figure 18C, the reactive power
response using adjustable parameters is essentially identical to
that with fixed parameters, which is due to the fact that the fixed
parameters are designed for weak grid conditions to ensure system
stability. Obviously, in the weak grid condition, the proposed
strategy demonstrates its effectiveness.

4.2.3 Changes in grid strength
Considering the dynamic fluctuations of the grid impedance, the

simulation results of the proposed adjustable parameters control
strategy of TOPD-VSG are given in this section under varying grid
strength. The simulation results are demonstrated in Figure 19. The
grid impedance is initially set to Lg = 0.378mH (SCR = 15.0) before t =
2.5 s. At t = 2.5 s, it changes to 1.132 mH (SCR = 5.0). At t = 4.5 s, Lg is
changed again to reach 4.722 mH (SCR = 1.2). Figures 19A, B
demonstrate that the parameters (i.e., ke, ωn and ωcq) of APCL
and parameters (i.e., kp, ki) of RPCL can be automatically adjusted
according to the expressions in Eqs 30, 41 after a change in the grid
impedance. It can be seen from Figures 19C, D that when grid
impedance varies, the overshoots of the active and reactive power
responses are both less than 10%. Based on the aforementioned results
and analysis, there is no doubt that the adjustable parameters control
strategy is effective.

4.3 Test 3: testing in a HIL platform

HIL experiments are carried out in sub-section. Figure 20
illustrates the HIL platform comprising the Typhoon HIL602, a
digital signal processor TMS320F28335, an oscilloscope, a PC,
and a monitor. The parameters for the HIL experiment are listed
in Table 2. The proposed adjustable parameters strategy is tested
in the strong grid case, weak grid case, and grid strength
changes case.

4.3.1 Adaptability to various grid strength
The experimental results for the strong grid are shown in

Figure 21A, and the results for the weak grid are illustrated in
Figure 21B. The adjustable parameters strategy is triggered three
times when the active and reactive reference are altered at t1, t2 and
t3. Specifying the references of power as follows, Pref = 0.4 pu and
Qref = 0.0, Pref = 0.6 pu andQref = 0.1 pu, and Pref = 0.6 pu and Qref =
0.4 pu, respectively. According to Figures 21A, B, it is not difficult to
find that the experimental verification and comparison results in
both strong and weak grid are consistent with the validation of the
simulation as shown in Figures 17, 18.

4.3.2 Grid strength changes case
In an effort to further appraise the effectiveness of the proposed

adjustable parameters control strategy of TOPD-VSG, the HIL
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experiments on varying grid strength are also performed. At t1, t2
and t3, the active power and reactive power reference change, and
their values are set the same as in the previous tests. The grid
impedance changes at t4. Figures 22, 23 shows the waveforms of PCC
current, active power and reactive power obtained in Typhoon. The
former corresponds to the scenario when the system transitions
from a strong grid to a medium grid. The latter reflects the transition
from a medium grid to a weak grid. In comparison to the simulation
results gained in Figure 19, the experiment results align closely with
the simulation results. As the system strength decreases, the current
also diminishes. It affirms the effectiveness of the proposed
adjustable parameters control strategy.

5 Conclusion

Modern power system is characterized by low inertia and weak
damping gradually due to the increasing proportion of renewable
energy sources. VSG-type grid-forming converter is an effective
solution under this background. After analyzing the shortcomings
of conventional damping emulation strategies, a transient
damping power strategy has been proposed in this article to
obtain better performance from VSG. The proposed strategy
utilizes the oscillation component of the difference of active
power and provides a positive damping to suppress the
fluctuation of active power during transient period. It also does
not affect the governor characteristic and addresses the coupling
problem between damping coefficient and PFR coefficient.
Meanwhile, after analyzing the effect of key parameters of the
proposed method through small-signal model, an adjustable
parameters method is designed by using a reduced-order
approach. The adjustable parameters can ensure the
effectiveness of suppressing power oscillation when grid
strength varies. Moreover, by analyzing the dynamic response
of RPCL when grid strength varies and considering the effect of
the zeros on RPCL, the key parameters of RPCL are designed
appropriately to adapt to the varying grid strength. Both
simulation and experimental results verify that VSG can reach a
new steady state when the reference power steps without
oscillation, and operate stably under different grid strength with
designed controller parameters.
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