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A Modified VSG Control Scheme With Virtual
Resistance to Enhance Both Small-Signal Stability

and Transient Synchronization Stability
Shimiao Chen, Yao Sun , Hua Han , Siqi Fu , Shihan Luo , and Guangze Shi

Abstract—The existing studies show that the virtual resistance
scheme has positive effects on synchronous resonance suppression
but negative effects on transient synchronization stability of virtual
synchronous generator (VSG). To address this contradiction, this
article proposes a modified VSG control scheme. The basic idea
is that the virtual active power at virtual PCC, instead of real
active power, is introduced as the power feedback into the control
loop. Then, the effect of virtual resistance on transient stability can
be equivalent to that of grid resistance, which improves transient
stability. Besides, a proportion–integral controller is added at the
forward loop to control the real active power to track the power
reference. Compared with the existing VSG control methods, the
modified VSG control scheme can well solve the conflict caused
by virtual resistance between small-signal stability and transient
stability. The effectiveness and superiority of the proposed method
are verified by control hardware-in-loop experimental results.

Index Terms—Grid-forming control, synchronous resonance
(SR), transient synchronization stability, virtual resistance, virtual
synchronous generator (VSG).

I. INTRODUCTION

POWER grids are interfaced by more and more inverter-
interfaced distribution generators (IIDGs) [1], [2]. The

grid-forming converters control based on IIDG, among the
various available control strategies, is deemed to be the most
promising solution for low-inertia power systems [3], [4], [5].
Virtual synchronous generator (VSG) is one of the typical grid-
forming control methods [6], [7], [8]. VSG control introduces the
swing equation of SGs into the control algorithm to emulate the
inertia and damping characteristics of the synchronous generator
and provides grid-friendly virtual inertia to ensure frequency
stability [9].

Virtual impedance or virtual resistance technology has been
widely used on VSG-IIDGs [4], [10], [11], [12], [13], [14], [15],
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[16]. Substantial efforts have been devoted to the application
of virtual impedance for various purposes, including reactive
power-sharing enhancement in microgrids [11], current lim-
itation [12], transient oscillations damping, and small-signal
stability improvement [13], [14], [15]. In the aspect of small-
signal stability improvement, virtual resistance is introduced
to damp synchronous resonance (SR) [16], [17], [18]. SR is
one of the typical small-signal stability issues of grid-forming
control converters [19]. A pair of conjugate open-loop poles
at −R/L± jωg will be introduced and lead to potential in-
stability, especially in a system with a low R/X ratio. Com-
pared with adding a real resistor to the output of the IIDG,
virtual resistance is effective for SR suppression without extra
power loss.

Even though the above studies explored the benefits of virtual
resistance in many aspects, virtual resistance jeopardizes the
transient synchronization stability of VSG [20]. The transient
stability represents the ability of the VSG–IIDG to maintain
synchronization with the grid under large disturbances. In [21],
the phase-portrait method is used to analyze the transient sta-
bility of the four typical grid-forming control schemes. And the
conclusion has been drawn that smaller virtual inertia J and
larger damping coefficient D conduces to the transient stability
of VSG–IIDG. To further improve the transient stability of
VSG, methods to modify the active power control loop, like
the transient damping method [22], [23], [24], codesign control
parameters method [25], and mode-adaptive-switching method
[26], [27] have been proposed. The influence of the reactive
power control loop of VSG is also studied in [28]. It analyzed the
deterioration of transient stability brought by the reactive power
control loop with the Lyapunov direct method. In [29] and [30],
the VSG reactive control loop is modified to enhance transient
stability. Besides, the virtual impedance cascading with HPF
(high-pass filter), also known as the transient virtual impedance
[10], [16], [34], [35], can help improve transient stability, but
its performance is limited. These methods can be summarized
in Table I. Although so many enhancement methods have been
proposed recently, the conflict between small-signal stability and
transient synchronization stability of VSG introduced by virtual
resistance still needs to be solved.

This article focuses on the conflict caused by virtual resistance
between SR suppression in small-signal stability and transient
synchronization stability of VSG. The contribution is summa-
rized as follows:
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TABLE I
EXISTING TRANSIENT STABILITY ENHANCEMENT METHODS FOR VSG—IIDG

Fig. 1. General structure of the three-phase VSG with virtual resistance.

1) A simple but effective modified VSG control scheme is
proposed to address the conflict we studied. Virtual active
power replaces real active power in the control loop and
enhances both small-signal stability and transient synchro-
nization stability with the existence of virtual resistance.

2) Comprehensive and valid proof of the effectiveness of
the proposed method is presented. The proposed method
extends the VSG control structure and can be cooperated
with other enhancement methods to further improve the
transient synchronization stability while the required func-
tions of grid-forming control remain.

The rest of this article is organized as follows. In Section II, the
conflict caused by virtual resistance between small-signal stabil-
ity and transient synchronization stability of VSG is reviewed.
Section III presents the modified VSG scheme in detail. Control
hardware-in-loop (CHIL) experimental results are provided in
Section IV. Conclusions are presented in Section V.

II. EFFECTS OF VIRTUAL RESISTANCE ON SMALL-SIGNAL

STABILITY AND TRANSIENT SYNCHRONIZATION STABILITY

A. VSG System Description

Fig. 1 depicts the general structure of the three-phase grid-
connected VSG system. Virtual resistance Rv is introduced for

Fig. 2. Equivalent circuit of the VSG with virtual PCC and virtual resistance.

Fig. 3. Response curves of Pe and Qe with different virtual resistance Rv.

SR suppression, and the voltage reference is changed to Vref

= Vvref−RvIgabc. Rg and Lg represent the grid resistance and
inductance, respectively. Vg, Vpcc, Igabc, and ILabc are the space
vectors to represent the grid voltage, the PCC voltage, the PCC
current, and the inductor current, respectively.

The transient stability of the VSG is mainly determined by the
outer power control loops [21]. Besides, this article only focuses
on the large disturbances which do not provoke the overcurrent
limit control [26], [33], [36].

The outer power control loop of VSG can be expressed as
follows:

Jω∗ dω
dt

= Pref − Pe −Dω∗(ω − ω∗) (1)

Vvref = V ∗ − nq(Qref −Qe) (2)

where J, D, and nq represent the virtual inertia constant, damping
coefficient, and Q-V loop coefficient, respectively. Pref, Qref, and
Pe, Qe are the power reference and output power at the PCC,
respectively. ω∗ and ω are the frequency reference and output
voltage angular frequency, respectively, and V∗ and Vvref are the
voltage normal amplitude and voltage amplitude, respectively.

B. Effects of Virtual Resistance on Small-Signal Stability

Fig. 2 shows the equivalent circuit of the VSG with virtual
resistance. Assuming the grid impedance is inductive, the dy-
namic small-signal model of Pe and Qe can be expressed as

ΔPe = GPδΔδvref (3)

ΔQe = GQV ΔVvref (4)

where GPδ(s) and GQV(s) are shown in Appendix.
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Fig. 4. Power angle curve of Pe−δvref, phase portrait, and transient response with different Rv and Rg.

The VSG open-loop transfer functions from output power to
power reference can be derived as

GP _ol(s) =
1

sω∗(Js+D)
GPδ(s) (5)

GQ_ol(s) = nqGQV (s) (6)

where GP˙ol(s) and GQ˙ol(s) represent the open-loop transfer
function ofΔPe(s)/ΔPref(s) andΔQe(s)/ΔQref(s), respectively.

It is reported that a pair of conjugate open-loop poles will be
introduced and may lead to potential instability [16], [17], [18]
and adding the virtual resistance can help to solve this issue [20].
Fig. 3 shows the response of Pe and Qe when Rv decreases from
0.2 p.u. to 0 at 0.5 s. Virtual resistance can effectively increase
the system stability from the small-signal stability perspective.

C. Effects of Virtual Resistance on Transient Synchronization
Stability

The transient stability issue is induced by the dynamic of
the power angle under large disturbance [23]. Without loss of
generality, we mainly analyze the transient stability problem
with no equilibrium point [26]. The system can recover to
be stable if the disturbance is cleared before the critical clear
time (CCT). CCT and critical clear angle (CCA) are utilized as
the transient stability indicators.

According to expanded equal area criterion and the phase
portrait, Fig. 4 is plotted to further illustrate the influence of
virtual resistance Rv and grid resistance Rg on transient stability.
An inverse time integral-based approach is applied to obtain a
more accurate CCT and a less conservative transient stability
boundary [5]. From Fig. 4, the effects of Rv and Rg on transient
synchronization stability are opposite. CCT and CCA increase
with the increase of Rg, while larger Rv results in the reduction
of CCT and CCA. Therefore, the existence of Rv will jeopardize
the transient synchronization stability of VSG, while Rg is
conducive to transient stability.

D. Discussion

As discussed previously, the virtual resistance method can
be adopted for SR suppression from a small-signal stability
perspective. However, the existence of virtual resistance will
inevitably lead to the deterioration of transient stability. There-
fore, the conflict between small-signal stability and transient
synchronization stability is urgent to be settled down.

III. PROPOSED MODIFIED VSG CONTROL SCHEME WITH

VIRTUAL RESISTANCE

A. Proposed Modified VSG Control Scheme

To address the conflict caused by virtual resistance, a modified
VSG control scheme is proposed. The modified control scheme
is shown in Fig. 5 and can be expressed as{
Jω∗ dω

dt = Pm−Pvir+k · [kp(Pm−Pe)+ki
∫
(Pm−Pe)dt

]
Pm = Pref −Dω∗(ω − ω∗)

(7)
where Pvir represents the virtual active power at virtual PCC. Pe

represents the real active power. Pm represents the input power
reference after frequency feedback. kp and ki are the proportional
coefficient and the integral coefficient of the PI (proportion–
integral) controller. k takes the value of 0 or 1, which depends
on the converter operating mode. The PI controller is designed
to make the real active power Pe track the power reference Pref

in normal conditions (k = 1). In the fault conditions (k = 0),
the PI controller is disconnected. The fault detection methods to
trigger the value of k are not discussed in detail in this article,
more detailed information can be referred to [23], [38], [39],
[40].

The virtual active power Pvir is expressed as

Pvir =
3

2
(VvrefdIgd + VvrefqIgq) (8)

where Vvrefd, Vrefq, Igd, and Igq are the voltage Vvref components
and current Ig components in a rotating reference frame dq with
the d-axis aligned with the grid voltage.
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Fig. 5. Proposed modified VSG control with virtual resistance Rv.

Fig. 6. Small-signal control block diagram of the modified VSG method with
virtual resistance Rv.

Compared with other methods [20], [21], [22], [33], the key
is that the virtual power Pvir is introduced to the active power
control loop in (7) instead of the real power Pe. Then, the effect
of virtual resistance Rv on transient stability can be equivalent
to that of the grid resistance Rg. The small-signal stability and
transient stability enhancement of the proposed modified VSG
control scheme are analyzed as follows.

B. Small-Signal Stability Analysis

The small-signal control block diagram of the modified VSG
with virtual resistance can be derived in Fig. 6. This analysis
is based on the normal condition (the switch k = 1), which
means the PI controller is connected. GPvirδ(s) is the small-
signal transfer function of Pvir(s)/δ(s), which is shown in the
Appendix.

The bode diagram of the open-loop transfer function
ΔP(s)/ΔPref(s) is shown in Fig. 7. With the increase of Rv,
the resonance peak value is reduced effectively. Thus, the effec-
tiveness of virtual resistance on SR suppression remains under
the proposed modified VSG control. The small-signal stability
is improved.

Fig. 7. Bode diagram of ΔP(s)/ΔPref(s) with Rg = 0.05 p.u. and Xg = 1.5
p.u.

Fig. 8. Root locus (a) when J varies from 1 to 10; (b) when D varies from 1 to
10; (c) when kp varies from 0.01 to 0.5; and (d) when ki varies from 0.1 to 10.

To further analyze the influence of the rest control parameters
on the small-signal stability, the root locus method is applied.
Fig. 8(a) and (b) shows the root locus when J and D vary, which
is similar to the conventional VSG control [8]. Fig. 8(c) and (d)
shows the root locus when kp and ki vary. The existence of the
integral term is unfavorable for small-signal stability. When the
integral coefficient ki is too large, a pair of closed-loop poles
will move to the right region of the imaginary axis and lead to
instability. Considering the requirement for dynamic response
of real active power tracking and the system stability jointly,
a comprehensive parameter design is required. The value of ki
is selected to the maximum under meeting the damping ratio
requirement.

C. Transient Synchronization Stability Assessment

According to Fig. 5, the PI controller is disabled when the fault
is detected. The virtual power angle is defined as δ = θvref−θg.
In this case, the swing equation in the proposed method can be
derived as {

δ̇ = ω − ωg

Jω∗ω̇ = Pref − Pvir −Dω∗(ω − ω∗)
(9)
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Fig. 9. Comparison of the attraction region between the basic VSG method with Rv and the proposed modified VSG control scheme with Rv.

where Pvir is expressed as

Pvir =
3

2

V 2
vref(Rv+Rg)+VvrefVg[Xg sin δ−(Rv+Rg) cos δ]

(Rv+Rg)
2+X2

g

.

(10)
According to the swing (9), the attraction region can be

obtained for transient stability assessment. Fig. 9 depicts the
comparison of the attraction region between the conventional
VSG method with Rv and the proposed method. The exis-
tence of Rv in conventional VSG narrows the attraction region,
which means that Rv harms transient stability. The proposed
method can greatly broaden the attraction region with the in-
crease of virtual resistance Rv. The transient stability is greatly
enhanced.

From the analysis mentioned above, the conflict between
small-signal stability and transient stability due to virtual re-
sistance is effectively solved under the proposed method. The
existence of virtual resistance benefits both small-signal stability
and transient synchronization stability under the modified VSG
control scheme.

D. Qualitative Analysis on Frequency Regulation and Virtual
Inertia Support

As one of the grid-forming control schemes, the proposed
method is required to have the ability for frequency regulation
and virtual inertia support.

Participating in frequency regulation refers to the ability that
the grid-connected converter can adjust the output active power
according to the grid frequency variation. Assuming that there
is a grid frequency drop Δωg = 2πΔfg. According to (7), we
have the following equation in steady-state:

Pe = Pref −Dω∗(ω − ω∗) (11)

ω = ωg −Δωg (12)

where ω∗ is the same value as the nominal grid frequency ωg.
Thus, the proposed modified VSG control scheme still has the

Pe−f droop relationship and can achieve the primary frequency
regulation.

Providing virtual inertia support refers to the ability that the
grid-connected converter can suppress its maximum RoCoF
(rate of change of frequency) to avoid triggering operation
protection based on grid code during disturbances. Assuming

Fig. 10. Structure of the transient virtual resistance controller.

that there is a step change of the power referenceΔPref. Usually,
the maximum RoCoF is achieved when t = 0.

Thus, according to (7), the expression of maximum RoCoF
can be derived as follows:

dω

dt max
=

(1 + kp)ΔPref

Jω∗ . (13)

From (13), the maximum RoCoF is determined by kp and J.
To avoid the negative impacts on frequency stability introduced
by the proportional coefficient kp, the value of kp is selected to be
no more than 0.2. Therefore, the proposed VSG control scheme
can provide similar virtual inertia support to conventional VSG.

E. Compared With the Transient Virtual Resistance Method

To better illustrate the advantages of the proposed method,
comparisons with the transient virtual resistance method [16],
[34], [35] are carried out. The control structure of the transient
virtual resistance method is shown in Fig. 10.

Fig. 11 shows the bode diagrams of the open-loop transfer
function ΔP(s)/ΔPref(s) under different methods. As indicated,
the transient virtual resistance Rv(s) is equivalent to Rv in the
high-frequency region (nearly >100 Hz). Rv(s) suppresses the
resonance peak value and improves the small-signal stability.
However, its performance of reducing resonance peak value is
weaker than that of the proposed method.

Usually, the quasi-steady-state approximation is used to ana-
lyze transient stability [41]. The dynamics of the inner control
loops are neglected due to their higher bandwidth [21]. As the
transient virtual resistance Rv(s) only affects the dynamics of
the inner control loop, the function of Rv(s) is equivalent to

lim
s→0

Rv(s) =
Rvs

s+ ωc
= 0. (14)
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TABLE II
COMPARISON WITH THE EXISTING ADVANCED VSG METHODS

Fig. 11. Bode diagrams of the open-loop transfer function ΔP(s)/ΔPref(s)
under different control schemes with Rv = 0.2 p.u., Rg = 0.05 p.u., and Xg =
1.5 p.u.

In other words, the transient virtual resistance method is
equivalent to the virtual resistance method with Rv = 0 from the
perspective of transient synchronization stability. As discussed
in [20], larger virtual resistance Rv will deteriorate the transient
stability of VSG. Thus, the negative effect of Rv(s) on the
transient synchronization stability is trivial according to the
above analysis, which also explains the reason why the transient
stability of the transient virtual resistance method outperforms
that of the virtual resistance method.

As indicated in (9), the effect of virtual resistance Rv in the
proposed method on transient stability is equivalent to that of
the grid resistance Rg. Because the grid resistance Rg could
effectively enhance the transient stability of VSG [20], it is safe
to say that the proposed method outperforms the transient virtual
impedance method in terms of improving transient stability.

F. Compared With the Existing Advanced VSG Methods

To further illustrate the advantages of the proposed modified
VSG control scheme, the comparisons between the proposed
method and the existing methods are shown in Table II. The SR

Fig. 12. Configuration of the control hardware-in-the-loop system.

phenomena can be suppressed by adding virtual resistance. All
the methods can improve the transient synchronization stability
of VSG. However, only the proposed method and the transient
virtual impedance method [10], [16], [34] can solve the conflict
caused by virtual resistance between small-signal stability and
transient stability. And the proposed method can greatly enhance
transient stability. Besides, the implementation complexity of
the proposed scheme is low and it has high expansibility to
cooperate with other methods [19], [20], [21], [22], [23], [24],
[25], [26], [27], [28], [29], [30], [31], [32]. Moreover, the ability
for virtual inertia support and power-sharing regulation also
remains.

IV. CONTROL HARDWARE-IN-LOOP EXPERIMENTAL

VERIFICATION

To verify the effectiveness of the proposed modified VSG
control scheme, experiments based on CHIL are carried out.
The CHIL platform is shown in Fig. 12. The three-phase grid-
connected converters, the LC filter, the line impedance, and the
grid of the main circuit are emulated in the OPAL-RT4510
simulator. The controller of the converter is implemented in
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Fig. 13. CHIL experimental results under voltage sag. (a) Conventional VSG control with Rv = 0.4 Ω under fault clearance time ΔT = 0.30 s = CCT1.
(b) Conventional VSG control with Rv = 0.4 Ω under fault clearance time ΔT = 0.31 s > CCT1. (c) Conventional VSG control with transient virtual impedance
method, which integrates an HPF cascading with Rv = 0.4 Ω under fault clearance time ΔT = 0.48 s = CCT2. (d) Conventional VSG control with transient virtual
impedance method, which integrates an HPF cascading with Rv = 0.4 Ω under fault clearance time ΔT = 0.49 s > CCT2. (e) Proposed modified VSG control
scheme with Rv = 0.2 Ω under fault clearance time ΔT = 0.68 s = CCT3. (f) Proposed modified VSG control scheme with Rv = 0.2 Ω under fault clearance
time ΔT = 0.69 s > CCT3. (g) Proposed modified VSG control scheme with Rv = 0.4 Ω under fault clearance time ΔT = 1.32 s = CCT4. (h) Proposed modified
VSG control scheme with Rv = 0.4 Ω under fault clearance time ΔT = 1.33 s > CCT4.
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TABLE III
CHIL PARAMETERS

the DSP-TMS320F28335 control board, and the sampling fre-
quency is set to be 10 kHz. The experimental data is recorded
by the host machine of OPAL-RT4510 and can be displayed
through an oscilloscope. The experimental parameters are listed
in Table III.

A. Transient Synchronization Stability Enhancement

To verify the effectiveness of transient stability enhancement,
the large disturbance is selected as the grid voltage sag. When
the fault occurs in this case, the grid voltage drops to 0.4 p.u. and
after the fault is cleared, the grid voltage recovers to 0.8 p.u. of
the normal condition. The CHIL experimental results are shown
in Fig. 13.

Fig. 13(a) and (b) shows the waveforms of the conventional
VSG control with Rv = 0.4 Ω under different fault clearance
times ΔT. Under such conditions, the critical fault clearance
time CCT1 is 0.30 s. Fig. 13(c) and (d) shows the waveforms
under the transient virtual resistance method, which integrates
an HPF cascading with Rv = 0.4 Ω. According to [16], ωc

is selected as 40. The critical fault clearance time CCT2 is 0.48
s. Fig. 13(e) and (f) shows the waveforms under the proposed
method with Rv = 0.2 Ω. The critical fault clearance time CCT3

increases to 0.68 s. Fig. 13(g) and (h) shows the waveforms
under the proposed method with Rv = 0.4 Ω. The critical
fault clearance time CCT4 increases to 1.32 s. Thus, it can be
concluded that both the transient virtual resistance method and
the proposed method could enhance the transient stability, the
proposed method allowed longer CCT.

B. SR Suppression

To verify the effectiveness of SR suppression, a small distur-
bance of grid resistance change is considered in this case. The
initial value of Rg is set as 0.2 Ω. After the system reached the
steady state, Rg is changed to 0.05 Ω. Comparison CHIL ex-
periments between conventional VSG and the proposed method
with Rv are carried out.

Fig. 14(a) shows the CHIL experiment results under con-
ventional VSG. When Rg is reduced from 0.2 to 0.05 Ω, SR
phenomena occur in the curves of current, active power, and
frequency. It may lead to potential instability for grid-forming
control converters [18], [19]. Fig. 14(b) shows the results under
the proposed method with Rv = 0.4 Ω. SR phenomena have

Fig. 14. CHIL experimental results for small-signal stability verification. (a)
Conventional VSG control. (b) Proposed modified VSG control scheme with
Rv.

been suppressed effectively. Therefore, the proposed method
with virtual resistance can improve small-signal stability.

C. Frequency Regulation and Inertia Supportability

The modified VSG control scheme should have the ability for
frequency regulation and virtual inertia support under normal
conditions. In this case, a 0.5 Hz drop in grid frequency has
been considered. It is required that the output power should be
regulated to increase to participate in the frequency regulation
when a 0.5 Hz drop occurs. Fig. 15(a) shows the CHIL experi-
mental results with the conventional VSG control and Fig. 15(b)
shows the results with the proposed VSG control scheme. The
proposed modified VSG control scheme can achieve similar
control effects to conventional VSG in frequency regulation.
Besides, the maximum RoCoF under the proposed method is
about 2.21 Hz/s, which is close to it under the conventional VSG
control. The proposed method hardly deteriorates the frequency
stability.

D. Power-Sharing in Parallel Islanded Mode

In this case, two grid-forming converters are paralleled in
islanded mode. The parameters are J1 = 6, J2 = 10, D1 = D2

= 8, Rg1 = Rg2 = 0.05 Ω, Lg1 = 1.5 mH, Lg2 = 2.5 mH, Rv1

= Rv2 = 0.4 Ω, kp1 = kp2 = 0.05, ki1 = ki2 = 0.2. The load
increase of 30 kW is considered in this case. The result is shown
in Fig. 16. Under the proposed modified VSG control, the power
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Fig. 15. CHIL experimental results under grid frequency drop. (a) Conven-
tional VSG control. (b) Proposed modified VSG control scheme.

Fig. 16. CHIL experimental results of the proposed modified VSG control in
parallel islanded mode.

sharing of the two paralleled converters in islanded mode can
still be realized.

V. CONCLUSION

This article proposes a modified VSG control scheme with
virtual resistance. Under this method, the conflict caused by
virtual resistance between small-signal stability and transient
stability is well solved. Besides, the proposed method still has
the expansibility to cooperate with other enhanced methods.
The ability for frequency regulation, virtual inertia support, and
power-sharing regulation remains. Finally, CHIL experimental
results verify the effectiveness of the proposed modified VSG
control scheme.

APPENDIX

GPδ(s) =
VvrefVg(Rv+Rg+sLg) sin δ0+VvrefVgXg cos δ0

(Rv +Rg + sLg)
2 +X2

g

−
2VvrefVgRv

[
(Rv +Rg + sLg)

2 +X2
g

]
sin δ0

(Rv +Rg + sLg)
2 +X2

g

(15)

GQV (s) =
VvrefVgXg cos δ0−VvrefVg(Rv+Rg+sLg) sin δ0

(Rv+Rg + sLg)
2 +X2

g

(16)

GPvirδ(s) =
VvrefVg(Rv+Rg+sLg) sin δ0+VvrefVgXg cos δ0

(Rv +Rg + sLg)
2 +X2

g

.

(17)
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