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Abstract—Virtual synchronous generator (VSG) control 

technique is widely used for the grid-friendly integration of 
renewable energy. However, when VSG is attached to a weak grid, 
it is prone to voltage and frequency instability, which aggravates 
the voltage quality and frequency quality at the point of common 
coupling (PCC), and in turn, pollutes the supplying quality for the 
loads. On the one hand, focusing on voltage stability, this paper 
proposes the impedance modeling for VSG in the synchronously 
inertial reference coordinates (SIRC) to measure the voltage 
stability of grid-tied VSG and identify the interaction between 
VSG and the weak power grid. Studies show that weak grid 
strength can lead to a wide-band oscillation of VSG. On the other 
hand, focusing on frequency instability, the motion equation has 
been put forward to illustrate the oscillation and dynamic 
deviation of frequency. The relationship between synchronizing 
ability of VSG and grid stiffness is discussed. Besides, this paper 
proposes an inertia-damping-strengthened control method to 
improve frequency stability. Finally, the theoretical analysis is 
compared with simulations and experiments. 
 

Index Terms—frequency stability, renewable energy, inertia 
and damping, virtual synchronous generator (VSG), synchronous 
inertial reference coordinate (SIRC), HIL. 
 

I. INTRODUCTION 

ENEWABLE energy is becoming more and more popular. 
This popularity and market share of renewable energy can 

be attributed to the fact that ever-increasing power electronics 
devices are penetrating into power systems to replace the 
conventional generation format. And this will address several 
common concerns related to the energy crisis and air pollution 
[1]-[3]. Fortunately, researchers have well acknowledged the 
importance of stability issues by continuously improving the 
stability analysis methods among the existing literature 
[4]-[20]. 
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A virtual synchronous generator (VSG), which simulates the 
dynamic characteristics of a synchronous generator, can 
provide virtual inertia for the power system. Based on this 
virtual inertia concept, a hybrid energy storage system (ESS) 
and a novel VSG power management are proposed in [4] to 
achieve the reduction of the battery power fluctuations along 
with its changing rate. Beside of ESS applications, the VSG is 
widely applied to voltage source converters (VSCs). For 
example, in [5], VSG can be used in VSCs to realize 
self-synchronization by utilizing the dynamics of the DC-link 
capacitor. However, the active power oscillation may easily 
occur between two parallel synchronverters. Thus the 
suppression techniques are proposed in [6] during load 
fluctuations. Unfortunately, the weak power grid condition is 
not discussed in [6]. Another challenge is the lack of inertia, 
especially for small-scale modern power systems. To alleviate 
the inertia drop, the virtual inertia controls are recognized as the 
main solutions. However, as revealed in [7], the virtual inertia 
control may cause instabilities to the power converters under 
weak grid conditions. Thus, a modified virtual inertia control is 
proposed in [7] to improve the stability by mitigating the 
adverse effects. To improve the rate of change of frequency 
(RoCoF) and alleviate the frequency nadir, the power system 
inertia in [8] is emulated by energy stored in the dc-link 
capacitor of the converter through the proposed a virtual inertia 
control. Besides of frequency nadir and RoCoF caused by 
imbalanced active powers in the power system, another focused 
issue is oscillation-related stability, which originated from the 
interaction between the converter and weak grid.  

Although VSG control can improve the transient response, 
i.e., frequency nadir and RoCoF [7]-[10], active power 
oscillation and improper transient active power-sharing can be 
observed when multiple inverters with VSG control are 
paralleled in microgrids [11]. Besides of operation of multiple 
paralleled VSGs, the integration of single VSG into the grid has 
a risk of instability as well, thus the parameter constraints are 
considered to guarantee the system more robust. As the same as 
the synchronous stability issue in inverter with a phase-locked 
loop (PLL) [12], the inverter with VSG control also exists 
synchronous stability issues [13]. However, besides of 
discussing the stability of VSG itself, it can help to enhance the 
stability margin and avoid instability of power electronic 
systems [14]-[16]. For example, a virtual synchronous 
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SCR gets larger. It can be inferred that the ultra-weak grid is not 
suitable for the integration of VSG and will lead to the potential 
frequency stability issue. 
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Fig. 13 The relationship between SCR and synchronizing ability of VSG 

 
(a) 

 
(b) 

Fig. 14 Inertia-strengthened stabilizing control to dampen frequency oscillation 
(SCR=1, Dp=50, Jq=0.71, Dq=321), (a) Jp=0.0057, (b) Jp=0.017  
    Fig. 14 shows the frequency instability when VSG is 
attached to a weak grid with inappropriate control settings. 
With the given control parameters settings, frequency is prone 
to high-frequency oscillation due to the dynamic interactions 
between VSG and weak grid. However, the oscillation can be 
well suppressed with the proposed inertia-strengthened control 
method, well validating the effectiveness of the proposed 
inertia-strengthened control. 

IV. VALIDATIONS 

To demonstrate the theoretical analysis, the experimental 
results based on control hardware in the loop are carried out in 
this section. The system parameters are shown in Table V, and 
the control parameters of VSG can be referring to [28], [29]. 

TABLE V SYSTEM PARAMETERS 
Converter-side filter inductance 3.2 mH 

Parasitic resistance Rf 0.1 Ω 
Filter capacitance 22 μF 

Parasitic resistance Rc 0.2 Ω 
Grid-side filter inductance 3 mH 

Parasitic resistance Rg 0.4 Ω 
Virtual inertia (active) Jp 0.057 

Virtual damping (active) Dp 5 
Virtual inertia (reactive) Jq 7.1 

Virtual damping (reactive) Dq 321 
Rated power 23 kW 

Nominal grid line voltage 380 V 

DC voltage 800 V 
Switching frequency 10 kHz 

Fig. 15 shows the three-phase voltages with various SCRs, 
which can be seen that the voltages are distorted due to the low 
SCR as well as weak grid stiffness. It can be inferred that AC 
voltages are more prone to distortion or instability when VSG is 
attached to the weak-stiffness grid. 

 
(a)                                                         (b) 

Fig. 15 Three-phase voltage with various grid stiffness, (a) SCR=1, (b) 
SCR=0.5 

Fig. 16(a) and (c) present the dynamic response of frequency, 
active- and reactive-power during start-up with various grid 
SCRs. It can be seen that active- and reactive-power oscillation 
appears in both cases. The real active- and reactive power can 
track well with the given value (Pref=10 kW, Qref=0 var) when 
SCR=2. However, the reactive power cannot track with the 
reference when SCR=0.5. It can be seen that the weaker grid 
stiffness can impose a negative effect on the steady-state 
performance of the reactive power. Besides, both active- and 
reactive-power are oscillated with a small fluctuation range.  
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(a)                                                         (b) 

 
(c)                                                         (d) 

Fig. 16 The dynamics of active power, reactive power, and frequency, (a) 
SCR=2 during start-up, (b) SCR=2 with disturbance of grid voltage (GVD), (c) 
SCR=0.5 during start-up, (d) SCR=0.5 with GVD  

A disturbance with 10% voltage drops is developed for 
SCR=2 and SCR=0.5, respectively, which can be shown in Fig. 
16(b) and (d). The system can still maintain stable operation 
with varying operation points when SCR=2. However, 
frequency, active- and reactive-power appear to be 
low-frequency oscillation (LFO) when SCR=0.5. It illustrates 
the weaker grid strength is more unfavorable stable operation of 
the system and can lead to frequency and power oscillation 
during GVD. 

Fig. 17 shows the dynamic responses with grid frequency 
disturbance (GFD). It can be observed that system can maintain 
stable operation when SCR=2. However, the LFO appears 
when SCR=0.5, which well illustrates frequency stability 
becomes worse when grid stiffness gets weaker. 
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