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Abstract-- Weak grid sub-synchronous oscillation (SSO) is an 

important research topic. Although some analysis and mitigation 

schemes have been conducted, misperceptions still exist. This 

paper first aims to update the understanding of weak grid 

instability of voltage source converters (VSCs) and then points out 

that instability risks originate in the super-synchronous frequency 

range rather than in the sub-synchronous frequency range. 

Moreover, the resonance frequency can be even larger than the 

double fundamental frequency under certain parameter 

conditions. This paper also refines the impacts of VSC control 

parameters on weak grid instability mechanism and resonance 

frequency. Based on the results, the classification of this 

phenomenon should be revised. 
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I. INTRODUCTION

HE interaction between voltage source converter (VSC)

and weak (low short circuit ratio, low SCR) AC grid is

called weak grid sub-synchronous oscillation (SSO) [1], which 

belongs to a new type of stability issue: converter-driven 

stability [2]. Weak grid SSO has been confirmed in several real-

world incidents [3]. Those events occurred in weak grid-

connected wind parks (WPs) or photovoltaic (PV) farms 

without series compensation. In Texas, 4 Hz oscillations were 

observed at a type-4 WP after a transmission line tripped [4]. 

The WP was integrated into the grid with two transmission lines 

initially but then experienced a weak grid condition after one 

line was taken out of service. In west China, 30 Hz oscillations 

occurred in 2015 when type-4 WPs raised output active power 

[5]. The WPs in west China were connected to the main grid 

with long transmission lines, which created a weak grid 

condition. Other weak grid SSO events caused by interactions 

between grid-connected VSC and weak grid include 2.5 Hz 

oscillations in Hydro One’s type-4 WP [6], 9 Hz oscillations in 

an offshore WP of Great Britain [7], 8 Hz oscillations in WPs 

of Scotland [8], 7 Hz oscillations caused by inverter-based 

resources (IBRs) in West Murray Zone of Australia [9], 22 Hz 

oscillations in PV farm of Dominion Energy in the eastern U.S 

[10], 20 Hz oscillations in Hydro One’s PV farm [11], 7 Hz 

oscillations in First Solar’s California PV farm [12]. 

The weak grid SSO mechanism is initially explained as a 

power transfer issue by circuit analysis [13]. When the 

reference of VSC output active power increases, the output 

currents also increase, leading to a larger voltage drop on 

equivalent grid impedance, so active power decreases. 
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Instability occurs because of the imbalance between the VSC 

output active power and controller reference. Based on this 

mechanism, the damping controller is designed to weaken the 

couplings between active power and the output voltage [14]. On 

the other hand, the VSC controls also have significant impacts 

on the weak grid SSO. Initially, the phase-locked loop (PLL) 

parameters are found as the major reason in Texas and west 

China events and modifying PLL parameters is recommended 

for mitigation in [15]. Then impedance-based stability analysis 

(IBSA) brings new insights to the weak grid SSO issue Error! 

Reference source not found.. The IBSA explains the 

instability as a resonance circuit formed by the VSC and the 

weak grid, and it can be displayed in the R-X diagram analysis 

[17], [18] or Bode diagram analysis [19]. The impacts of other 

control parameters of the inner and outer control loops, 

decoupling, and voltage feedforward terms on the impedance 

characteristics of VSC are analyzed in [20].  

Among some literature on real-world events and weak grid 

SSO analysis, the VSC phase current and voltage spectrums 

contain components not only at fundamental and resonance 

frequencies ( bf and rf ), but also at mirror frequency (

2m b rf f f  ) [3]. This phenomenon is defined as Mirror 

Frequency Effect (MFE) when some researchers are studying

the relations of different impedance models [21]. But it is 

initially ignored in the analysis of real-world events because it 

cannot be detected by RMS measurements or simulations [3].

The RMS measurements only show the frequency differences 

between rf and bf , and also between mf and bf , i.e.

r b m b RMSf f f f f    . In the Dominion Energy event [10], 

22 Hz oscillations were observed in RMS measurements. 

However, Power Spectral Density (PSD) plots on Point on 

Wave (PoW) data of both phase voltages and currents showed 

an 82 Hz (60 Hz + 22 Hz) component along with a 38 Hz (60 

Hz − 22 Hz) component [3]. This is not a coincidence or a 

specific case. In the Hydro One event [11], a 20 Hz component 

was found in the RMS measurement of voltages, while an 80 

Hz (60 Hz + 20 Hz) component was found in the Fast Fourier 

Transformation (FFT) spectrum of the phase currents. But no 

further information about whether the 40 Hz (60 Hz − 20 Hz) 

component exists. Some researchers noticed this issue but had 

not investigated further. The study in [20] shows two frequency 

components at 20 Hz (50 Hz − 30 Hz) and 80 Hz (50 Hz + 30 

Hz) when analyzing the 30 Hz West China event [5], but it lacks 
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the analysis to identify the resonance. 

This confusion remains unsolved as the weak grid-connected 

VSC instability is defined as weak grid SSO due to the 

observations of sub-synchronous component either in the RMS 

or phase voltage/current measurements. However, FFT 

spectrum of phase voltage/current measurements also contains 

super-synchronous component, so it should be further 

investigated to decide which component is the initiator 

(resonance frequency component) and which is the responder 

(mirror frequency component). Classifying weak grid-

connected VSC instability as weak grid SSO leads to the 

misperception that the sub-synchronous component is the 

initiator, which is incorrect in most cases. This classification 

may cause further confusion when the resonance frequency is 

larger than the double fundamental frequency (i.e., 2r bf f ). 

This paper aims to study the instability mechanism on a 

typical weak grid test system through IBSA and demonstrate 

instability in the super-synchronous frequency range so that the 

confusion can be explained. The IBSA results are also validated 

through electromagnetic transient (EMT) simulations. As the 

resonance frequency is in the super-synchronous frequency 

range, the classification of weak grid-connected VSC instability 

should be revised. 

The rest of this paper is arranged as follows. Section II 

presents the test system and its impedance model, briefly. The 

weak grid-connected VSC instability mechanism is explained 

in Section III. Section IV refines the impact of VSC control 

parameters on weak grid instability. Section V presents 

illustrative examples and EMT validation. Finally, Section VI 

concludes the paper. 

II.  TEST SYSTEM AND IBSA MODEL 

The test system is shown in Fig. 1, where a grid-tied VSC 

(can represent type-4 WPs, solar farms, etc.) is connected to an 

infinite bus through two parallel impedances ( 1Z // 2Z ).  

 
Fig. 1 Circuits, controls, and configurations of the test system 

The VSC uses DC voltage control at d-axis outer loop and 

reactive power control at q-axis outer loop. The inner loop uses 

current vector control. Park transformation and its inverse are 

conducted on the angle provided by PLL. The AC system 

equivalent impedance is modified by disconnecting impedance 

1Z  (only 2Z  is connected, so gridZ  refers to 2Z  thereafter) 

to obtain the weak grid connection scenario. The system 

parameters are given in TABLE V of the appendix. 

This paper uses IBSA to explain the instability mechanism. 

VSC impedance model is well established in [22], and the final 

equation in the dq domain is  
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The grid is represented by voltage behind impedance, and its 

dq domain impedance model is 
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Detailed explanations of the matrices of (1) can be found in 

[22]. b  in (2) is the fundamental frequency. The dq domain 

multi-input multi-output (MIMO) impedances can be 

transformed into the sequence domain single-input single-

output (SISO) impedances by the transformation given in [20]. 

This process includes a linear transformation and a model 

simplification. The linear transformation turns dq domain 

MIMO impedances into modified sequence MIMO impedance: 
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Then the model simplification turns modified sequence MIMO 

impedances into the sequence domain SISO impedances: 
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The R-X diagram is used to explain the instability 

mechanism. The Bode diagram is omitted but the results are 

used to provide the intersection frequencies and phase margins 

in the following sections. In the R-X diagram, instability occurs 

when the product of resistance and derivative of reactance is 

negative at reactance cross-over frequency 0f  Error! 

Reference source not found.: 
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In the Bode diagram, instability occurs when the absolute 

value of the phase difference is larger than 180° at the 

intersection frequency df  of the VSC and grid impedance 

magnitude curves [19]: 
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The reactance cross-over frequency 0f  is sometimes 

different from the intersection frequency df . The frequency 



0f  reflects natural frequency (LC resonance without 

considering R), while the frequency df  reflects damped (or 

undamped) natural frequency (considering R). df  is the same 

as the resonance frequency rf  observed in oscillatory 

waveforms, and natural frequency 0f  can be used to 

approximate df . However, when the resistance of the system 

is prominent, the difference between 0f  and df  increases. 

III.  MECHANISM ANALYSIS OF WEAK GRID-CONNECTED VSC 

INSTABILITY 

A.  Impedance Response of the VSC 

The VSC impedance response in 1 Hz - 1000Hz is shown in 

Fig. 2. The characteristics of the VSC vary in different 

frequency ranges. Those frequency ranges may change under 

different parameter conditions, and this paper only provides an 

example and shows the general trend. 

In 0 Hz - 40 Hz, VSC impedance is inductive with negative 

resistance, which has little possibility of interacting with an 

inductive AC grid and leads to SSO. In 40 Hz - 50 Hz and 50 

Hz - 60 Hz (near fundamental frequency), VSC becomes 

capacitive and inductive with positive resistances, respectively. 

Although VSC in 40 Hz - 50 Hz can interact with an inductive 

AC grid, whether the system can be unstable with such a large 

positive resistance of VSC remains unknown.  

VSC impedance is capacitive with negative resistance in 60 

Hz - 100 Hz and positive resistance in 100 - 200 Hz. Therefore, 

VSC can interact with an inductive AC grid in the super-

synchronous range, which is the cause of weak grid instability. 

Moreover, the negative resistance range may expand to 100 Hz 

- 200 Hz when the bandwidth of the current PI regulator 

increases and thus shift the instability risk above the double 

fundamental frequency, which will be discussed in section IV 

and V. Above 200 Hz, VSC keeps inductive with positive 

resistance. 
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Fig. 2 Impedance response of the VSC. 

B.  Instability Mechanism Analysis 

The impedance responses of the system for various SCRs are 

illustrated in Fig. 3. AC grid impedance ( gridZ ) increases with 

a constant /grid gridR X  ratio, and the VSC impedance ( vscZ ) 

remains the same. 

In the R-X diagram of Fig. 3, there are three frequency 

ranges in which reactance crosses over the zero line. The two 

ranges near the fundamental frequency are safe because the 

products of resistance and derivative of reactance are positive 

and will not lead to instability. Only when the gridZ  increases 

to 3pu (almost unreasonable in a real-world power system), the 

product at the reactance cross-over frequency in the sub-

synchronous range has the possibility of becoming a negative 

value (the cyan line). However, this negative product will be 

made by a positive resistance and a negative derivative of 

reactance. This instability (40 Hz - 50 Hz) only exists in a 

theoretical perspective and not expected in the real power 

system. Hence, it does not fall into the main topic of this paper. 

On the other hand, the reactance cross-over frequency in the 

third range (50 Hz - 200 Hz) decreases as the gridZ  increases, 

and the resistance becomes negative when the gridZ  equals 

0.5pu. This negative product is made by a negative resistance 

and a positive derivative of reactance, which is the expected 

case in the real power system. Therefore, weak grid instability 

can occur in the super-synchronous range (50 Hz - 100 Hz) or 

even above double fundamental frequency (>100 Hz) rather 

than in the sub-synchronous range (0 Hz - 50 Hz). The 

classification of SSO is not proper, as the super-synchronous 

frequency component is the initiator, and the sub-synchronous 

frequency component is the responder (mirror frequency).  
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Fig. 3 Impedance responses of the system for various SCRs 

IV.  IMPACTS OF CONTROL PARAMETERS ON VSC WEAK GRID 

INSTABILITY 

A.  Impact of Current PI Regulator 

With the increase of current PI regulator bandwidth, the VSC 

impedance becomes more capacitive in a wide super-

synchronous frequency range as shown in Fig. 4. The grid 

inductive reactance offsets the VSC capacitive reactance at 

higher frequencies.  
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Fig. 4 Impact of VSC current PI regulator bandwidth on impedance responses 



of the VSC. 

 

As a result, the reactance cross-over frequency increases 

significantly as shown in Fig. 5. Although this change causes a 

decrease in VSC resistance, the system equivalent resistance at 

the reactance cross-over frequency increases due to the large 

increase of the reactance cross-over frequency. Hence, the 

system stability improves. This can be clearly seen from the 

improvement of the system phase margin presented in Table I. 
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Fig. 5 Impact of VSC current PI regulator bandwidth on impedance responses 

of the system (R-X diagram stability analysis). 

TABLE I 
IMPACT OF VSC CURRENT PI REGULATOR BANDWIDTH ON IMPEDANCE 

RESPONSES OF THE SYSTEM (BODE PLOT STABILITY ANALYSIS RESULTS) 

Bandwidth of Current PI 

Regulator (Hz) 

Intersection 

Frequency (Hz) 
Phase Margin (°) 

200 84 -5 

300 104 10 

400 125 19 

B.  Impact of PLL 

With the increase of PLL PI regulator bandwidth, the VSC 

impedance also becomes more capacitive, but in a much 

narrower super-synchronous frequency range compared to the 

current PI regulator as seen in Fig. 6. As a result, the reactance 

cross-over frequency remains unchanged as shown in Fig. 7. 

The increase of PLL PI regulator bandwidth also causes a 

significant decrease in VSC resistance and leads to a significant 

decrease of the phase margin. Hence, the stability is worsened 

as demonstrated in Table II. The large magnitude of system 

equivalent resistance results significant deviation of 

intersection frequencies from the reactance cross-over 

frequencies obtained through R-X diagram analysis. 
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Fig. 6 Impact of VSC PLL PI regulator bandwidth on impedance responses of 

the VSC. 

0 20 40 60 80 100

-0.3

-0.2

-0.1

0

0.1

R
s
y
s

 (O
h
m

)

30Hz

40Hz

50Hz

Zero line

0 20 40 60 80 100

Frequency (Hz)

-0.05

0

0.05

X
s
y
s

 (O
h
m

)

73Hz

R<0

dX/df<0

 
Fig. 7 Impact of VSC PLL PI regulator bandwidth on impedance responses of 
the system (R-X diagram stability analysis). 

TABLE II  

IMPACT OF VSC PLL PI REGULATOR BANDWIDTH ON IMPEDANCE RESPONSES 

OF THE SYSTEM (BODE PLOT STABILITY ANALYSIS RESULTS) 

Bandwidth of PLL PI 

Regulator (Hz) 

Intersection 

Frequency (Hz) 

Phase Margin (°) 

30 76 -18 

40 77 -28 

50 79 -33 

C.  Impact of DC Voltage PI Regulator 

With the increase of DC voltage PI regulator bandwidth, the 

VSC impedance mainly changes near the fundamental 

frequency (40 Hz - 60 Hz) as displayed in Fig. 8. The reactance 

cross-over frequency remains nearly unchanged and the 

equivalent system resistance slightly decreases as shown in Fig. 

9. As a result, there is a marginal decrease in phase margin as 

seen in Table III. 
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Fig. 8 Impact of VSC DC voltage PI regulator bandwidth on impedance 

responses of the VSC. 
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Fig. 9 Impact of VSC DC voltage PI regulator bandwidth on impedance 

responses of the system (R-X diagram stability analysis). 

 

 

 



TABLE III  

IMPACT OF VSC DC VOLTAGE PI REGULATOR BANDWIDTH ON IMPEDANCE 

RESPONSES OF THE SYSTEM (BODE PLOT STABILITY ANALYSIS RESULTS) 

Bandwidth of DC voltage PI 

Regulator (Hz) 

Intersection 

Frequency (Hz) 
Phase Margin (°) 

10 76 -17 

20 76 -18 

30 76 -19 

D.  Impact of Reactive Power PI Regulator 

With the increase of the reactive power PI regulator 

bandwidth, the VSC impedance becomes more capacitive in the 

super-synchronous frequency range as seen in Fig. 10. As a 

result, the reactance cross-over frequency slightly increases as 

shown in Fig. 11. This change also causes a decrease in VSC 

resistance, and leads to a decrease of phase margin as 

demonstrated in TABLE IV.  
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Fig. 10 Impact of VSC reactive power PI regulator bandwidth on impedance 

responses of the VSC. 
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Fig. 11 Impact of VSC reactive power PI regulator on impedance responses of 

the system (R-X diagram stability analysis). 

TABLE IV  

IMPACT OF VSC REACTIVE POWER PI REGULATOR BANDWIDTH ON 

IMPEDANCE RESPONSES OF THE SYSTEM (BODE PLOT STABILITY ANALYSIS 

RESULTS) 

Bandwidth of Reactive 

Power PI Regulator (Hz) 

Intersection 

Frequency (Hz) 
Phase Margin (°) 

10 76 -18 

20 78 -26 

30 81 -27 

V.  ILLUSTRATIVE EXAMPLES 

A.  VSC Weak Grid Instability in Super-Synchronous 

Range 

The parameters of the considered test cases are presented in 

TABLE V. In test case C1, the R-X plot shown in Fig. 12 

indicates an instability at 78 Hz as the product of the resistance 

and the derivative of reactance is negative. There are two more 

reactance cross-overs at 42 Hz and 60 Hz, but the products of 

resistance and derivative of reactance are positive. Hence, the 

system is stable at those two frequencies. From the Bode 

diagram, the associated phase margin is found as -9.4°. The 

IBSA is also confirmed by EMT [23] simulations shown in Fig. 

13(a) and (b). In the simulation, the switch is opened at t = 1s 

to reduce the SCR at PCC (see Fig. 1). VSC is represented with 

its average value model (AVM) [24]. The simulation time step 

is 50 μs. The FFT analysis presented in Fig. 13(d) shows two 

frequencies (21.4 Hz and 78.6 Hz) in the current waveform in 

addition to the fundamental. 78.6 Hz is the resonance frequency 

and is larger than its 21.4 Hz mirror frequency.  
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Fig. 12 Impedance response of the system in case C1 (R-X diagram stability 
analysis). 
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(b) 

Fundamental (50Hz) = 4903 , THD= 57.37%
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(c) 

Fig. 13 EMT simulations of Case C1: (a) three phase voltages and currents, (b) 
active and reactive power, (c) FFT analysis of the distorted current waveforms. 
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Fig. 14 Impedance response of the system in case C2 (R-X diagram stability 
analysis).  
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Fig. 15 EMT simulations of Case C2: (a) three phase voltages and currents, (b) 

active and reactive power, (c) FFT analysis of the distorted current waveforms. 

B.  VSC Weak Grid Instability Above Double 

Fundamental Frequency 

In test case C2, the VSC current control and PLL bandwidths 

are changed from 200 Hz to 400 Hz, and 30 Hz to 45 Hz, 

respectively. In addition, the low SCR scenario grid impedance

2Z is increased by 60% (see TABLE V for details). As seen in 

Fig. 14, those changes shifted the resonance frequency to 110 

Hz. The phase margin is -0.3° from the Bode diagram. EMT 

simulation results presented in Fig. 15(a) and (b) confirm the 

IBSA. The FFT analysis in Fig. 15(c) shows two frequencies 

(10 Hz and 110 Hz) in addition to the fundamental. The 10Hz 

in the FFT spectrum is -10 Hz (= 100 Hz – 110 Hz) in reality. 

As the resonance frequency is higher than the double 

fundamental frequency, the mirror frequency becomes negative 

(i.e., the phase sequence of the oscillation is at opposite).  

VI.  CONCLUSIONS 

This paper presented an in-depth analysis of weak grid-

connected VSC instability. The IBSA of a typical VSC 

demonstrated that the instability occurs in the super-

synchronous range rather than sub-synchronous. The resonance 

may occur even above the double fundamental frequency under 

certain parameter conditions. In this situation, this mirror 

frequency becomes negative but appears with its positive 

absolute value in the FFT spectrum. This finding was also 

confirmed through EMT simulations. In addition, this paper 

refines the impacts of VSC control parameters on weak grid 

instability mechanism and resonance frequency. 

Classifying weak grid instability phenomenon as weak grid 

SSO due to the presence of sub-synchronous frequency 

component causes misperceptions. Hence, its classification 

should be revised. 

VII.  APPENDIX 

TABLE V  

PARAMETERS OF THE SYSTEM 

Parameters Value (Test cases C1 & C2) 

VSC 

Rated DC and ac voltage (
dcV ,

rmsV ) 1130V, 690V 

Rated power ( S ) 4MW 

L-type filter parameters ( fR , fL ) 0.006Ω, 37.887mH 

DC capacitor (
dcC ) 32.64mF 

Current PI regulator ( &p iK K ) 0.16 & 52.9  0.44 & 375.8 

PLL Loop filter (PI regulator) 

( &p iK K ) 
130 & 8388  194 & 18872 

DC voltage PI regulator ( &p iK K ) 0.45 & 19.31 

Reactive power PI regulator ( &p iK K ) 0.05 & 65.97 

Grid impedance (per unit on 4MVA base) 

1 1 1Z R jX   0.015 + j0.1 

2 2 2Z R jX   0.015 + j0.25 0.024 + j0.4 
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