
Aalborg Universitet

Modeling for Oscillation Propagation With Frequency-Voltage Coupling Effect in Grid-
Connected Virtual Synchronous Generator

Li, Chang; Yang, Yaqian; Li, Yong; Liu, Yuxing; Blaabjerg, Frede

Published in:
IEEE Transactions on Power Electronics

DOI (link to publication from Publisher):
10.1109/TPEL.2024.3460757

Publication date:
2025

Document Version
Accepted author manuscript, peer reviewed version

Link to publication from Aalborg University

Citation for published version (APA):
Li, C., Yang, Y., Li, Y., Liu, Y., & Blaabjerg, F. (2025). Modeling for Oscillation Propagation With Frequency-
Voltage Coupling Effect in Grid-Connected Virtual Synchronous Generator. IEEE Transactions on Power
Electronics , 40(1), 82-86. Article 10680616. https://doi.org/10.1109/TPEL.2024.3460757

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            - Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            - You may not further distribute the material or use it for any profit-making activity or commercial gain
            - You may freely distribute the URL identifying the publication in the public portal -

Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

https://doi.org/10.1109/TPEL.2024.3460757
https://vbn.aau.dk/en/publications/5c21a3ba-c8ed-4b94-9057-f7bf789807a8
https://doi.org/10.1109/TPEL.2024.3460757


Downloaded from vbn.aau.dk on: March 28, 2026



 

Abstract—This letter proposes a modeling method for mechanism 

clarification on oscillation propagation in grid-forming virtual 

synchronous generator (GF-VSG) system considering the 

frequency-voltage coupling effect. Specifically, the physical 

significance of oscillation propagation between frequency and 

voltage of VSG has been clarified by the proposed 

Self-Stability-Loop-Model and Induced-Stability-Loop-Model. 

The proposed model and method can fill in the gap that 

conventional single-input-single-output system cannot identify 

this oscillations propagation phenomenon. It is also found that 

frequency oscillation are not always coupled with the voltage 

oscillation especially when the oscillation propagation is 

suppressed. Finally, the modeling and analysis are validated by 

simulations and experiments.  

 
Index Terms—virtual synchronous generator, oscillation 

propagation, physical significance, modeling method. 

I. INTRODUCTION 

ECHANISMS of low-frequency oscillation (LFO) of 

frequency and voltage in grid-forming virtual 

synchronous generator (GF-VSG) integrated into power 

network have been emerging and become a hot topic in the 

fields [1]-[6]. The grid-integration stability and LFO of system 

frequency and voltage will restrict the development of 

grid-forming technology, e.g., frequency regulation capability, 

inertial support, frequency and voltage support, improvement 

of short circuit ratio, etc. Thus, it is significant and urgent to 

explore the mechanism and physical significance hidden in the 

phenomenon of LFO in GF-VSG system.  

At present, the researchers think that the radical cause of 

LFO is mainly originated from two aspects, i.e., the coupling 

dynamics between active- and reactive-power [1]-[3], and the 

frequency/voltage instability [4]-[6]. For an example, 

mechanism of power oscillation and oscillation damping 

control method was proposed for distributed generator with 

VSG control strategy [1]. Besides, the power oscillation 

mechanism was clarified by the different power coupling (PC) 

model using small signal analytical method [2], where the 

modeling approach is different from that in [1]. Besides, a 

unified model was proposed for quantitative assessment of PC 

in grid-tied virtual synchronous generator [3], which 

considered and discussed the impacts of different grid-forming 

control strategies in details.  

Besides PC, the LFO was also concerned with 

frequency/voltage instability. In [4], the power system 

frequency stabilization was tackled by VSG control technique 

with the alternating moment of inertia. The alternating moment 

of inertia is essentially behaving as the self-adaptive virtual 

inertia control strategy. Furthermore, the frequency stability 

mechanism of VSG was illustrated by the resonance analysis 

perspective [5]. 
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Fig. 1. Topology and control scheme of GFVSG connected to power network 

In [6], generalized stabilizer oriented design method was 

proposed for GF-VSG to discuss frequency stability of the 

system. The above work was mainly focused on the frequency 

stability itself instead of the oscillation propagation between 

frequency and voltage. Nevertheless, the mechanism of 

oscillation propagation (OP) between frequency and voltage 

with coupling effect was not explored in details.  

To the best knowledge of the authors, the existing work has 

not been involved in mechanism of OP as well as physical 

significance of frequency/voltage interactive behavior are 

rarely studied, which is the topic of this paper. A new model is 

presented to clarify mechanism of OP between frequency and 

voltage in VSG system. Main contributions of this letter are: 

1) The proposed modeling method overcomes the 

shortcoming that the conventional frequency/voltage 

closed-loop model cannot fix the mechanism of coupling as 

well as OP between frequency and voltage in a VSG system. 

2) It breaks through the concept of power coupling in VSG 

system and proposes a new modeling method to clarify the 

mechanism of OP between frequency and voltage. Also, it 

proposes a new perspective that voltage stability is originated 

from its self-loop or transferred by frequency dynamics. It 

clarifies the scenario that frequency oscillates obviously but the 

voltage oscillation is weakened a lot even hardly of fluctuation.  

3) The proposed induced-stability-loop-model provides a new 

physical insight that the voltage oscillation can be seen from 

perspective frequency dynamics with propagation mechanism. 

II. COMPREHENSIVE STABILITY ASSESSMENT MODEL 

A. Modeling of oscillation propagation in VSG systems 

Chang Li, Yaqian Yang, Yong Li, Senior Member, IEEE, Yuxing Liu, and Frede Blaabjerg, Fellow, IEEE 
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Fig. 2. Self-Stability Loop Model, (a) FSSLM, (b) VSSLM. 
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Fig. 3. Induced-Stability Loop Model. 

Fig. 1 shows topology and control scheme of a grid-forming 

virtual synchronous generator (GF-VSG) system. PCU 

includes power measurement unit and low-pass filter (LPF). 

By emulating the dynamic property of synchronous 

generator, the rotor motion equation of the VSG is depicted as: 

 {
4𝜋2𝐽𝑝𝑓𝑔

𝑑𝑓

𝑑𝑡
+ 2𝜋𝐷𝑝𝛿𝑓 = 𝑃𝑟𝑓 − 𝑃

𝐽𝑞
𝑑𝐸

𝑑𝑡
+ 𝐷𝑞(𝐸 − 𝑈𝑔) = 𝑄𝑟𝑓 − 𝑄

  (1) 

where Jp, Dp, Jq and Dq are control coefficients of the VSG. δf is 

the frequency offset (FO) between VSG and power grid while E 

denotes the output voltage of VSG. Ug and fg denote the grid 

voltage and grid frequency, Prf and Qrf are the references. 

The circuit model of VSG can be derived as in rotational 

inertial reference frame (RIRF): 

 {
𝐸𝑑 − 𝑍𝐼𝑑 + 𝜔𝐿𝐼𝑞 = 𝑈

𝐸𝑞 − 𝑍𝐼𝑞 − 𝜔𝐿𝐼𝑑 = 0
   (2) 

where  {
𝐸𝑑 = 𝐸𝑐𝑜𝑠𝛿𝜃
𝐸𝑞 = 𝐸𝑠𝑖𝑛𝛿𝜃

 

and Z=R+sL, L=Lf+Lg, R=Rf+Rg, δθ signifies the phase 

difference between VSG output voltage and grid voltage. Ed, Eq, 

Id and Iq are the d- and q-axis components of the VSG output 

voltage and the grid-tied current, indicating the current and 

voltage transformed into RIRF. 

The active and reactive power can be obtained as: 

 [
𝑃
𝑄
] =

𝜔𝐵

𝑠+𝜔𝐵
[
𝐼𝑑 𝐼𝑞
−𝐼𝑞 𝐼𝑑

] [
𝐸𝑑
𝐸𝑞
] (3) 

where ωB is the bandwidth of the LPF. 

By combining (1), (2) with (3), the frequency acceleration 

and voltage acceleration can be derived as in form of FO and 

voltage magnitude (VM) in the form of small signal model: 

 [
∆𝑎𝑓
∆𝑎𝐸
] = [

−M1 −M2

−M3 −M4
] [∆𝛿𝑓

∆𝐸
]  (4) 

where M1, M2, M3 and M4 are the coupling connections FO and 

VM with frequency acceleration and voltage acceleration. 

Frequency acceleration is defined as rate of change of 

frequency (RoCoF,i.e.,af=df/dt). Voltage acceleration is 

defined as rate of change of voltage (RoCoV, i.e., aE=dE/dt). 

By rearranging, see Fig. 2, the frequency self-stability loop 

model (FSSLM) and voltage self-stability loop model (VSSLM) 

can be derived as: 

 {
𝐺𝑜𝑓 = −

𝑘𝑔1𝑔2

1+𝑔2𝐷𝑝

𝐺𝑜𝐸 = −
𝑔3𝑔4

1+𝑔3𝐷𝑞

  (5) 

where g2=1/(Jpωns), g3=1/(Jqs), k=1/(2π). FSSLM is defined as 

the loop model that depict the coupling between RoCoF and the 

frequency, not including the voltage. VSSLM is defined as the 

loop model that includes the dynamics of RoCoV and the 

voltage, which does not include the frequency dynamics. 
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Fig. 4. Flowchart of judgment procedure of Self-Stability and oscillation 

propagation for frequency and voltage dynamics in VSG system. 

Motivation of the proposed model: Although FSSLM and 

VSSLM can analyze the frequency self-stability and voltage 

self-stability as well as its margin, it is difficult to evaluate the 

dynamic coupling and oscillation propagation mechanism 

between frequency and voltage. Motivated by this, an 

induced-stability-loop-model (ISIM) is proposed to clarify the 

mechanism of coupling effect as well as oscillation propagation 

between frequency and voltage. Thus, ISIM can be derived as: 

 {
𝐺_𝐸𝑓(𝑠) = −

𝑀2𝐺1

1+𝑀1𝐺1

𝐺_𝑓𝐸(𝑠) = −
𝑀3𝐺2

1+𝑀4𝐺2

  (6)

where GEf (s) is defined as the frequency ISIM (F-ISIM) and 

GfE(s) is defined as the voltage ISIM (V-ISIM). By using the 

F-ISIM and V-ISIM, mechanism of oscillation propagation and 

coupling effect between frequency and voltage can be 

illustrated. A flowchart of judgment with Self-Stability and 

oscillation propagation is presented in Fig. 4. 

The procedure of judgment and criterion is summarized as: 

Step 1: To establish model of Gof(s), GoE(s), G_Ef (s) and G_fE(s).  

Step 2: To judge whether Gof(s) and GoE(s) is stable or not. If 

Gof(s) is stable, then jump to Step 3.1. Otherwise, frequency 

oscillation occurs owing to an unstable frequency self-stability 

loop (FSSL). If GoE(s) is stable, then jump to Step 3.2. 

Otherwise, VM oscillates due to unstable VSSL. 

Step 3.1: The judgment results of GoE(s) in Step 2 can be 

directly used, which do not need to re-identify again. According 

to the judgment results of stability of GoE(s) in Step 2, 

frequency stability can be identified. If it is stable, frequency is 

stable. Otherwise, it jumps to Step 4.1. 

Step 3.2: The judgment results of Gof(s) in Step 2 can be used, 

which do not need to re-identify. Following judgment results of 

stability of Gof(s) in Step 2, voltage stability can be identified. If 

it is stable, voltage is stable. Otherwise, it jumps to Step 4.2. 

Step 4.1: To judge whether |G_Ef (jωc)| is above 1 (0 dB) or not. 

If it is below 1, the voltage oscillation propagation has the risk 

of being weakened as the oscillation propagation kEf gets 

smaller. Otherwise, oscillation propagation has the risk of 

occurrence, causing frequency oscillation. It should be noted 

that this risk will be higher if the |G_Ef (jωc)| is much lower or 

higher than 1 (0 dB). The critical threshold is existing if |G_Ef 



(jωc)| is a little bit lower or higher than 1 (0 dB). 

Step 4.2: To judge whether |G_f E(jωc)| is above 1 (0 dB) or not. 

If it is below 1, the frequency oscillation propagation has the 

risk of being weakened as kfE gets smaller, then voltage is stable. 

Otherwise, oscillation propagation has the risk of occurrence, 

causing voltage oscillation. It should be noted that this risk will 

be higher if the |G_f E(jωc)| is much lower or higher than 1 (0 dB). 

The critical threshold is existing if |G_f E(jωc)| is a little bit lower 

or higher than 1 (0 dB). 

NOTE: It is emphasized that |G_Ef (jωc)|=1 and |G_f E(jωc)|=1 are 

the critical state, which is the boundary between propagation 

and no propagation. Besides, there exists a threshold with the 

center of |G_Ef (jωc)|=1 and |G_f E(jωc)|=1, and within the 

threshold, propagation is not suppressed and amplified. 

Beyond the threshold, propagation effect will be more 

suppressed and more amplified monotonously. That is, the 

propagation effect will be greater as kfE and kEf gets larger. As 

for kfE and kEf is a little bit lower than 0 dB (within threshold), 

the oscillation propagation effect is of critical state inducing a 

tiny fluctuation. It is also emphasized that kfE>1 or kEf>1 was 

not a standalone criterion to judge oscillation propagation 

because it is combined with other judgment, like ‘is GoE stable’ 

and ‘is Gof stable’. And this integrity is the criterion.  

B. Analysis 
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Fig. 5. Self-Stability-Loop-Model, (a) FSSLM, (b) VSSLM. (See Table I) 
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Fig. 6. ISIM, (a) F-ISIM (GEf (s)), (b) V-ISIM (GfE(s)). (See Table I) 

Firstly, the oscillation propagation coefficient is defined, 

which is acquired from F-ISIM and V-ISIM, i.e., 

 {
𝑘𝐸𝑓 = |𝐺_𝐸𝑓(𝑠)|𝑠=𝑗𝜔𝑐|

𝑘𝑓𝐸 = |𝐺_𝑓𝐸(𝑠)|𝑠=𝑗𝜔𝑐|
  (7) 

where kEf is defined as voltage oscillation propagation 

coefficient (VOPC), which can reflect the frequency 

induced-stability (FIS). Also here kfE is defined as frequency 

oscillation propagation coefficient (FOPC), which can clarify 

the voltage induced-stability (VIS). ωc is the critical frequency. 

The occurrence of oscillation propagation to frequency has 

two prerequisites: 1) kEf>1 (Not a little bit larger), 2) 

occurrence of voltage oscillation. Occurrence of oscillation 

propagation to voltage has two prerequisites: 1) kfE>1, 2) 

occurrence of frequency oscillation. There is a threshold range 

near kEf/kfE=1, within which the oscillation propagation critical. 

Fig. 5 shows the FSSLM and VSSLM, developed by Gof(s) 

and GoE(s). It is seen that oscillation has the risk of occurrence 

in frequency due to insufficient phase margins (-3°, -2°, -3°,-3°). 

While in Fig. 5(b), it suggests enough gain margins and thus 

voltage is stable. Following the guidelines of the criterion, it 

has the high risk of oscillation in the frequency, but voltage 

stability should be obeying FOPC.  

Fig. 6(a) shows that kEf<1 always obeys, indicating 

oscillation propagation hardly occurring. However, frequency 

oscillation will be transferred to the voltage because of kfE>1 in 

Case 4. This will induce voltage oscillation occurrence 

although the VSSL is stable. But oscillation propagation from 

the frequency is almost weakened in Case 1 to Case 3 given 

kfE<1. Interesting findings from the analysis are obtained as: 

1) Different from the strong coupling between active and 

reactive power, it has a risk that frequency oscillates but voltage 

is stable without oscillations at most very tiny fluctuation.  

2) Although Voltage Self-Stability Loop is stable, the voltage 

will be oscillating because of the oscillation propagation from 

the frequency. This propagation will be new point of the study. 

To provide more evidence for the justification, a 

supplemented analytical condition is added here to further 

strengthen the effectiveness of the theory.  
Table I. Information on stability properties of FSSL, VSSL, FISL and VISL. 

 Gof (FSSL) GoE (VSSL) G_Ef (FISL) G_fE (VISL) 

Case 5 

ωc:51.6rad/s 

PM: 2° 

GM: 1.24 dB 

ωc no cross 
GM: 20.4° 

ωc:51.7 rad/s 
Mag:-8.39 dB 

ωc:51.6rad/s   
Mag: 12.6 dB 

Case 6 
ωc: 51.5 rad/s 

PM: 2° 

GM: 1.26 dB 

ωc no cross 

GM: 22.2° 

ωc: 51.7 rad/s 

Mag: -8.54dB 

ωc: 51.5 rad/s 

Mag: 1.21 dB 

Case 7 
ωc: 51.5 rad/s 

PM: 1.8° 

GM: 1.26 dB 

ωc no cross 

GM: 39.1° 

ωc: 51.7 rad/s 

Mag: -8.56 dB 

ωc: 51.5 rad/s 

Mag: -18 dB 

Case 8 
ωc: 50.1 rad/s 

PM: 0° 

GM: 0.279 dB 

ωc no cross 

GM: 19.4° 

ωc: 50.1 rad/s 

Mag: 5.89 dB 

ωc: 50.1 rad/s 

Mag: 13.9 dB 

It is known that phase margins are insufficient in all the cases 

in Table I, which induces unstable FSSL. Especially for Case 8, 

phase margin is zero, indicating the occurrence of unstable 

oscillation in frequency. However, the FISL model shows that 

kEf is below 0 dB (kEf<1) in from Case 5 to Case 7, indicating 

oscillation propagation has the risk of disappearance.  

Following flowchart of judgment procedure, frequency are 

unstable because the FSSLM approaches unstable (phase 

margin and gain margin are very nearly to zero) no matter how 

oscillation propagation behave as. It is inferred that frequency 

are oscillating. GoE shows sufficient gain margin of VSSLM. 

However, due to unstable Gof, thus the procedure turns to the 

step ‘is G_fE>1’. kfE>1 in Case 5, 6 and 8. Especially in Case 6, 

kfE is approaching 1, indicating the critical state within 

thresholds. However, the kfE<1 (much lower than 1) in Case 7, 

indicating oscillation propagation suppressed. Following 

judgment procedure, voltage E is stable.  
Table II. Information on stability properties of FSSL, VSSL, FISL and VISL. 

 Gof (FSSL) GoE (VSSL) G_Ef (FISL) G_fE (VISL) 

Case 9 

(red) 

ωc: 36 rad/s 
PM: 44° 

GM:12.7 dB 

ωc: 214 rad/s 
PM: 7° 

GM: 0.861 dB 

ωc: 214 rad/s 

Mag: -45.5 dB 

ωc: 36 rad/s   

Mag: 33.7 dB 

Case10 

(blue) 

ωc: 36.9 rad/s 
PM: 43° 

GM: 12.4 dB 

ωc: 221 rad/s 
PM: 3.8° 

GM: 0.466 dB 

ωc: 221 rad/s 

Mag: -45.5 dB 

ωc: 36.9 rad/s 

Mag: 33.3 dB 

Case11 

(green) 

ωc: 37.3 rad/s 

PM: 42.3° 
GM: 12.1 dB 

ωc: 232 rad/s 

PM: 0.8° 
GM: 0.095 dB 

ωc: 232 rad/s 

Mag: -45.8 dB 

ωc: 37.3 rad/s 

Mag: 32.5 dB 



Table II presents the corresponding stability properties and 

information. Table II shows the system has the sufficient phase 

margins and good gain margins with Gof. It suggests that the 

frequency self-stability is stable, then it turns to the Step 3.1 to 

judge whether GoE is stable or not. It is observed that GoE has 

very minor phase margins and gain margins especially for the 

case 11, indicating seriously insufficient voltage self-stability 

margins. Then, it turns to the Step 4.1 following the criteria. 

Then, GEf shows a low magnitude at ωc of VSSLM, indicating 

the oscillation propagation can hardly happen with at most very 

tiny fluctuation transferred to frequency.  

When observing the property of G_fE, it shows a propagation 

effect with magnitude which is above 0 dB at ωc of FSSL model. 

Given the stable FSSL, thus oscillation propagation will not 

occur at this frequency (ωc=36 rad/s). It is inferred the voltage 

will oscillates with around 214 rad/s, 221 rad/s and 232 rad/s 

given oscillation propagation at ωc=36 rad/s will not happen.  

C. Case studies 

Fig. 7 shows case studies results, where the red, the blue, the 

green and the yellow curve represent that of Case 5, 6, 7 and 8. 

It is inferred simulations well validate effectiveness of the 

analysis because FSSL are unstable in four cases no matter how 

G_Ef behaves as. In Fig. 7(b), voltage oscillation occurs in Case 

5 and 8, especially voltage oscillation in Case 8 is a little bit 

larger than that in Case 5. It is because gain margin in case 8 is a 

little bit smaller than that in Case 5 and also because that 

oscillation propagation effect are a little bit stronger in Case 8. 
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Fig. 7. Case studies, (a) frequency with four cases, (b) voltage with four cases.  

In addition, voltage oscillation magnitude is approximately 

0.1 V, which is a very small proportional of the steady state 

value of the voltage, and it can be recognized as nearly stable. It 

is because the oscillation propagation is only a little bit higher 

than 1 (0 dB), which means the oscillation propagation effect 

from frequency is very limited. Moreover, voltage is stable in 

Case 7 without any fluctuation (green). It is because the gain 

margin is sufficient. It is also given kfE of much lower than 1. 

Measured frequency of the case studies in from Case 5 to 

Case 8 are 8.269 Hz, 8.352 Hz, 8.274 Hz and 8 Hz, 

respectively, which are almost consistent with analytical values 

of Gof in Table I, e.g., 8.212 Hz, 8.196 Hz, 8.196 Hz and 7.974 

Hz. It further consolidate oscillation propagation mechanism 

and effectiveness of the proposed modeling method. 
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Fig. 8. Supplemented case studies, (a) frequency, (b) voltage.  
Fig. 8 shows the results of the supplemented operation 

conditions, where Fig. 8(a) displays the frequency, and Fig. 8(b) 

presents the voltage. Frequency is hardly oscillating with very 

tiny of fluctuation below 0.04 Hz. This fluctuation takes up 

approximately 0.08% of the rated frequency value. It 

illustrates that voltage fluctuation is hardly propagated to the 

frequency. It is also seen in Fig. 8(b) that voltage fluctuates 

obviously, further validating the theoretical analysis. 

It is noted that the parameters used in Fig. 7 and Fig. 8 are 

consistent with that in Table I and Table II. From case 5 to case 

7, the Dq is changed. From case 9 to 11, the SCR is varying.  

III. EXPERIMENTAL VALIDATION 

Fig. 9 displays experiments, where the experimental setup is 

established based on the topology and control scheme in Fig. 1. 

It shows that oscillation occurs in frequency from Case 1 to 4. 

However, voltage maintains stable in Case 1 to 3, which is 

because VSSLM is stable without oscillation propagation. But 

it changes in Case 4, where oscillation occurs in voltage given 

the oscillation propagation although the VSSLM is stable. 

In fact, the frequency oscillation magnitudes in case 3 and 

case 4 are approximately 0.5 Hz, which does not exceed 1 Hz. 

Indeed it is a little bit large but not very large. This is because 

the damping of the systems in these cases are very tiny and thus 

induces VSG cannot provide inertia and damping support. 
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Fig. 9. Experiment results, (a) Case 1, (b) Case 2, (c) Case 3, (d) Case 4 
From another perspective, as evidenced in Fig. 6(a), the 

frequency induced loop model shows that the peaks in Case 3 

and 4 are higher than that of Case 2, it can also aggravate the 

frequency oscillation. Indeed, the fluctuation of 0.5 Hz has 

been surpassing the secure threshold value of power systems 



and will impose considerable threatens to the secure operation 

of power systems, which is the significance of this research.  

IV. CONCLUSIONS 

This letter has proposed a new modeling method for the 

oscillation propagation in grid-forming virtual synchronous 

generator (GF-VSG) connected to the power network. With the 

modeling, mechanism of oscillation propagation between 

frequency and voltage was clarified from a new perspective. 

The main conclusions are: 

1) Different from the conventional analytical conclusion that 

active- and the reactive-power are simultaneously stable or 

unstable due to the strong coupling effect, it was found that 

stability of frequency and voltage are not always the same.  

2) It has a probability that frequency oscillates but voltage is 

stable without oscillation. Besides, the voltage will be 

oscillating although the voltage self-stability loop is stable, 

which is because the oscillation propagation from the 

frequency will impact the dynamics of voltage.  

3) A new flowchart of the stability criterion is proposed, 

which finds that the oscillation propagation coefficient plays an 

important role in stability of the frequency and voltage.  

APPENDIX 

{
 
 

 
 𝑘11 = ((𝑠𝐿 + 𝑅)𝑈0𝐸0𝑠𝑖𝑛𝛿𝜃0 + 𝜔𝑛𝐿𝑈0𝐸0𝑐𝑜𝑠𝛿𝜃0)/((𝑠𝐿 + 𝑅)

2 + (𝜔𝑛𝐿)
2)

𝑘12 = ((𝑠𝐿 + 𝑅)(2𝐸0 − 𝑈0𝑐𝑜𝑠𝛿𝜃0) + 𝜔𝑛𝐿𝑈0𝑠𝑖𝑛𝛿𝜃0)/((𝑠𝐿 + 𝑅)
2 + (𝜔𝑛𝐿)

2)

𝑘21 = (−(𝑠𝐿 + 𝑅)𝑈0𝐸0𝑐𝑜𝑠𝛿𝜃0 +𝜔𝑛𝐿𝑈0𝐸0𝑠𝑖𝑛𝛿𝜃0))/((𝑠𝐿 + 𝑅)
2 + (𝜔𝑛𝐿)

2)

𝑘22 = (−(𝑠𝐿 + 𝑅)𝑈0𝑠𝑖𝑛𝛿𝜃0 + 𝜔𝑛𝐿(2𝐸0 −𝑈0𝑐𝑜𝑠𝛿𝜃0))/((𝑠𝐿 + 𝑅)
2 + (𝜔𝑛𝐿)

2)

 

{

𝐵1 = 1.5𝜔𝑛𝑘11/(𝑠 + 𝜔𝑛)
𝐵2 = 1.5𝜔𝑛𝑘12/(𝑠 + 𝜔𝑛)
𝐵3 = 1.5𝜔𝑛𝑘21/(𝑠 + 𝜔𝑛)
𝐵4 = 1.5𝜔𝑛𝑘22/(𝑠 + 𝜔𝑛)

  

{
 
 

 
 𝑀1 = (𝐷𝑝𝑠 + 𝐵1)/(𝐽𝑝𝜔𝑛𝑠)

𝑀2 = 𝐵2/(2𝜋𝐽𝑝𝜔𝑛)

𝑀3 = 2𝜋𝐵3/(𝐽𝑞𝑠)

𝑀4 = (𝐵4 +𝐷𝑞)/𝐽𝑞

 

{
𝑔1 = −

2𝜋𝐵1

𝑠

𝑔4 = −𝐵4
    G =

𝐵1−
𝐵2𝐵3

𝐽𝑞𝑠+𝐷𝑞+𝐵4

𝐽𝑝𝜔𝑛𝑠
2+𝐷𝑝𝜔𝑛𝑠

 

TABLE III. SYSTEM SPECIFICATIONS FOR ANALYSIS AND EXPERIMENTS 

Rg Lg Jp Jq Dp Dq 

0.2 Ω 6.6 mH 0.035 10 154.8 10000 

0.2 Ω 6.6 mH 0.057 20 157 2000 

0.2 Ω 6.6 mH 0.035 10 158.6 10000 

1 Ω 6.6 mH 0.035 10 206.6 200 
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