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Abstract—The rapid advancement of modular multi-

level converter-based high-voltage direct current 

(MMC-HVDC) interconnection projects may lead to tor-

sional vibrations in turbo-generator shafts, causing oscil-

lations that pose operational risks to the power system. 

Impedance-based analysis is an effective method to eval-

uate the stability of power systems with power electronic 

components. However, conventional turbo-generator 

impedance models, such as the RL equivalent impedance 

model, only address the electrical aspects of tur-

bo-generators and neglect the influence of shafting char-

acteristics, potentially leading to inaccurate analysis re-

sults. To address this issue, a turbo-generator impedance 

model is introduced which incorporates shafting charac-

teristics validated through frequency scanning methods. 

Focusing on the turbo-generator and MMC-HVDC in-

terconnection system, the oscillation analysis results are 

compared using the developed and traditional impedance 

models. The findings indicate that the developed model 

exhibits greater applicability and accuracy for power 

systems incorporating electronic equipment. Furthermore, 

a virtual damping control strategy for MMC-HVDC 

based on modulation links is developed to mitigate oscil-

lation issues. The efficacies of the proposed impedance 

model and control strategy are validated in the tur-

bo-generator and MMC-HVDC interconnection system. 

Index Terms—Impedance model, turbo-generator, 

shafting torsional vibration, MMC-HVDC interconnec-

tion system, oscillation suppression. 

 

Ⅰ.   INTRODUCTION 

he emergence of modular multilevel convert-
er-based high-voltage direct current (MMC-HVDC) 
systems addresses issues related to high switching 

frequency and high power losses in two-level converter 
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based systems [1]. Its advantages, including low output 
voltage harmonic content, high waveform quality, and 
low switching losses, have led to widespread adoption 
in engineering applications [2], [3]. For instance, 
prominent flexible interconnection projects in China, 
such as the Chongqing-Hubei back-to-back DC and 

Zhangbei projects, all employ MMC topology [4][6]. 
However, in scenarios where thermal power units are 
located near MMC-HVDC converter stations and the 
electrical distance is relatively short, torsional vibra-
tions in turbo-generator shafting may occur, potentially 
causing sub-synchronous oscillations in the power sys-
tem. Historically, the issue of sub-synchronous oscilla-
tions in turbo-generators was primarily manifested in 
series compensation transmission systems and 
LCC-HVDC transmission systems, originated from the 
swift response of the DC control system. For example, 
the Square Butte Power Plant in the United States and 
the Hami, Suizhong, and Yimin Power Plants in China 
faced risks of sub-/super-synchronous oscillations ow-

ing to LCC-HVDC integration [7][10]. Similarly, 
characterized by their rapid response, MMC-HVDC 
systems may pose sub-synchronous oscillation risks 
when thermal power units are located near the converter 
stations. In China, the 14th Five-Year Plan encompasses 
the development of an MMC-HVDC-based flexible 
interconnection project near a thermal power plant in 
Guangdong Province’s Pearl River Delta region. 
Therefore, it is crucial to promptly assess the risk of 
sub-synchronous oscillations and perform research on 
mitigating oscillations in the turbo-generator and 
MMC-HVDC interconnection system. 

The rapid expansion of HVDC interconnection sys-
tems, and notably MMC-HVDC, leads to increasingly 
complex structural challenges in power systems 

[11][14]. The state-space and complex torque coeffi-
cient methods are widely used to analyze system sta-
bility in this context. However, the order of the 
state-space model tends to increase, potentially re-
stricting its applicability in larger systems [15]. More-
over, the complex torque coefficient method may 
struggle to accurately identify all electromechanical 
oscillation states or provide accurate damping values for 
oscillation modes [16]. In contrast to the abovemen-
tioned methods, the impedance-based analysis method 
offers modularity and scalability in the framework of 
electric power systems, making it an effective tool for 
analyzing systems with complex structures [17]. Estab-

T 
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lishing an impedance model plays a critical role in lev-
eraging this method. However, there lacks research on 
the impedance model of turbo-generators. Typically, 
turbo-generator impedance is approximated using RL 
series impedance or equivalent circuit impedance of 
synchronous generators [18], [19], which fails to cap-
ture the unique shafting characteristics of tur-
bo-generators. Therefore, the influence of tur-
bo-generator shafting on sub-/super-synchronous os-
cillations in the system cannot be adequately analyzed, 
potentially resulting in inaccurate conclusions near the 
natural torsional vibration frequency. Consequently, 
there is an urgent need for an accurate impedance model 
of turbo-generators owing to the rapid proliferation of 
power electronic equipment and the increasingly com-
plex power system structures. 

This study primarily elucidates the following aspects. 
1) An impedance model of the turbo-generator that 

incorporates torsional characteristics of the shafting is 
developed, addressing the current limitation where ex-
isting models only account for electrical characteristics 
without considering mechanical aspects. 

2) A case study is presented to illustrate 
sub-synchronous oscillations in a turbo-generator and 
MMC-HVDC interconnection system. The impedance 
model introduced in this study is analyzed and com-
pared with traditional models, confirming its accuracy 
in the sub-synchronous frequency range. 

3) An adaptive virtual damping control strategy based 
on modulation links is proposed to enhance damping in 
MMC-HVDC systems and effectively suppress 
sub-synchronous oscillations. 

Ⅱ.   TURBO-GENERATOR AND MMC-HVDC 

INTERCONNECTION SYSTEM 

This study focuses on the hybrid system comprising a 
turbo-generator and MMC-HVDC interconnection 
system, depicted in Fig. 1. The turbo-generator structure 
and parameters are based on actual data from a thermal 
power plant in Guangdong province. In Fig. 1, HP, IP, 
and LP are high, medium, and low-pressure cylinders, 
respectively; while GEN is the synchronous generator; 
the transformer ratios for the turbo-generator and MMC 
are 22/500 kV and 500/270 kV, respectively; 

LR and LX are the line resistance and inductive reac-

tance; while 
gR and 

gX  are the grid resistance and in-

ductive reactance. 

 
Fig. 1.  Diagram of turbo-generator and MMC-HVDC intercon-

nection system. 

In this study, the impedance model of the tur-
bo-generator depicted within the dashed lines on the left 
of Fig. 1 is established. This model enables 
sub-/super-synchronous oscillation analysis in con-
junction with the MMC-HVDC interconnection system. 
The impedance model diagram of the turbo-generator 
and the MMC-HVDC interconnection system is illus-
trated in Fig. 2. 

 
Fig. 2.  Diagram of the impedance model of the turbo-generator 

and MMC-HVDC interconnection system. 

The impedance model of MMC has already been 

comprehensively studied [20]. Thus, the focal point of 

impedance analysis for the interconnection system is to 

accurately calculate the turbo-generator impedance 

TG( )Z . The sequence impedance model TGZ of the 

turbo-generator, accounting for shafting characteristics, 

is expressed in (1). The detailed derivation of the im-

pedance formula for TGZ  is presented in Section Ⅲ. 

p p TG pp p TG pn p p p

n p TG np p TG nn p n p

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

u Z Z i

u Z Z i

   

   

      
     

      
 (1) 

The MMC impedance model is presented in (2) [20], 

and the parameter settings are shown in Table Ⅰ.  

TABLE Ⅰ 

PARAMETERS OF THE MMC SYSTEM  

Symbol PARAMETER Value 

L  (mH) Bridge arm inductance 75 

R  ( )t  Bridge arm resistance 0.1 

N  (piece) Number of sub-modules 244 

SC  (mF) Submodule capacitance 15 

dcV  (kV) Rated voltage at DC side 500 

acV  (kV) Rated voltage at AC side 270 

PH  Active power controller 2×10−7+2×10−6/s 

QH  Reactive power controller −2×10−7−2×10−6/s 

iH  Current inner loop controller 5+150/s 

icH  Circulation controller 50+200/s 

pllH  Phase locked loop (0.0013+0.145/s)/s 

P  (MW) Transmission power 800 

MMC_pp p MMC_pn p

MMC p

MMC_np p MMC_nn p

( ) ( )
( )

( ) ( )

Z Z

Z Z

 


 

 
  
 

Z          (2) 

where MMC_pp p( )Z  and MMC_pn p( )Z   denote the self 

and mutual impedances of the MMC converter, respec-

tively. 

Subsequently, the impedance model of the 

MMC-HVDC interconnection system on the right side 
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of the PCC can be formulated with reference to Fig. 1. 

Its small-signal equivalent circuit is depicted in Fig. 3, 

and accordingly, the MMC-HVDC interconnection 

system impedance can be calculated, as shown in Eq. (A1) 

in Appendix A . 

 
Fig. 3.  Small-signal equivalent circuit of the MMC-HVDC 

interconnection system. 

In Fig. 3, 
T1 p( )Z  , 

T2 p( )Z   and 
Tm p( )Z   represent 

the impedances of the high-voltage side, low-voltage 

side, and excitation of the transformer, respectively. 

L p( )Z  denotes the line impedance, and
g p( )Z   repre-

sents the impedance in the power grid. 1K  and 2K  in  

Eq.(A1) denote the transformer turns ratios of 22/500 kV  

and 270/500 kV on the turbo-generator and MMC sides, 

respectively. 

Ⅲ.   IMPEDANCE MODELING OF TURBO-GENERATOR 

CONSIDERING SHAFTING CHARACTERISTICS 

The traditional impedance model of a turbo-generator 

typically only considers its electrical characteristics and 

is equivalent to the impedance model of a synchronous 

generator [18], [19]. The impedance model developed 

in this study for the turbo-generator emphasizes me-

chanical characteristics such as governor and shafting 

spring models. This approach enables a more accurate 

characterization of the turbo-generator impedance 

characteristics in the sub-synchronous frequency band. 

This discussion does not address the linearized 

small-signal model of the synchronous generator. Its 

voltage and excitation equations are depicted in (A2) 

and (A3). The small-signal equation of the synchronous 

generator can be derived by combining these equations, 

shown as: 

0 0 1

0

( )
s




      U R X W I ψ               (3) 

where U and I  denote the small disturbance volt-

age and current vectors of the stator windings, excita-

tion windings, and damping windings of the d-axis and 

q-axis; R and X represent the resistance and reactance 

matrices in (A2) and (A3); while 0W I and 0 1ψ  

represent the two components resulting from the line-

arization of small signals related to flux linkage and 

rotor speed coupling terms. 

Examining (3), we observe that the relationship be-

tween U  and I  can be established by eliminating 

1 , which connects the electrical component with the 

mechanical component of the shafting. The next step 

involves modeling the mechanical structure of each part 

of the shafting. 

A. Shafting 

The shafting system is divided into five shaft sections, 

with the synchronous generator designated as the first 

mass block, followed by the low-pressure and 

high-pressure cylinders. The schematic diagram of the 

shaft mass-spring model is illustrated in Fig. 4 [21]. 

 
Fig. 4.  Schematic diagram of the turbo-generator shafting 

mass-spring model. 

The linearized equation for the small signal of the 

shafting system is: 

m , , 1 1

1, 1
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1
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            ( )
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i
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s i

s T D K
M

K

 

   

 

 

 

    



          

    

   (4) 

where i  is the electrical twist angle of the ith mass 

block of the shafting relative to the synchronous rota-

tion reference axis; iM  is the inertia coefficient of the 

ith mass block; 
ijK  is the elastic coefficient between the 

mass blocks; iD  is the self-damping coefficient of the 

ith mass block of the steam turbine; and miT  is the me-

chanical torque of the mass block. Mass block 1 corre-

sponds to the rotor shaft section of the synchronous 

generator. Thus, 1 eT T  , where eT  is the electromag-

netic torque, expressed as: 

e 0 0 0 0q d d q d q q dT i i i i                    (5) 

The shafting parameters of the turbo-generator are 

obtained from a thermal power plant in Guangdong 

province, as shown in Table Ⅱ. 

TABLE Ⅱ 

TURBO-GENERATOR SHAFTING PARAMETERS  

Mass 
INERTIA 

 (kg·m2) 

Spring constant 

 (N·m/rad) 

Damping 

 (N·m·s/rad) 

HP 7.051 95×103 2.920 94×107 (HP-IP) 364.7562 

IP 2.358 76×104 6.278 85×107 (IP-LPA) 60.7927 

LPA 2.030 48×104 8.041 27×107 (LPA-LPB) 60.7927 

LPB 2.226 23×104 1.352 10×108 (LPB-GEN) 1215.854 

GEN 1.151 41×104  0 

B. Steam Turbine 

The turbo-generator examined in this study features 

four pressure cylinders, requiring the adoption of a 

third-order turbine mathematical model. The block 

diagram illustrating the transfer function is depicted in 

Fig. 5. 
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Fig. 5.  Block diagram depicting the transfer function of the steam 

turbine. 

As shown in Fig. 5, the steam turbine’s input is the 

governor-controlled valve opening μ; CHT  and RHT  are 

the time constants of the high-pressure chamber and 

intermediate reheat pipe, respectively; COT  is the time 

constant across the tubes; while 5F , 4F , 3F , and 2F  

are the mechanical power ratios of the cylinders in high, 
medium, and low-pressure stages, respectively, with 
their sum equaling 1. In this study, a power distribution 

ratio of 5 4 3 2: : : 0.3:0.26 :0.22 :0.22F F F F  is used. 

Based on the transfer block diagram, the linearized 
small-signal equation for steam turbine is derived as: 

2 4 4 4 CO 2

3 4 4 4 CO 3

4 5 5 5 RH 4

5 CH 5

( ) 0

( ) 0

( ) 0

(1 ) 0

F T F F T s T

F T F F T s T

F T F F T s T

F T s T

     

     

     
     

                   (6) 

C. Governor 

In this study, we use a hydraulic governor without the 

limiter for control, and the control block diagram is 

depicted in Fig. 6. 

 
Fig. 6.  Block diagram of turbo-generator speed regulator. 

As shown in Fig. 6, 1  and ref  are the actual and 

reference rotor speeds of the synchronous generator, 
respectively; α is the intermediate variable of the inertia 

link output; 
gK is the governor’s amplification factor; 

SMT  is the integration time constant of the oil engine; 

and SRT is the first-order inertia link of the relay. Sub-

sequently, the small-signal linearization equation of the 
speed regulator is expressed as: 

SR g 1

SM

(1 ) 0

(1 ) 0

T s K

T s

 

 

    

    

                     (7) 

D. Impedance Model of Turbo-generator and Verifica-

tion  

At this point, the small-signal linearization equation 
of the turbo-generator can be derived by combining 
(3)–(7) as follows: 

  A y u                                  (8) 

The matrices y  and u  are shown in (A4). Then, 

the relationship between u  and i  is obtained as: 

1
1 1

11 12

TG- 1 1

21 22

( ) ( )

( ) ( )

d d d

dq

q q q

u i iCA CA
Z

u i iCA CA


 

 

         
        

         
(9) 

The matrix C in (9) is: 

1 0 0 0

0 1 0 0

 
  
 

C                    (10) 

The sequence impedance model of the turbo-generator 
is described in [22], and is expressed as: 

1

TG-pp TG-pn

TG-pn TG-

TG-np TG-nn

1 1 1 1
,  dq

Z Z
Z Z

Z Zj j j j


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      
        

(11) 

To validate the impedance model of the tur-
bo-generator proposed in this study, a simulation model 
(shown in Fig. 7) is implemented in 
MATLAB/Simulink, initializing the output power to 
300 MW. The model parameters are detailed in Tables 
Ⅲ and Ⅳ. The theoretical model and frequency scan-
ning results are shown in Fig. 8 which shows that the 
mathematical model of the equivalent impedance aligns 
with the scanning results, revealing resonance peaks at 
27.6, 34.6, 38.2, and 43 Hz. Unlike the low-frequency 
oscillations observed in wind turbine mechanical 
structures [23], [24], the torsional vibration frequencies 
of turbo-generator shafting typically range between 5 
and 50 Hz owing to the specific characteristics of these 
shafts. According to [25], the natural torsional vibration 
frequencies of the turbo-generator evaluated in this 
study are calculated as 7.0, 11.8, 15.4, and 22.4 Hz. 
Therefore, the electrical port’s torsional vibration fre-
quencies complement these, particularly around 50 Hz, 
correlating with the four mentioned resonance peaks. 

 
Fig. 7.  Structure of turbo-generator grid-connected system. 

TABLE Ⅲ 

PARAMETERS OF THE TURBO-GENERATOR 

Symbol Parameter Value 

Nu  (kV) Rated voltage of turbo-generator 22 

NP  (MW) Rated power of turbo-generator 600 

dx  (p.u.) D-axis synchronous reactance 1.65 

qx  (p.u.) Q-axis synchronous reactance 1.59 

sR  (p.u.) Stator resistance 0.0045 

lx  (p.u.) Leakage Reactance 0.14 

fx  (p.u.) Reactance of excitation winding 1.6286 

Dx  (p.u.) Reactance of damping winding D 1.642 

gx  (p.u.) Reactance of damping winding g 1.8606 

Qx  (p.u.) Reactance of damping winding Q 1.5238 

fR  (p.u.) Resistors of excitation winding 0.001 152 

DR  (p.u.) Resistors of damping winding D 0.019 25 

gR  (p.u.) Resistors of damping winding g 0.008 84 

QR  (p.u.) Resistors of damping winding Q 0.0139 
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TABLE Ⅳ 

PARAMETERS OF THE GRID-SIDE SYSTEM  

Symbol Parameter Value 

1 2N N  Ratio of transformer 22/500 

tZ  (Ω) Impedance of transformer 0.25j41.7 

LR  (Ω) Resistor of line 18.5 

LL  (H) Inductance of line 0.637 

gV  (kV) Network voltage 500 

gZ  (Ω) Internal grid impedance 0.5j20.42 

 
Fig. 8.  Simulation and scanning verification of the tur-

bo-generator impedance model. 

Currently, the equivalent circuit impedance of syn-

chronous generators is commonly employed as a sub-

stitute for turbo-generator impedance. The corre-

sponding circuit is illustrated in Fig. 9 [18], [19], and its 

impedance model is expressed as: 

TG a a σ( )Z R s L L                              (12) 

 
Fig. 9.  Schematic diagram of the equivalent circuit of a syn-

chronous generator. 

The impedance model developed in this study is 

compared with the equivalent circuit impedance of a 

synchronous generator, as depicted in Fig. 10. As seen, 

significant differences exist between the two impedance 

curves near the electrical torsional vibration frequency. 

The impedance model of the turbo-generator estab-

lished in this research exhibits a resonant peak near this 

frequency, indicating that shafting characteristics nota-

bly influence the impedance characteristics of the tur-

bo-generator. 

 

Fig. 10.  Comparison of impedance circuits between synchronous 

generators and turbo-generators. 

Ⅳ.   SUB-SYNCHRONOUS OSCILLATION ANALYSIS OF 

TURBO-GENERATOR AND MMC-HVDC 

INTERCONNECTION SYSTEM 

Based on the thermal power plant and nearby 

MMC-HVDC interconnection system structure in the 

Guangdong Province, impedance models for the tur-

bo-generator, MMC, and transmission line are con-

structed.  

Previous research indicates that neglecting frequency 

coupling effects in stability analysis can lead to inac-

curate results [26], [27]. The relationship between 

voltage excitation and current response between the 

turbo-generator and the MMC-HVDC interconnection 

system is depicted in Fig. 11. 

 

Fig. 11.  Relationship diagram depicting voltage excitation and 

current response in the turbo-generator and MMC-HVDC inter-

connection system. 

The expression for the equivalent impedance model 

of the MMC-HVDC interconnection system, account-

ing for frequency coupling effects, can be derived from 

Fig. 11, as shown in (A5). The Bode diagrams of the 

impedance models for the turbo-generator established in 

this study, the synchronous generator equivalent circuit 

model, and the MMC-HVDC interconnection system 

can be obtained, as illustrated in Fig. 12. 
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Fig. 12.  Bode diagram of turbo-generator, synchronous generator 
equivalent circuit, and MMC-HVDC interconnection system 
impedance. 

Figure 12 shows that the amplitude-frequency curves 
of the equivalent circuits for the turbo-generator, syn-
chronous generator, and MMC-HVDC interconnection 
system intersect at 43 Hz. The phase difference between 
the turbo-generator impedance model developed in this 
paper and the MMC-HVDC interconnection system 
exceeds 180°, indicating the presence of 
sub-/super-synchronous oscillations in the system. In 
contrast, the phase difference between the equivalent 
circuit impedance model of the synchronous generator 
and the MMC-HVDC interconnection system is only 
153.6°, indicating stable system without oscillation. 

An electromagnetic transient model is constructed in 
MATLAB/Simulink to verify these findings. The cur-
rent spectrum analysis results at the common connec-
tion point of the turbo-generator and the MMC-HVDC 
interconnection system, under oscillation conditions, 
are illustrated in Figs. 13 and 14. 

 
Fig. 13.  Oscillation current waveform at the PCC of the tur-

bo-generator and MMC-HVDC interconnection system (Phase A). 

 
Fig. 14.  Spectrum analysis of oscillating current. 

Based on the current waveform and spectrum analysis 

results, the system current exhibits 43 Hz and 57 Hz 

harmonic components during the hybrid operation of 

the turbo-generator and the MMC-HVDC interconnec-

tion system. Over time, the current oscillates and di-

verges, leading to unstable system operation. The 

time-domain simulation results match the theoretical 

analysis using the developed turbo-generator imped-

ance model, while contradict the analytical results based 

on the equivalent circuit impedance of the synchronous 

generator. This discrepancy arises because the imped-

ance model based on the synchronous generator equiv-

alent circuit primarily considers the electrical charac-

teristics of the turbo-generator while neglecting the 

influence of shafting on impedance characteristics. 

Therefore, it fails to effectively analyze the oscillation 

risks near the natural frequency of the shafting system. 

This demonstrates the proposed model’s ability to ac-

curately assess stability in modern power systems in-

corporating power electronics and calculate 

sub-/super-synchronous oscillation frequencies. 

Ⅴ.   ADAPTIVE VIRTUAL DAMPING OSCILLATION 

SUPPRESSION STRATEGY BASED ON MODULATION LINK 

AND CASE ANALYSIS 

Based on the analysis results in Section Ⅳ, it is evi-

dent that the combined operation of the turbo-generator 

and MMC-HVDC interconnection system may lead to 

sub-/super-synchronous oscillations. Therefore, this 

section proposes an adaptive virtual damping oscillation 

suppression strategy based on modulation link to sup-

press such oscillations. 

The concept behind this control strategy is to intro-

duce an equivalent virtual resistance into the bridge arm 

of the MMC converter by modifying the modulation 

signal input. This enhances system damping and effec-

tively suppresses the oscillations. The controller struc-

ture diagram is depicted in Fig. 15, where refu  is the 

initial voltage modulation signal input; ui and li  are the 

upper and lower bridge arm currents of the MMC con-

verter; VR is the virtual damping coefficient; and refou  is 

the voltage modulation signal after incorporating virtual 

damping. 

 

Fig. 15.  Virtual damping control structure based on modulation 

link. 

One of the key aspects of the virtual damping con-

troller is to determine the virtual damping coefficient 

VR , which reflects the equivalent increase in resistance 
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in the bridge arm. If the coefficient is too small, it will 

have negligible effect on suppressing the 

sub-synchronous oscillations, whereas if too large, it 

can impact the normal converter modulation process. 

Therefore, an adaptive algorithm is proposed to search 

for optimal virtual damping coefficients across varying 

operational conditions, as Fig. 16 showing its flowchart. 

 

Fig. 16.  Adaptive virtual damping oscillation suppression algo-

rithm using modulation link. 

Referring to the parameters in Section Ⅳ and in-

creasing the output power of the turbo-generator to 600 MW, 

sub-/super-synchronous oscillations are induced in the 

system. Using the adaptive virtual damping coefficient 

acquisition algorithm depicted in Fig. 16, the obtained 

results are shown in Table Ⅴ. 

TABLE Ⅴ 

ADAPTIVE VIRTUAL DAMPING COEFFICIENT ACQUISITION 

Iterations 
Virtual damping 

coefficient 

Phase  
Difference 

( )   

Phase margin ( )  

1 0.1 240.67 −60.67 

2 0.2 231.43 −51.43 

3 0.3 221.22 −41.22 

4 0.4 210.41 −30.41 

5 0.5 199.6 −19.6 

6 0.6 189.39 −9.39 

7 0.7 180.18 −0.18 

8 0.8 172.14 7.86 

As seen from Table Ⅴ, after eight iterations, the sys-

tem oscillation current converges when V 0.8,R   

eliminating the sub-/super-synchronous oscillation. 
Subsequently, the controller is integrated into the sys-

tem by setting the virtual damping coefficient VR  to 0.8. 

The impedance curves of the turbo-generator and the 
MMC-HVDC interconnection system before and after 
integrating the controller are shown in Fig. 17, and the 
intersection information at 43 Hz is summarized in 
Table Ⅵ. 

 
Fig. 17.  Comparison of system impedance curves before and 
after virtual damping control implementation. 

TABLE Ⅵ 

INTERSECTION OF IMPEDANCE CURVES BEFORE AND AFTER 

VIRTUAL DAMPING CONTROLLER ACTIVATION  

V 0.8R   
Intersection 

frequency 

(Hz) 

Impedance 

phase of 

TG ( )Z   

Impedance 

phase of 

FIS ( )Z   

Phase 

difference 

( )  

Before 43.0  179.8 −75.6 255.4 

After 43.0 179.8 7.7 172.1 

It is evident that in the frequency bands prone to os-
cillation (such as 43 Hz, 57 Hz, and 86 Hz), the im-
pedance phase of the MMC-HVDC interconnection 
system noticeably increases, thereby enhancing the 
system’s phase margin and stability. Consequently, the 
phase difference at the intersection is less than 180°, 
ensuring system stability without oscillation. The 
comparison of time-domain EMT simulation results 
before and after implementing the oscillation suppres-
sion strategy is illustrated in Fig. 18. 

 

 

 
Fig. 18.  Comparison of system current simulation results before 
and after virtual damping controller operation. (a) Before the 
virtual damping controller operates. (b) After the virtual damping 
controller operates. (c) FFT analysis results. 
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Figure 18 demonstrates that the system transitions 
from oscillation to a stable operation state after imple-
menting the virtual damping controller. FFT analysis 
results align with the calculations from the adaptive 
virtual damping acquisition algorithm, validating the 
effectiveness of the designed adaptive virtual damping 
suppression strategy in this study. 

To further demonstrate the effectiveness of vibration 
suppression, the controller is introduced into the system 
when the system starts oscillating (around 9 s), and the 
resulting trend of the system’s oscillation current is 
depicted in Fig. 19. As seen, the system begins to diverge 
between 6–9 s, but gradual converges after applying the 
oscillation suppression strategy, demonstrating its 
effectiveness. 

 
Fig. 19.  System current waveform after the suppression strategy 

is applied at 9 s. 

Ⅵ.   CONCLUSION 

In this study, an impedance model of the tur-

bo-generator considering shafting characteristics is 

developed. Using a case study of oscillations at a 

thermal power plant and MMC-HVDC interconnection 

system in Guangdong province, China, the accuracy of 

the model proposed in this paper is confirmed, and an 

adaptive virtual damping oscillation suppression strat-

egy is designed. The following conclusions are drawn. 

1) The impedance model of the turbo-generator es-

tablished in this paper is more accurate than the tradi-

tional model in the sub-synchronous frequency band. 

2) The established impedance model can accurately 

analyze oscillation issues in modern power systems 

with power electronic devices. 

3) An adaptive virtual damping suppression strategy 

based on a modulation link is designed, successfully 

suppressing the system’s sub-synchronous oscillation.  

Finally, the findings of this research provide both a 

model and practical insights for analyzing the stability 

of power systems incorporating turbo-generators and 

power electronics converters. 
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