
A Multi-Mode Sub-Synchronous Damping Controller 

for Renewable-Thermal-Bundled Power 

Transmission by LCC-HVDC System 
Jiaqing Zhang, Chunyi Guo, Senior Member, IEEE, Lie Xu, Senior Member, IEEE 

Abstract—With the increase of renewable power generation, 

multiple poorly-damped or unstable sub-synchronous oscillation 

(SSO) modes induced by various devices may coexist in the 

renewable-thermal-bundled power transmission by LCC-HVDC 

system, including SG-based torsional SSOs and converter-based 

electromagnetic SSOs. Due to the complex dynamic interactions, 

it is still challenging to develop the consistent interpretation of 

the control interactive mechanism for different SSO modes, and 

to design a supplementary controller for multi-mode SSO 

suppression. To address these, this paper establishes the system 

equivalent single-input single-output (SISO) transfer function 

model for each SSO mode, by retaining its dominant energy 

storage element dynamic of the correlated device, and then their 

respective SSO stability is evaluated from a unified damping 

torque perspective. Subsequently, the interaction paths of key 

control loops contributing to the damping of each SSO mode are 

derived. On this basis, a damping enhancement capability index 

is proposed to identify the preferred control loop for the damping 

controller placement. Based on phase compensation and gain 

adjustment of the key control loop interaction path, a multi-mode 

sub-synchronous damping controller (MSDC) is proposed to 

realize the targeted damping compensation for different modes. 

Finally, the proposed MSDC approach is validated on a PV-

thermal-bundled power transmission by LCC-HVDC system, 

which effectively suppresses the PV-induced, LCC-induced or 

SG-induced SSOs.  

Index Terms— Renewable power generation, LCC-HVDC, multi-

mode, supplementary damping controller, sub-synchronous 

oscillation, damping path decomposition. 

I. INTRODUCTION

N recent decades, renewable power generation (RPG) has 

surged worldwide. To promote the renewable energy 

consumption (e.g., photovoltaic (PV) and wind power) in 

remote regions, the line commutation converter based high-

voltage direct current (LCC-HVDC) technology has been 

widely applied to transmit bundled renewable and thermal 

power across long distance in China [1], including Hami-

Chongqing HVDC project, Jiuquan-Hunan HVDC project, 

Hami-Zhengzhou HVDC project and so on. 
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With the ever-increasing ratio of RPGs, such systems with 

weak grid strength characteristics are being vulnerable to sub-

synchronous oscillations (SSO) issues, including synchronous 

generator-based (SG-based) shaft torsional oscillation and 

converter-based electromagnetic oscillations [2]. This also 

implies the potential risks of multi-mode SSOs in the 

renewable-thermal-bundled power transmission by LCC-

HVDC system. Consequently, there arises a need to analyze 

and suppress the SSOs in such high-penetrated RPG system. 

The concerned system in this paper comprises various 

devices, such as SG, voltage source converter (VSC) and 

LCC. The existing studies have investigated the SSOs induced 

by these devices. The thermal power units carry an inherent 

risk of shaft torsional oscillation [3], while the VSC-based 

renewable energy plants (REPs) or LCC-HVDC connected to 

weak grids may suffer from electromagnetic SSOs that 

correlate with the interaction between internal different control 

loops [4]-[5]. In hybrid device scenarios, [6]-[9] further 

analyze the sub-synchronous torsional interaction (SSTI) 

between the SG and a nearby VSC-based wind turbine or an 

LCC-HVDC link. [10]-[11] point out the dynamic interaction 

between the LCC-HVDC and different types of wind farms 

may also lead to the growing electromagnetic SSOs risks. 

However, the above studies mainly focus on the interactive 

mechanism of individual SSO mode in specific single-device 

or multi-device scenarios. For the renewable-thermal-bundled 

power transmission by LCC-HVDC system, control 

interaction among various devices will be strengthened under 

higher RPG penetration conditions. As a result, multi-mode 

SSOs induced by various devices probably coexist in this 

scenario. It also becomes a necessity to evidently differentiate 

the effects of different control loops on the stability of 

multiple SSO modes in such a complex system. 

As for the various device-induced SSO suppression, 

different strategies have been developed in existing studies, 

such as supplementary damping controllers [5]-[7], [12]-[17] 

and controller parameters optimization/tuning [9], [18]. To 

mitigate the SG’s SSTI instability, an active damping 

controller is added to the outer DC voltage control (DVC) or 

inner current control loop to reshape the output impedance of 

VSC through the impedance-based analysis method [6]-[7]. In 

[9], the dominant contributing device of SSTI is identified and 

control parameters of LCC-HVDC are optimized to eliminate 

the torsional oscillation. [12] embeds a sub-synchronous 

damping controller (SSDC) in the DC current controller 

(DCC) of LCC rectifier station to attenuate the interaction

[12]. In terms of VSC-induced SSO issues, the additional 

damping controllers with various structures have been 
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designed for the main control loops that cause the SSOs in 

different types of REPs [13]-[15]. Additionally, the virtual 

impedance technique is employed by either the inner or outer 

virtual impedance controller to mitigate SSOs in the VSC 

systems [16]. For the stability enhancement of LCC-induced 

SSOs, [5] studies the control interaction between DCC and 

phase-locked loop (PLL), and then develops an impedance 

reshaping strategy based on phase-locked angle feedforward 

(PAF) to damp the SSO. [17] introduces an impedance 

reshaping strategy for the sending-end LCC-HVDC system. 

[18] adjusts the key LCC controller parameters to eliminate

the SSO via the node participation factor (PF) and the 

sensitivity analysis. In addition to the above suppression 

approaches designed for a single SSO mode, some studies 

have proposed the multimodal SSDC strategy, which is 

targeted at the stabilization of SG’s different torsional modes 

[19]-[20]. 

Existing methods have effectively suppressed SSOs caused 

by a single mode or multiple torsional modes in scenarios with 

individual or multiple devices. However, the renewable-

thermal-bundled power transmission by LCC-HVDC system 

studied in this paper may face the risks of diverse types of 

SSOs, further complicated by multi-device interactions. In 

such cases, parameter optimization is likely to be limited by 

controller performance or bandwidth requirements, while 

direct application of existing supplementary damping 

controllers to suppress various device-induced SSOs in this 

system poses the following challenges: 

1) Selection of the supplementary controller location: The

controller locations designed for mitigating the same SSO 

mode are diverse in existing studies, as controllers are placed 

in different device control loops, from the perspective of 

impedance analysis or damping torque analysis. 

2) Potential negative impact of the supplementary

controller on non-target modes: In systems with multiple 

poorly-damped SSO modes, if the input signal used in single-

mode control strategies contains information from other 

modes, it may adversely impact these modes and even induce 

new oscillations.  

Due to the above limitations, this article aims to design a 

supplementary multi-mode sub-synchronous damping 

controller (MSDC) for the oscillation suppression. 

Considering the multi-mode SSO characteristics and intricate 

control interactions among various devices in the studied 

system, the MSDC design needs to address three key 

questions: 1) How to establish a unified perspective for 

analyzing stability mechanisms of various device-induced 

SSOs, where the contribution of key control loop dynamics 

and their interaction also can be elucidated; 2) How to identify 

the preferred control loop for targeted damping compensation 

at each SSO mode; 3) How to develop a damping controller 

with a general design framework for different types of SSO 

modes, enhancing the stability of the target mode while 

minimizing its impact on other non-target modes. 

Actually, the traditional SG’s torsional oscillation has been 

well analyzed via the complex torque coefficient method [21] 

(or net damping analysis method [22]), where the damping 

torque can be extracted to evaluate the SSO stability based on 

the rotor’s speed-torque response dynamic. Some researchers 

have also extended this method to analyze the stability of 

poorly-damped modes regarding other types of equipment, 

such as LCC-/ VSC-induced SSO stability assessment [23]-

[25]. This is achieved by modeling converter’s internal energy 

storage element (ESE) dynamic as analogous to SG’s rotor 

behavior. It provides a consistent analytical perspective for 

understanding various device-induced SSO mechanisms. 

Motivated by this, this paper develops a damping-torque-

based MSDC approach to improve the multi-mode SSO 

stability of the renewable-thermal-bundled power transmission 

by LCC-HVDC system. The main contributions of this paper 

are summarized as: 

1) From a unified damping torque perspective, the

stabilities of various device-induced SSOs are evaluated via 

their respective equivalent single-input single-output (SISO) 

transfer function model, and then the interaction paths of key 

control loops contributing to the damping of each SSO mode 

are newly decomposed. 

2) A damping enhancement capability index is proposed to

quantitatively evaluate the stabilization potential of each 

control loop interaction path for each SSO mode, facilitating 

the placement of supplementary damping controller for 

effective stability enhancement. 

3) An MSDC is designed to suppress various device-

induced SSOs through the damping torque compensation in 

key control loop interaction paths, which integrates mode-

specific input signal selection, preferred output signal 

injection location selection and targeted damping 

compensation design. 

The rest of this paper is structured as follows. System 

small-signal modeling and adopted stability analysis methods 

are given in Section II. Based on damping torque method, 

Section III decomposes the system damping paths contributing 

to the stability of each SSO mode from the controller level. 

The SSDC design is presented in Section IV. Section V 

conducts a case study on a PV-thermal-bundled power 

transmission by LCC-HVDC system. Section VI compares the 

MSDC with existing methods, and discusses some practical 

application challenges. Finally, Section VII concludes this 

article. 

II. SYSTEM SMALL-SIGNAL MODELING AND SSO STABILITY 

ANALYSIS 

A. System Structure

Fig. 1 displays a generic structure of renewable-thermal-

bundled power transmission by LCC-HVDC system. A cluster 

of REPs and thermal power plants are integrated through step-

up transformers and AC transmission lines into the main grid, 

and then their generated power is delivered to the remote load 

center via the LCC-HVDC link. 



Fig. 1. A generic structure of renewable-thermal-bundled power transmission 

by LCC-HVDC system. 

B. Small-Signal Modeling and SSO Stability Analysis

To analyze various device-induced SSOs in the study 

system from the damping torque perspective, the dominant 

rotor-like energy storage element needs to be identified for 

each SSO mode first, which can be fulfilled by eigenvalue 

analysis. Therefore, both the eigenvalue analysis based on 

state-space model and damping torque analysis based on the 

SISO transfer function model are conducted in this paper. 

1) State-Space Model and Eigenvalue Analysis

Considering the study system comprises diverse devices, 

the REPs can be represented using aggregated equivalent 

models [9], and then the modular modeling method is adopted 

to establish the state-space model of the overall system. The 

study system in Fig. 1 can be divided into k device-based 

subsystems (i.e., the VSC-based REPs, the SG-based thermal 

power plants and LCC-HVDC) interconnected through a 

common AC network, as illustrated in Fig. 2. The interface 

variables between each device and the common AC network 

are selected as active/reactive power (P/ Q) and terminal 

voltage magnitude/phase (U/θ). 

Fig. 2. Subsystem interconnection diagram of the study system in Fig. 1. 

The state-space models of various devices have been well 

established in [9], [26] which are not repeated here. The 

general form of the linearized model for device i (i=1, 2, …, k) 

is described as 

i i i i i

i i i i i

 =  + 


 =  + 

X A X B U

Y C X D U
  (1) 

where Δ represents the increment; Xi is the state vector; 

Ui =[Pi, Qi]T and Yi =[Ui, θi]T are input and output vectors; Ai, 

Bi, Ci and Di are coefficient matrices. 

Similarly, the state-space model of the common AC 

network comprising step-up transformers and AC transmission 

lines is represented by 

ac ac ac ac ac

ac ac ac ac ac

 =  + 


 =  + 
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where Xac is the state vector; Uac=[Y1
T, Y2

T, …, Yk
T]T and 

Yac=[U1
T, U2

T, …, Uk
T]T are input and output vectors; Aac, Bac, 

Cac and Dac are coefficient matrices. 

By integrating the linearized models of different devices 

with the common AC network through interface variables, the 

state-space model of the overall system can be obtained as 

sys sys sys = X A X  (3) 

where Xsys is the state vector of the overall system; Asys 

denotes the state matrix, through which the poorly-damped or 

unstable SSO modes can be identified, as well as their strongly 

correlated ESEs and control loops based on PF analysis [3]. 

2) Equivalent SISO Transfer Function Model and

Damping Torque Analysis 

For the SG-induced torsional oscillation, the SSO stability 

can also be assessed through the rotor dynamic analysis. The 

rotor’s motion equation is given by 

eg md / dJ ω t T T =  −                           (4) 

where J denotes the rotor inertia; ΔTm and ΔTe are the change 

in mechanical and electrical torques; Δωg is the change in 

rotor speed. 

The relationship between ΔTm/ΔTe and Δωg through the 

mechanical/ electrical subsystem can be expressed as 

m m g

e e g

( )

( )

T G s ω

T G s ω

 = 
 = 

 (5) 

where transfer function Gm(s) describes the dynamics of 

turbine-governor system and multi-mass shaft, while Ge(s) 

represents the electrical dynamics. Note that Gm(s) and Ge(s) 

can be obtained by redefining the input/output vectors in the 

aforementioned state-space model and then applying the 

Laplace transform [27]. 

Referring to the complex torque coefficient method [21], 

through the mathematical derivation, ΔTm and ΔTe can be 

decomposed into 

m m g m g

e e g e g

( ) ( )

( ) ( )

T D ω ω K ω θ

T D ω ω K ω θ

 = −  − 

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      (6) 

where Δθg is the change in rotor phase; Km(ω) and Ke(ω) are 

the mechanical and electrical synchronizing torque 

coefficients with respect to ω, respectively; Dm(ω) and De(ω) 

are the mechanical and electrical damping torque coefficients 

with respect to ω, respectively. They can be calculated by  

m m

e e

m m

e e

( ) Im[ ( )]

( ) Im( ( )]

( ) Re[ ( )]

( ) Re[ ( )]

K ω ω G jω

K ω ω G jω
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     (7) 

where Re [·] and Im [·] give the real and imaginary parts, 

respectively. 

Combining (4) and (6), the rotor’s motion equation can be 

rewritten as 

g m e g m e gd / d ( ) ( )J ω t D D ω K K θ = − +  − +           (8) 

If the total damping torque coefficient at each torsional 

frequency ωs satisfies DΣ(ωs)=Dm(ωs) +De(ωs) >0, the SG will 

not experience unstable SSTI oscillations.  

As for both VSC- and LCC-induced SSOs, an analogous 

method can be used to assess the stability. Generally, 
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converter-induced SSO modes are formed through the joint 

effects of ESE and controllers. The damping torque analysis 

can be conducted from the dominant ESE’s or controller’s 

perspective by focusing on an integral link with the high PF 

[15]. In this paper, this method is based on ESE dynamics 

due to its dominant role in concerned SSO modes (refer to 

the case system analysis in Section V). 

Fig. 3 compares the ESE dynamics in three devices, where 

the VSC’s DC-link capacitor and LCC’s DC-side inductor 

follow dynamic equations similar to the SG’s rotor. In Fig. 3, 

x denotes the energy storage state variable, corresponding to 

the rotor speed ωg in SG, DC voltage Ud in VSC and DC 

current Id in LCC. Pin and Pe are the input-side and output-

side power of the DC capacitor/ inductor. C and L represent 

the DC capacitance and inductance respectively. 

Fig. 3. Comparison of the ESE dynamics in SG, VSC and LCC. 

Subsequently, by retaining the key ESE dynamic, Fig. 4(a) 

displays the system equivalent SISO transfer function model 

for converter-induced SSO analysis, as well as its 

corresponding second-order form with decomposed total 

synchronizing torque coefficient KΣ(ω) and total damping 

torque coefficient DΣ(ω) in Fig. 4(b). 

Fig. 4. System equivalent SISO transfer function model when analyzing 

converter-induced SSOs. (a) First order form. (b) Second order form. 

Transfer function Gin(s)/Ge(s) in Fig. 4(a) models the 

dynamics from Δx to ΔPin/ΔPe. The unbalanced power is 

denoted as ΔPunb. Torque coefficients KΣ(ω) and DΣ(ω) at the 

frequency ω in Fig. 4(b) are calculated by 

in e in e

in e in e

( ) ( )+ ( ) Im[ ( )] Im[ ( )]

( ) ( )+ ( ) Re[ ( )]+Re[ ( )]

K ω K ω K ω ω G jω ω G jω

D ω D ω D ω G jω G jω





= = −


= = −
  (9) 

Further, the relationship between the SSO stability and the 

two torque components can be characterized by the phasor 

diagram on the Δx-Δx/s plane, as shown in Fig. 5. The stability 

criterion for the considered SSO mode at the oscillation 

frequency ωs is given by: 1) the sliding instability occurs when 

KΣ(ωs) <0; 2) the oscillation instability arises when KΣ(ωs) >0 

and DΣ(ωs) <0; and 3) this SSO mode remains stable when 

KΣ(ωs) >0 and DΣ(ωs) >0. Note that the synchronizing torque 

component keeps positive in the study of this paper. 

Consequently, the SSO stability analysis herein focuses on the 

damping torque component. 

 
Fig. 5. Phasor diagram for the relationship between the SSO stability and the 
two torque components on the Δx-Δx/s plane. 

As analyzed above, by establishing the equivalent SISO 

transfer function model based on the dominant ESE, various 

device-induced SSOs can be evaluated from a unified 

damping torque perspective. 

III. SYSTEM DAMPING PATH DECOMPOSITION FOR DIFFERENT

CONTROL LOOPS BASED ON DAMPING TORQUE METHOD 

Multiple control loops across various devices exhibit multi-

timescale dynamic interactions, collectively determining the 

SSO stability characteristics in the study system. The relevant 

interaction information is merged into the transfer function 

Gin/m(s) or Ge(s). To further elucidate the relationship between 

multi-control-loop interactions and the SSO stability, damping 

path decomposition is conducted at the controller level based 

on the damping torque method in this section. 

PF analysis can provide a preliminary means to identify the 

key control loops contributing to one SSO mode. Assuming 

the stability of the concerned SSO mode can be analyzed from 

the ESE of Device i., and given that n control loops exhibit 

high participation factors in this mode, the system equivalent 

transfer function model in Fig. 4(a) can be rearranged as Fig. 6, 

by extracting these key control loops from the associated 

transfer function Ge(s). 

Fig. 6. System equivalent transfer function model with n key control loops 

extracted. 

In Fig. 6, the linearized controller input-output pairs Δuⱼ and 

Δyⱼ (j=1, 2, …, n) interact through respective transfer function 

Hj(s). The input-output dynamic of the residual electrical 

network (excluding extracted control loops) is given by 
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where J denotes the frequency-domain transfer matrix of the 

residual electrical network. 
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The expression in (10) without the output variable ΔPe (the 

same form applies to ΔTe) of ESE is written as 

c0

11 12 1 101 1

2 21 22 2 2 20

1 2 0

    

    

      

   

n

n

n nn n nn n

J J J Ju y

u J J J y J
x

u yJ J J J

       
      

       = + 
      
      

          

J'J'U' Y

     (11) 

The controller input-output characteristic is described as 

=Y' HU'                                        (12) 

where the diagonal matrix H=diag(H1, H2,…, Hn). 

The dynamic from the output variable Δx of ESE through 

the residual electrical network and different controllers to the 

input variable ΔPe is represented by 
r0

e 00P J x =  + J Y'  (13) 

where Jr0=[J01, J02, …, J0n] is the first row of J after removing 

J00. 

Substituting (11) into (12) yields 
1 c0( ) x−= − Y I H J' 'J H  (14) 

where I is an identity matrix. 

Further, through substitution of (14) into (13), the resultant 

expression becomes 
r0 1 c0

e 00 ( )P J x x− =  + − J I H J'J H  (15) 

Define a row vector F1×n=[F1, F2, ..., Fₙ]=Jr0(I-HJ')-1, which 

yields the final expression 

e 00 1 1 10 2 2 20 0( )n n nP J F H J F H J F H J x = + + + + (16) 

According to (16), n control loop interaction paths and one 

residual electrical network interaction path can be decomposed, 

as displayed in Fig. 7. This disturbance path decomposition 

approach preserves the core branch originating from Δx 

through the electrical network to each controller’s input, 

thereby providing the fundamental model for the subsequent 

design of the supplementary controller’s output signal 

injection location. In Fig. 7, the red-dashed part is the 

supplementary damping compensation path, which will be 

elaborated in Section IV. For each control loop interaction 

path (assuming the j-th path, j=1,2, …, n), the change in x first 

induces the variation in uj through the residual electrical 

network (corresponding to transfer function Jj0(s)), and then 

the disturbance is processed by controller j (corresponding to 

transfer function Hj(s)), resulting in the variation in yj. 

Subsequently, the disturbance feeds back to the residual 

electrical network and undergoes the joint regulation by all 

extracted controllers (corresponding to transfer function Fj(s)), 

ultimately producing the change in Pej. The residual electrical 

network interaction path at the power output side, which does 

not pass through the extracted controllers, is merged with the 

damping path at the power input side, collectively referred to 

as the residual interaction path. 

Fig. 7. System equivalent multi-path transfer function model. 

Finally, the total damping torque coefficient DΣ(ωs) of the 

concerned SSO mode can be decomposed into damping 

coefficients of control loop interaction path (denoted as 

De1(ωs), De2(ωs),…, Den(ωs)) and the damping coefficient of 

the residual interaction path (denoted as Dother (ωs)). These 

components are calculated by 
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IV. THE MULTI-MODE SUB-SYNCHRONOUS DAMPING 

CONTROLLER (MSDC) 

Based on the damping torque method in Section II and the 

system equivalent multi-path transfer function model in 

Section III, the damping torque compensation principle is 

utilized to design an MSDC in this section. 

A. Damping Controller Design Principle

As illustrated in Fig. 8, when the unbalance power phasor (-

ΔPunb) lies in the fourth quadrant of the Δx-Δx/s plane, its 

projection on the Δx axis produces a negative damping torque 

component (DΣ<0), indicating the system SSO instability. In 

this case, an additional power phasor ΔPadd can be introduced 

to compensate for the lacking damping torque component, 

rendering the total damping positive (DΣ'=DΣ+Dadd >0), as 

indicated by the red- and blue-dashed phasors in Fig. 8. 

Fig. 8. Phasor diagram with an additional damping component on the Δx-Δx/s 
plane. 

In Fig. 8, The damping compensation effect depends on 

both the magnitude and phase of the phasor ΔPadd. A greater 

damping compensation component Dadd is achieved with a 

higher ΔPadd magnitude and smaller phase angle δ between 

ΔPadd and Δx. For this purpose, a damping controller with the 
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structure shown in Fig. 9 is introduced, primarily composed of 

a filter, a phase compensator and gain blocks. 

Fig. 9. Structure of the supplementary damping controller. 

The input signal of the supplementary damping controller 

can be selected from measurable system quantities with 

adequate observability to the concerned SSO mode. In this 

study, the state variable Δx of ESE is adopted as the input. 

The output signal is usually superimposed on the reference 

input of the system controller associated with the SSO mode. 

As shown in Fig. 7, the supplementary controller (represented 

by transfer function Gdamp(s)) is assumed to inject its output 

signal into the controller 1’s input. This establishes a damping 

compensation path originating from Δx through the sequence 

Gdamp(s)→H1(s)→F1(s), generating an additional power torque 

ΔPadd to enhance the damping in the concerned SSO mode. 

ΔPadd and its resultant damping Dadd at the oscillation 

frequency ωs are expressed by 

add 1 1 damp

add add

( ) ( ) ( )

Re[ / ]

P F s H s G s x

D P x

 = 


=  
      (18) 

It can be seen that Dadd is jointly determined by the original 

system’s transfer function F1(s)H1(s) and the damping 

controller’s transfer function Gdamp(s). To ensure the sufficient 

enhancement, the damping controller design focuses on two 

key aspects: 1) Selecting an appropriate control loop 

interaction path in the original system that exhibits the 

relatively strong stabilization potential. That is to say, 

Fj(s)Hj(s) (j=1, 2,…, n) with the larger magnitude at s=jωs is 

preferable. This allows for smaller gain requirements in the 

damping controller; 2) Aligning the vector phase of Fᵢ(s)Hᵢ(s) 

with Δx at s=jωs via the phase compensator in the damping 

controller, i.e., achieving δ=0, thereby maximizing the 

damping compensation effectiveness. 

Accordingly, a damping enhancement capability index ηj, 

which quantitatively evaluates the stabilization potential of 

control loop j interaction path for the concerned SSO mode, is 

defined as 

s s s( ) ( ) ( )j j jF j H j          (19) 

The above design approach can be applied to suppress 

various device-induced SSOs. Accordingly, a general MSDC 

block diagram is presented in Fig. 10. Different SSO modes 

are first paired with their dominant device’s ESE. Then the 

state variable x from each ESE is sent into the MSDC to 

generate additional compensation signals. These signals are 

injected into different device’s control loops, and thus 

enhances the damping in multiple SSO modes. Meanwhile, the 

band-pass filters are employed to extract the target mode 

within the designated frequency band and isolate interactions 

among different SSO mode control channels, enabling the 

independent design of individual damping control channel. 

Fig. 10. Structure of MSDC. 

B. Parameter Design for MSDC

For each unstable SSO mode, the parameter design of the 

corresponding damping control channel in the MSDC follows 

the procedure below. 

Step 1): Selecting the Input Signal 

The PF characterizes both observability and controllability 

of state variables in one mode [3]. By comparing the PFs of 

energy storage state variables in different devices, the 

dominant ESE with the highest PF can be identified for this 

SSO mode. Then the corresponding energy storage state 

variable is selected as the control channel’s input signal. 

Step 2): Selecting the Output Signal Injection Location 

Through the PF analysis, the control loops highly correlated 

with the unstable SSO mode are identified. Based on the 

system equivalent SISO transfer function model, the multi-

control-loop interaction paths are further obtained. Then the 

control loop with the maximum ηj value can be selected as the 

output signal injection location. 

Step 3): Determining the Filter Parameters 

The transfer function of a second-order bandpass filter is 

given by 

f 2 2

c

2π
( )

2π

Bs
G s

s Bs
=

+ + 
   (20) 

where B denotes the bandwidth; ωc is the center angular 

frequency close to the dominant SSO angular frequency. 

Generally, the frequencies of shaft torsional modes remain 

constant, while the frequencies of electromagnetic oscillation 

modes vary with operating conditions. If the frequency drift 

range is from fmin to fmax, B and ωc can be calculated by 

max min

c max min2π

B f f

f f

 = −  


=

   (21) 

where ⌈·⌉ represents the ceiling operation. 

Step 4): Determining the Phase Compensator Parameters 

The form of the phase compensator is given by  

ph1
ph ph

2

1
( ) ( )

1

nsT
G s k

sT

+
=

+
 (22) 

where nph is the number of lead-lag block; T1 and T2 are time 

constants; The gain kph is designed such that the magnitude of 

Gph(jωc) equals 1. 

To achieve δ=0 in Fig. 8, the required phase compensation 

angle ϕ is expressed as 

c c( ) ( )j jF j H j  = − − (23)

Accordingly, parameters T1, T2 and kph can be calculated by 
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where θ is the compensated angle of each lead-lag block, 

which should be not exceed 60° [28]. 

Step 5): Determining the Gain kg 

The gain block is utilized to regulate the damping Dadd. Due 

to the limitations of controller output, the lower gain is 

recommended when the sufficient damping is achieved. Based 

on the damping torque method, the minimum gain kpmin to 

stabilize an unstable SSO mode at ωs is 

 
 

s

pmin

s
1, ,

( )

max ( )j
j n

D
k



 


=

∈

 (25) 

Given the frequency drift characteristic in electromagnetic 

oscillation modes and the necessity of system stability margin, 

a damping margin coefficient p (p>1) is introduced to adjust 

the gain. kₚ is then calculated by 

p p mink pk=  (26) 

where p should be adaptively tuned to meet the damping 

requirements of SSO modes, which can be supported by a 

combination of theoretical analysis and simulation test. Note 

that applying (26) achieves the desired damping compensation 

only under the condition of a constant mode frequency. 

Step 6): Checking the Damping Compensation Effectiveness 

For each unstable SSO mode, the damping control channel 

parameters can be designed by following Step 1) –5). Finally, 

iterative parameter tuning may be required for the overall 

MSDC to ensure the satisfactory damping compensation 

effectiveness. Additionally, the influence of MSDC on system 

other modes needs to be checked. 

V. CASE STUDY

This section presents a case study in which multiple device-

induced SSOs may be excited in the system. The proposed 

MSDC is employed to damp multi-mode SSOs, and its 

effectiveness is validated by PSCAD/EMTDC simulation. 

A. A Study System of PV-Thermal-Bundled Power

Transmission by LCC-HVDC and its Multi-Mode SSO 

Phenomena 

Based on the sending-end grid configuration of Jiuquan-

Hunan HVDC project in Northwest China, a case study 

system containing various devices is shown in Fig. 11, with 

PV plants selected as the representative REPs. The bundled 

high-proportioned PV and thermal power are sent to 750kV 

AC network through step-up transformers and AC lines, and 

then transmitted to central China power grid via an LCC-

HVDC link (the monopolar system of 800kV/4000MW is 

adopted here, and the obtained results are also applicable for 

bipolar system). The thermal power plant includes two 

1000MW SGs, while the PV plant consists of 4000 parallel 

1MW PV units. Assuming that the power output variation of 

each unit is identical under varying operating conditions, an 

aggregated model can be applied for both thermal power plant 

and PV plant. 

In Fig. 11, ω
sg 

g  is the SG’s rotor and U
pv 

d  is the DC voltage of 

VSC’s DC-link capacitor. I
lcc 

dr (I
lcc 

di ) denote the DC current 

through rectifier-side (inverter-side) smoothing reactor. Psg 

and Ppv (Psg+Ppv=1) represent the output proportions of PV 

and thermal power at the point of common coupling (PCC) 

respectively. The thermal power unit with a six-winding 

generator and a five-mass shaft includes turbine-governor 

control and excitation control [29]. The VSCs in PV plant 

utilizes the DVC, reactive power control (RPC) and vector 

current control (VCC). The LCC rectifier and inverter stations 
operate under DCC and DVC control strategy, respectively. 

The system main parameters are given in Table I. 

Fig. 11. A study system of PV-thermal-bundled power transmission by LCC-

HVDC. 

TABLE I 
MAIN SYSTEM PARAMETERS 

Group Parameter Value 

Step-up transformer 

Transformer ratio  

T1, T2, T3, T4 (kV/kV) 

27/787.5, 0.4/35, 

35/330, 330/787.5 

Leakage reactance 
X1, X2, X3, X4 (pu) 

0.18, 0.065, 
0.12, 0.12 

AC line 

Length of AC line 1, 2 (km) 50, 50 

Resistor (Ω/km) 0.0146 

Inductor (mH/km) 0.838 

PV controller 
bandwidth 

DVC, RPC, PLL, VCC(Hz) 20, 3, 15, 300 

LCC-HVDV 

controller bandwidth 
DCC, DVC, PLL (Hz) 10, 20, 10  

The state-space model of the study system can be 

established according to the method in Section II-B. Through 

the eigenvalue analysis at Psg=Ppv=0.5pu, the system 

oscillation modes exhibiting relatively weak damping ratios in 

the sub-synchronous frequency band are summarized in Table 

II. The PFs of energy storage state variables in different ESEs

for the six modes are listed in Table III. The results show that 

Mode 1 and 2 are the PV-dominated and LCC-dominated 

modes, respectively. Mode 3, 4 and 5 are all SG-dominated 

mode (i.e., shaft torsional modes), while Mode 6 corresponds 

to a SG’s shaft internal model, which is unobservable in the 

electrical system and thus will not be considered in this paper. 

TABLE II 
SYSTEM EIGENVALUES IN THE SUB-SYNCHRONOUS FREQUENCY BAND 

Mode Eigenvalue Frequency/Hz Damping ratio/% 

1 -3.937 ± j119.89 19.08 3.28 
2 -10.849 ± j64.05 10.19 16.70 

3 -0.122 ± j99.72 15.87 0.123 

4 -0.149 ± j160.10 25.48 0.093 
5 -0.049 ± j202.50 32.23 0.024 

6 -9.8×10-7 ± j298.18 47.46 3.3×10-7 
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TABLE III 
PFS OF ENERGY STORAGE STATE VARIABLES FOR DIFFERENT SSO MODES 

Mode 
PFs of energy storage state variables 

Modal property 
ω

sg 

g  U
pv 

d  I
lcc 

dr  I
lcc 

di

1 0.01 0.25 0.10 0.01 PV-dominated mode 

2 0 0.12 0.27 0.01 LCC-dominated mode 

3 0.99 0.14 0.03 0 SG-dominated mode 
4 0.24 0 0 0 SG-dominated mode 

5 0.36 0 0 0 SG-dominated mode 

6 0 0 0 0 SG’s shaft internal mode 

Given the variable operating conditions on the source side, 

when the power output ratio between PV and thermal power is 

changed, the system eigenvalue loci are shown in Fig. 12. 

Fig. 12. System eigenvalue loci when Psg decreases from 0.5pu to 0.1pu. 

From Fig. 12, with Psg decreasing from 0.5pu to 0.1pu, 

Mode 3, 2 and 1 all move rightward across the imaginary axis, 

becoming unstable at Psg=0.33pu, 0.23pu and 0.16pu 

respectively. This manifests the multi-mode SSO phenomena 

in the study system. 

Combined with the PFs in Table III, Mode 1, 2 and 3 are 

respectively dominated by the ESEs of three different types of 

devices, suggesting that the damping of each mode can be 

evaluated from the perspective of different ESEs (i.e., the 

VSC’s DC capacitor, the LCC rectifier’s DC inductor and the 

SG’s rotor). In the following analysis, these three modes are 

referred to as PV, LCC and SG modes. 

Based on the damping torque method introduced in Section 

II-B, Fig. 13 further displays the curves of total damping

coefficients for these modes versus Psg. For comparison, the 

real parts of their corresponding eigenvalues are also 

presented. As Psg decreases, the total damping coefficients of 

SG mode, LCC mode and PV mode alters from positive to 

negative at 0.33 pu, 0.23 pu and 0.16 pu, respectively. The 

results obtained from damping torque analysis and eigenvalue 

analysis show good consistency. 

Fig. 13. The curves of the real part of the eigenvalue of SSO modes and the 
damping coefficient of SSO modes as Psg varies. (a) PV mode. (b) LCC mode. 

(c) SG mode. 

Furthermore, when Psg varies within the range of 0.1–0.5pu, 

the system can be divided into four intervals based on Psg 

values, as shown in Fig. 14. 

Fig. 14. The damping torque components of SG, LCC and PV modes with 
varying Psg values. 

Specifically, the system remains stable when Psg∈(0.33, 

0.5] pu, the SG-induced SSO occurs when Psg∈(0.23, 0.33] pu, 

and both SG-induced and LCC- induced SSOs are excited 

when Psg∈(0.16, 0.23] pu. Finally, the PV-induced SSO also 

emerges when Psg≤0.16 pu. 

B. Multi-Mode Damping Path Decomposition of Study System

To obtain key control loops contributing to the three SSO 

modes, Fig. 15 compares the PFs of state variables associated 

with controllers in the SG, PV, LCC rectifier and LCC 

inverter devices. From the controller level, these modes are 

primarily governed by the combined effects of DVC, RPC and 

PLL in the PV plant, along with the DCC and PLL in the LCC 

rectifier station. It reveals the coupled control interactions 

among different subsystems in a multi-device scenario. 

Fig. 15. PFs of state variables associated with controllers in different devices 

Subsequently, the above five controllers are extracted from 

the equivalent SISO transfer function model of the study 
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system. Fig. 16 shows the general form of decomposed multi-

control-loop interactive paths for each SSO mode, where six 

decomposed interaction paths are obtained. The measured DC 

voltage U
pv 

dm , the measured reactive power Q
pv

m , the q-axis 

voltage V
pv 

gq , the measured DC current I
lcc 

drm and the q-axis PCC 

voltage V
lcc 

pccq are the corresponding controller inputs, while the 

d-axis current reference I
pv 

gdref, the q-axis current reference I
pv

gqref, 

the phase angle from PV’s PLL θ
pv 

pll , the trigger angle order α
lcc 

ord 

and the phase angle from LCC rectifier’s PLL θ
lcc 

pll are 

controller outputs. 

Fig. 16. General form of decomposed multi-control-loop interactive paths for 

each SSO mode in the study system. 

Controller transfer functions Hj(s) (j=1, …, 5) are given by 

1 p1 i1

2 p2 i2

2

3 p3 i3

4 p41 i4

2

5 p5 i5

( ) ( / )

( ) ( / )

( ) ( / / )

( ) /

( ) ( / / )

H s k k s

H s k k s

H s k s k s

H s k k s

H s k s k s

= − +
 = − +


= − +
 = +


= − +

 (27) 

where kpj and kij are proportional and integral gains of PI 

controllers. 

Taking the unstable operating condition of Psg=0.1pu as an 

example, Table IV presents the damping path decomposition 

results for the three unstable modes. Note that for the PV 

mode, transfer functions J20(s)–J50(s) in Fig. 16 yield zero 

values, consequently producing zero damping coefficients in 

their corresponding paths. 
TABLE IV 

DAMPING PATH DECOMPOSITION RESULTS FOR THREE UNSTABLE MODES 

Mode D
i 

Σ D
i 

e1 D
i 

e2 D
i 

e3 D
i 

e4 D
i 

e5 D
i 

other 

PV mode (i=1) -0.05 -0.05 0 0 0 0 -1×10-6 
LCC mode(i=2) -0.23 -1.48 0.07 0.19 -0.52 -0.34 1.85 
SG mode (i=3) -4.01 -4.17 -2.56 -4.35 0.23 -0.52 7.36 

C. Application of MSDC in Study System

The damping control channel design procedure introduced 

in Section IV-B is adopted to improve the damping of PV 

mode. The input signal is selected as the incremental DC-link 

voltage ΔU
pv 

d  in the PV plant according to PF results in Table 

III. Fig. 17 shows ηj values corresponding to Path 1–5 in Fig.

16 under different Psg values (covering Range IV defined in 

Fig. 14). Due to the preferred stabilization potential of the 

DVC control loop interaction path, the control channel output 

signal is injected into the PV plant’s DVC input. 

Fig. 17. ηj values of Path 1–5 for PV mode under different Psg values. 

Given the frequency range of 125–135 rad/s for PV mode, 

the filter bandwidth and center frequency are configured as 

B=2Hz and ωc=130rad/s through (21). Then, the required 

phase compensation angles ϕ at different Psg values, calculated 

via (23), are plotted in Fig. 18, which exhibit minimal 

variation across operating conditions. Consequently, a single 

lead-lag block is implemented to provide a 39° phase lead 

(nph=1, kph=0.473, T1=0.0161, T2=0.0036). 

Fig. 18. Required phase compensation angles ϕ for PV mode at different Psg. 

The required damping compensation varies with different 

Psg values. Here, the operating point of Psg=0.1pu is 

considered due to its poor stability condition. Subsequently, 

the influence of the damping margin coefficient p on the 

damping effect is analyzed. Fig. 19 shows the system 

eigenvalue loci with PV-mode control channel as p increases 

from 0 to 30 at Psg=0.1pu, while Fig. 20 presents the real part 

of the PV mode eigenvalue and its corresponding 

compensated damping coefficient as a function of p. 

Fig. 19. System eigenvalue loci when p increases from 0 to 30. 

Fig. 20. Curves of the real part of the eigenvalue of PV mode and its 

compensated damping coefficient as a function of p. 

From Fig. 19, as p initially increases, the real part of PV 

mode shifts from positive to negative while its frequency 

remains unchanged. Meanwhile, the PV-mode control channel 

introduces a new mode (black dashed line in Fig. 19), which 

shifts rightward with the increase of p. As PV mode 
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approaches this new mode, the stabilizing effect of increasing 

p weakens, along with a frequency shift in PV mode. 

Correspondingly, Fig. 20 shows that, when p∈[0, 2.5], the 

damping of PV mode increases rapidly, with its frequency 

remaining nearly constant. Within this range, the gain kg 

calculated using (26) can achieve the intended damping 

enhancement. However, when p exceeds 2.5, the improvement 

rate slows, and the mode frequency shifts. This indicates that 

the damping compensation effect of kg from (26) may deviate 

from the design goal. Generally, p should be adjusted based on 

the mode trajectory and the damping requirements of SSO 

modes. This paper selects p=2, where the mode frequency 

remains almost constant, for damping enhancement of each 

SSO mode. The expected damping coefficient of each mode 

shifts from its original negative value (-D
i 

Σ) to its positive 

counterpart (D
i 

Σ).  

Based on (26), the gain kg for PV mode is calculated as 

g 2 | 0.05 | /3.05 0.033k =  − =                    (28) 

Similarly, the damping control channels for LCC and SG 

modes can be designed by following the same procedure. 

Their respective input signals are the LCC rectifier’s DC 

current and the SG’s rotor. The output signals are fed to the 

DCC in the rectifier station and the DVC in the PV plant 

respectively, according to the stabilization potential evaluation 

results of different control loop interaction paths in Fig. 21. 

The parameters for the filter, phase compensator and gain 

blocks are provided in Table V. 

Fig. 21. ηj values of Path 1–5 under different Psg values. (a) For LCC mode. (b) 
For SG mode. 

TABLE V 
DAMPING CONTROL CHANNEL PARAMETERS OF LCC AND SG MODES 

Block LCC-mode control channel SG-mode control channel 

Filter B=2Hz, ωc=48 rad/s B=1Hz, ωc=100 rad/s 

Phase 

compensator 

ϕ=113°, nph=2, kph=0.302, 

T1=0.0692, T2=0.0063 

ϕ=106°, nph=2, kph=0.333, 

T1=0.0297, T2=0.0033 

Gain kg=0.40 (p=2) kg=4.66 (p=2) 

From the above, the final MSDC control block diagram 

applied in the study system is obtained as Fig. 22, which 

includes an enable block in each damping control channel. 

Under steady-state conditions, the increment of input signal is 

nearly zero (Δx≈0). When SSO occurs and the instantaneous 

amplitude of the incremental input signal Δx reaches a 

predefined threshold, the enable signal switches to logic high 

(“1”), thereby activating the corresponding SSO mode control 

channel. The activation thresholds could be set as ±5% for ΔU
pv 

d , ±5% for ΔI
lcc

dr  and ±0.3% for Δω
sg 

g  (±0.15Hz deviation). 

Fig. 22. MSDC control block diagram applied in the study system. 

Subsequently, the compensated damping results for the 

three SSO modes at Psg=0.1pu are summarized in Table VI. 

Comparing with the uncompensated results in Table IV, the 

total damping torque components of PV, LCC and SG modes 

improve to 0.04, 0.18 and 4.02 (from original values of -0.05, 

-0.23 and -4.01). The results essentially achieve the expected

damping enhancement effects as designed (with p=2 in (26)). 

TABLE VI 
THIS IS A SAMPLE OF A TABLE TITLE 

Mode D
i 

Σ D
i 

e1 D
i 

e2 D
i 

e3 D
i 

e4 D
i 

e5 D
i 

other 

PV mode 0.04 0.04(↑) 0 0 0 0 -1×10-6 
LCC mode 0.18 -1.44 0.08 0.19 -0.16(↑) -0.34 1.85 
SG mode 4.02 3.86 (↑) -2.56 -4.35 0.23 -0.52 7.36 

Furthermore, Fig. 23(a)-(c) present the system eigenvalue 

distributions at Psg=0.1 pu when the damping control channel 

for each SSO mode is activated individually. Fig. 23(d) 

displays the result when all three damping control channels are 

activated simultaneously. 

Fig. 23. System eigenvalue distributions with different controllers. (a) With 
PV-mode control channel. (b) With LCC-mode control channel. (c) With SG-

mode control channel. (d) With control channels of the three modes. 

As shown in Fig. 23(a)-(c), compared with the original case, 

the individual activation of each SSO mode control channel 

shifts only its corresponding target mode into the left-half 

plane, while having negligible impacts on other modes’ 

locations in the complex plane. Note that the black circled 

modes represent those newly introduced by the damping 

control channels. Fig. 23(d) manifests that when the three 
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control channels of MSDC are activated simultaneously, the 

originally unstable modes are all stabilized, achieving the 

designed multi-mode SSO suppression. 

D. Simulation Verification of MSDC for Multi-Mode SSO

Suppression 

The following five cases are set to validate the effectiveness 

of the MSDC for suppressing different device-induced SSOs 

by the time-domain simulations in PSCAD/EMTDC. 

1) Case 1: Verification of MSDC for SG Mode Oscillation

Suppression under Psg Variation Scenarios. Initially, the 

system operates stably at Psg=0.4 pu (point A in Fig. 14). 

During 5s<t<6s, Psg is changed to 0.3 pu (point B in Fig. 14). 

The system responses in Fig. 24 shows that a 15.96 Hz 

(3/0.188s) oscillation is induced, which closely agrees with the 

torsional frequency of 15.87 Hz (99.72/2π) calculated from the 

small-signal model. When Δω
sg 

g  reaches the predefined ±0.3% 

threshold, the SG-mode control channel is activated, and the 

SSO is effectively mitigated. 

Fig. 24. System responses when Psg is changed from 0.4pu to 0.3pu. (a) 

Thermal power output. (b) SG’s rotor speed. (c) LCC rectifier’s DC current. 

(d) PV’s DC-link voltage. 

2) Case 2: Verification of MSDC for LCC Mode

Oscillation Suppression under Psg Variation Scenarios. 

Initially, the system operates stably at Psg=0.3 pu (point B in 

Fig. 14) with SG-mode control channel active. During 5s<t<6s, 

Psg is reduced to 0.2 pu (point C in Fig. 14) and the system 

responses are shown in Fig. 25. A 9.38Hz (3/0.32s) oscillation 

is excited in the system. The calculated frequency of unstable 

LCC mode is 9.10Hz (57.19/2π), consistent with the 

simulation result. Then, when ΔI
lcc 

dr  exceeds the predefined ±5% 

threshold, the LCC-mode control channel is also activated, 

suppressing the system oscillation. 

Fig. 25. System responses when Psg is changed from 0.3pu to 0.2pu. (a) 
Thermal power output. (b) SG’s rotor speed. (c) LCC rectifier’s DC current. 

(d) PV’s DC-link voltage. 

3) Case 3: Verification of MSDC for PV Mode Oscillation

Suppression under Psg Variation Scenarios. Initially, the 

system operates stably at Psg=0.2 pu (point C in Fig. 14) with 

both SG-mode and LCC-mode control channels active. During 

5s<t<6s, Psg decreases to 0.1 pu (point D in Fig. 14). As shown 

in Fig. 26, this excites a 20.98 Hz (3/0.143s) SSO in the 

system, which shows good agreement with the theoretical 

frequency of 20.99 Hz (131.89/2π) from small-signal analysis. 

When ΔU
pv 

d  exceeds the predefined ±5% threshold, the PV-

mode control channel is deblocked to successfully suppress 

the SSO. 

Fig. 26. System responses when Psg is changed from 0.2pu to 0.1pu. (a) 

Thermal power output. (b) SG’s rotor speed. (c) LCC rectifier’s DC current. 

(d) PV’s DC-link voltage. 

Furthermore, the effects of different p values in (26) (i.e., 

0.5, 2 and 30) on suppressing the PV-induced SSO are 

compared. As illustrated in Fig. 27, the PV-induced SSO 

cannot be effectively suppressed with p=0.5. In contrast, when 

p=2 or p=30, the oscillation can be effectively suppressed, and 

the convergence is slightly faster for p=30 than for p=2. 

Therefore, selecting p=2 in the studied system has already 

provided a satisfactory improvement in the damping of PV 

mode. The simulation results are consistent with the 

theoretical analysis of Fig. 19 and Fig. 20. 

Fig. 27. System responses when Psg is changed from 0.2pu to 0.1pu in Case 3. 

(a) Thermal power output. (b) PV’s DC-link voltage. 

4) Case 4: Verification of MSDC for SG Mode Oscillation

Suppression under AC Line Impedance Variation Scenarios. 

The system initially operates stably at Psg=0.4pu (operating 

point A). During 5s<t<6s, the 750 kV AC line length from the 

PV plant to the PCC is changed from 50km to 130km (denoted 

as operating point E). As shown in Fig. 28, SG mode 

(theoretical eigenvalues: 0.02±j99.72) is excited at the 

operating point E, inducing a 15.96Hz (3/0.188s) oscillation. It 
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closely agrees with the calculated torsional frequency of 15.87 

Hz (99.72/2π). When Δω
sg 

g  reaches the predefined ±0.3% 

threshold, the SG-mode control channel is activated, 

effectively mitigating the SSO. 

Fig. 28. System responses when the length of the AC line is changed from 50 
km to 130 km. (a) Thermal power output. (b) SG’s rotor speed. (c) LCC 

rectifier’s DC current. (d) PV’s DC-link voltage. 

4) Case 5: Verification of MSDC for LCC Mode

Oscillation Suppression under Control Parameter Variation 

Scenarios. Initially, the system operates stably at Psg=0.4pu 

(operating point A). At t=5s, the DVC bandwidth in the PV’s 

VSC is changed from 20Hz to 35Hz (denoted as operating 

point F). As shown in Fig. 29, the LCC mode (theoretical 

eigenvalues: 0.09± j65.64) is excited, producing a 10.42Hz 

(3/0.288s) oscillation, which agrees with the calculated 

frequency of 10.45Hz (65.64/2π). Then, the LCC-mode 

control channel is activated and effectively mitigates the LCC-

induced SSO. 

Fig. 29. System responses with MSDC when the DVC bandwidth in the PV’s 

VSC is changed from 20Hz to 35Hz. (a) Thermal power output. (b) SG’s rotor 
speed. (c) LCC rectifier’s DC current. (d) PV’s DC-link voltage. 

Therefore, the above five cases demonstrate that the 

proposed MSDC effectively suppresses SG-induced, LCC-

induced and PV-induced SSOs in the study system, which also 

verify the accuracy of the developed small-signal model and 

its corresponding theoretical analysis. 

VI. SOME DISCUSSIONS ON THE PROPOSED METHOD

This section compares the proposed MSDC method with the 

existing supplementary control method. It also evaluates the 

MSDC performance under large-signal events and parameter 

uncertainties. Challenges in real-time implementation are also 

discussed. 

A. Comparison between Proposed MSDC and Existing

Supplementary Control Method 

Existing SSO suppression strategies are mainly targeted at 

one single mode. For comparison, Case 5 in Section V-D, 

where only the LCC-induced instability occurs, is selected to 

evaluate the proposed MSDC against existing phase-locked 

angle feedforward (PAF)-based control method in [5]. The 

comparison focuses on their influence on other modes when 

suppressing LCC-induced oscillation. 

For Case 5, with only the LCC-mode control channel in 

proposed MSDC activated, the system eigenvalue distributions 

at the operating point F are shown in Fig. 30. The black-

circled mode represents a newly introduced mode by this 

control. Compared to the case without supplementary control, 

the designed control channel effectively moves LCC mode to 

the left half-plane, while keeping other modes largely 

unaffected. The simulation results of Fig. 29 also agree with 

the above theoretical analysis. 

Fig. 30. System eigenvalue distributions with proposed LCC-mode control 

channel. 

The PAF-based control in [5] enhances the system stability 

by attenuating the interaction between DCC and PLL in the 

LCC rectifier, which feeds forward the PLL output θPLL to the 

DCC, as depicted in the red path of Fig. 31. 

Fig. 31. PAF-based control block. 

In Fig. 31, the PAF control GPAF(s) is represented by 

PAF f d( ) ( ) ( )G s G s sK s= (29) 

where Gf(s) is a first-order low-pass filter to avoid the effects 

of high frequency harmonics, whose cut-off frequency is set as 

30Hz according to the frequency range of interest in this paper; 

sKd(s) is the compensation controller, and 

Kd(s)=(1+sT1p)/(1+sT2p). 

Fig. 32 shows the system eigenvalue distributions at the 

operating point F with PAF-based control applied for three T1p

and T2p combinations ((T1p, T2p)=(0.5, 0.2), (0.5, 0.4) and (1, 

0.2)). Compared to the case without supplementary control, 

the PAF control successfully shifts LCC mode to the left half-

plane, but also causes changes in the locations of other modes. 
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This can be explained by multiple modes simultaneously 

falling within the frequency range of the low-pass filter in the 

PAF control. Notably, for (T1p, T2p)=(1, 0.2), the PAF control 

stabilizes the LCC mode while simultaneously exciting the 

nearby SG mode. 

Fig. 32. System eigenvalue distributions with PAF-based control strategy. 

Furthermore, the oscillation suppression effect of PAF 

control with the parameter setting (T1p, T2p)=(1, 0.2) is verified 

through PSCAD simulation in Case 5. The system dynamic 

responses are shown in Fig. 33. When ΔI
lcc 

dr  reaches the 

predefined ±5% threshold, the PAF control is activated and 

successfully mitigates the LCC-induced SSO. However, it also 

induces a new oscillation caused by SG mode 

(3/0.188=15.96Hz). The simulation results agree with the 

above theoretical analysis of Fig. 32. 

Fig. 33. System responses with PAF control when the DVC bandwidth in the 

PV’s VSC is changed from 20Hz to 35Hz. (a) Thermal power output. (b) SG’s 

rotor speed. (c) LCC rectifier’s DC current. (d) PV’s DC-link voltage. 

Therefore, when multiple poorly-damped modes are present 

within the sub-synchronous frequency range, the PAF control 

in [5], designed for single-mode stabilization, may 

unintentionally weaken the damping of nearby modes and 

even cause new oscillations. By contrast, the proposed MSDC 

can improve the damping of the concerned mode while 

avoiding adverse effects on other modes. 

B. Applicability of MSDC in Cases of Large-Signal Event and

Parameter Uncertainty 

The applicability of the proposed MSDC under large-signal 

events is further evaluated. In Case 1 of Section V-D, 

assuming a larger thermal power output reduction of 0.3pu at 

the initial operating point A (Psg=0.4pu) during 5s<t<7s, the 

system dynamic responses as it switches to operating point D 

(Psg=0.1pu) are shown in Fig. 34. 

Fig. 34. System responses when Psg is changed from 0.4pu to 0.1pu. (a) 

Thermal power output. (b) SG’s rotor speed. (c) LCC rectifier’s DC current. 
(d) PV’s DC-link voltage. 

According to the small-signal model, SG mode 

(0.43±j99.72), LCC mode (4.75±j53.01) and PV mode 

(1.09±j132.28) are all excited at the operating point D. Fig. 34 

presents that an 8.60Hz SSO (3/0.349s) caused by LCC mode 

is firstly observed and mitigated by the activation of LCC-

mode control channel. Then, a 20.98Hz SSO (3/0.143s) 

caused by PV mode is timely suppressed as ΔU
pv 

d  reaches the 

predefined ±5% threshold. Finally, a 15.96Hz SSO (3/0.188s) 

induced by SG mode is damped when Δω
sg 

g  hits the predefined 

±0.3% threshold. The proposed MSDC effectively suppresses 

multi-mode oscillations under large-signal events. 

In practical engineering, electrical component parameters 

are affected by operating conditions and manufacturing 

tolerance [30]-[31], which may also influence the MSDC 

performance. According to the engineering design 

specifications in China, the relative errors of electrical 

component components between the actual and nominal 

values should remain within ±3% [32]. To study the impact of 

parameter uncertainty on MSDC performance, +3%/-3% 

deviations are applied to AC line reactance Lline (Case 1), LCC 

rectifier’s DC inductor L
lcc 

dr  (Case 2), and VSC’s DC capacitor 

C
pv 

d  (Case 3), with corresponding thermal power output results 

in Fig. 35(a)-Fig. 35(c). 
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Fig. 35. The dynamic responses of thermal power output. (a) Parameter 

uncertainty on AC line reactance in Case 1. (b) Parameter uncertainty on LCC 
rectifier’s DC inductor in Case 2. (c) Parameter uncertainty on VSC’s DC 

capacitor in Case 3. 

It can be observed that parameter uncertainties have some 

impacts on the divergence rate of the excited oscillation and 

the activation time of the MSDC, but the control can still 

effectively mitigate the SSOs. 

In summary, the proposed MSDC control remains effective 

in suppressing various device-induced SSO under some large-

signal events or model uncertainties. Therefore, the designed 

control exhibits a certain degree of robustness. 

C. Real-Time Implementation Challenges of MSDC

The real-time implementation of MSDC may face some 

other challenges in practical engineering, including the impact 

of latency, the impact of controller switching, and the 

extended applicability of MSDC to other systems. 

1) Impact of Latency

In the proposed MSDC, the signals of LCC-mode and PV-

mode control channels are implemented locally, while the SG-

mode control channel uses the SG’s rotor speed as input signal, 

and applies the output signal to a remote PV plant, relying on 

the wide-area monitoring system (WAMS) for signal 

measurement and transmission. This introduces the latency of 

tens to hundreds of milliseconds [33]-[34], thereby causing 

phase lags at key oscillation frequencies and weakening 

MSDC performance. If necessary, phase compensation units 

can be introduced to offset phase lag and reduce the impact of 

large latency on damping control [33]. 

2) Impact of Controller Switching

The proposed MSDC is activated when the instantaneous 

oscillation amplitude in the input signal exceeds a predefined 

threshold. In practical applications, additional logic 

discrimination is necessary to differentiate between oscillation 

and fault events, ensuring the controller is not unintentionally 

activated during faults. Additionally, the MSDC is designed 

based on the classical control structure of each device in this 

paper, but changes in original control strategies under rapidly 

changing grid conditions may impact its oscillation 

suppression performance. These aspects still require further 

investigation for practical implementation. 

3) Extended Applicability of MSDC to Other Systems

The proposed MSDC is applicable to systems with multiple 

devices interconnected via AC/DC grids, such as multi-infeed 

or multi-terminal HVDC systems. However, these high-order 

systems can pose computational challenges. To address this, 

simplified modeling can be employed by identifying key 

devices and control loops based on preliminary simulations. 

For instance, in multi-infeed HVDC systems, if interactions 

between sending and receiving ends are negligible, the 

sending-end system can be simplified into an equivalent 

model (e.g., the equivalent current source), focusing on 

receiving-end oscillations to reduce complexity. 

Additionally, the proposed method relies on damping torque 

analysis for low- and sub-synchronous frequency stability. It is 

unsuitable for medium- or high-frequency oscillations. 

However, in multi-terminal or multi-infeed HVDC systems 

with multi-mode SSO issues, techniques like damping path 

decomposition, damping enhancement capability evaluation of 

key control loops, and damping compensation principles 

remain applicable. 

VII. CONCLUSION

This article proposes a damping-torque-based multi-mode 

sub-synchronous damping controller (MSDC) to enhance 

different device-induced SSO stability of the renewable-

thermal-bundled power transmission by LCC-HVDC system. 

The following conclusions can be drawn: 

1) From the damping torque perspective, the equivalent

SISO transfer function model is developed for each SSO mode 

by retaining its dominant energy storage element dynamic. On 

this basis, the SSO disturbance transfer process is decomposed 

into multiple key control loop interaction paths, revealing the 

relationship between the total SSO damping and the 

contributions of different control loops. 

2) The proposed damping enhancement capability index

quantitatively evaluates the stabilization potential of each 

control loop interaction path for the concerned SSO modes. It 

provides guidance for identifying the preferred control loop to 

improve the SSO damping. 

3) The damping improvement approach, based on phase

compensation and gain adjustment of the key control loop 

interaction path, is effectively applied to each SSO mode. By 

incorporating bandpass filter design, the proposed MSDC can 

independently enhance the damping for different SSO modes, 

achieving coordinated multi-mode oscillation suppression. 
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