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Abstract: Modular multilevel converter (MMC) is a new potential power converter architecture for applications that 

require high voltage or high power. In investigating the subsynchronous resonance (SSR) characteristics of MMC, 

detailed small-signal modeling and control design is essential. This paper presents the detailed modeling of MMC in 

D-Q reference frame and analysis of SSR with MMC connected to a turbine-generator supplying a series compensated 

long AC transmission line. This paper proposes a novel subsynchronous damping controller (SSDC) that uses a band 

pass filter (BPF) to extract the subsynchronous frequency components of line current. These subsynchronous 

frequency components are then injected into the transmission line by an MMC controller, which suppresses them 

through the generator. Using D-Q model of the study system with a rating of 892.4 MVA at 60 Hz, eigenvalue analysis 

and transient simulation are used to perform SSR analysis for various series compensation levels from 0.20 p.u to 0.60 

p.u in MATLAB-Simulink. The results of eigenvalue analysis are validated with transient simulation for a step 

disruption of 10% decrement in mechanical input of turbine-generator, which is employed at 0.50 sec and restored at 

1.0 sec. Simulation results with MMC show that damping of torsional modes (TMs) improves in high-frequency range 

of subsynchronous network mode (NMsub), on the other hand, the damping of low-frequency TMs reduces. Therefore, 

it is clear that the damping of torsional interactions increases with MMC. Finally, SSR characteristics are investigated 

with a novel SSDC connected to MMC that is activated at 1.50 sec. The results clearly demonstrate the improvement 

of critical TMs in the system. Thereby reducing the potential risk of SSR at all operating conditions. 

Keywords: Modular multilevel converter (MMC), Subsynchronous resonance (SSR), Small-signal modeling, 

Subsynchronous damping controller (SSDC). 

 

 

1. Introduction 

Series compensation is a widely used approach 

for improving the stability and thermal limitations of 

long AC transmission lines. Nevertheless, usage of 

series compensation may cause the subsynchronous 

resonance (SSR). SSR arises when frequency of an 

electrical mode of series compensated line matches 

with one of the torsional modes (TMs) of a turbine-

generator. The interaction between mechanical 

system and series compensated line can cause 

torsional oscillations on generator shafts, which can 

lead to fatigue and eventually failure if remain 

unattended [1, 2]. The HVDC interconnections are 

currently a well-remarkable alternative to long 

transmission AC line. 

Voltage source converter based HVDC (VSC-

HVDC) is increasing significantly in comparison to 

line commutated converter based HVDC (LCC-

HVDC) due to its inherent benefits [3]. A VSC-

HVDC connected to the turbine-generator doesn’t 

cause potential risk of SSR when compared with 

conventional HVDC systems. In [4], analyzed the 

thorough investigation of SSR analysis caused by a 

VSC-HVDC connected close to turbine-generator 

units. Analysis of SSR was performed with inverter 

and rectifier operation of converter near turbine-

generator. The results show that DC voltage control 

provides a small positive damping on SSR. A series 

compensated long AC transmission line and VSC 

based HVDC system are both originating from same 

substation are presented in [5], and a subsynchronous 
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current injector (SSCI) is proposed to mitigate 

subsynchronous frequency current components that 

flow through generator. The proposed SSCI improves 

damping of a system in the range of TM frequencies 

[5]. To analyze the effect of VSC-HVDC system on 

TMs of adjacent connected thermal generation units 

in [6], a state-space model of the system and an 

eigenvalue analysis are used and also proposed an 

adaptive subsynchronous frequency damping 

controller (SSFDC) to damp the multiple torsional 

modes. 

Due to challenges in control schemes and 

practical constraints in VSC based HVDC systems, 

modular multilevel converters (MMCs) are 

implemented in HVDC transmission systems to meet 

wide-range power applications [7]. Compared with 

VSC, MMC have distinctive features like redundancy 

in operation, modularity, less switching losses, 

voltage level scalability, a significantly reduced THD, 

and improved response in output voltage [8, 9]. The 

modularity in design and other distinctive features 

enable MMC suitable for MMC based HVDC 

transmission systems, energy storage systems and 

FACTS devices [9]. When the MMCs are integrated 

into grids, harmonic resonance and instability can 

arise [10] due to the substantial second harmonics in 

control signals, capacitor voltages, arm currents of 

MMC and AC transmission line configurations. The 

resonance and instability can occur at different 

frequency levels (from a few Hz to kHz) depending 

on control dynamics [11]. Subsynchronous 

oscillation (SSO) is analyzed in wind farm that is 

integrated with an MMC based HVDC transmission 

system, and a stabilization control for mitigating SSO 

is proposed [12]. Proposed stabilization control 

technique suppresses SSO in wind farms connected 

to MMC-HVDC. The eigenvalue analysis is 

employed to study small-signal stability of MMC 

using state space models in [13–15]. In reference [16], 

a multiple phase margin contour plot method is 

proposed to investigate small-signal SSR for a DFIG-

based wind power conversion system (WPCS) 

connected to MMC-HVDC system with various wind 

speeds. The results shows that damping of SSR 

decreases with decreasing wind speed. Reference 

[17] proposes a modal signal injection test to 

investigate subsynchronous torsional interactions 

(SSTI) between full-scale model of practical multi-

terminal MMC-HVDC system and adjacent turbine-

generator under different converter control schemes, 

loading levels, and coupling strength between AC 

networks & MMC-HVDC system. The results of full-

scale model of MMC show that improved damping of 

torsional modes when compared with the simplified 

models. A sub-synchronous oscillation damping 

controller is proposed in MMC-MTDC system for 

SSO suppression [18]. The results show SSDC 

increases electrical damping and thereby reduces 

potential risk of SSO at all critical modes. In [19], 

objective is to mitigate SSO in MMC-HVDC systems 

that integrate renewable energy by the use of MMC-

based technology. To improve system stability and 

resilience, an extra sub-synchronous damping 

controller (ASSDC) based on Active Disturbance 

Rejection Control (ADRC) is proposed. The findings 

demonstrate that proposed ASSDC enhances the 

system's capacity to stabilize at a steady-state 

operating point more rapidly than systems without 

ASSDC. In [20], an MPC-based supplemental SSDC 

is proposed to study characteristics of SSO in MMC-

HVDC linked to wind farms. The method 

successfully reduces SSOs, even when many 

oscillations occur at different frequencies. A state 

feedback decoupling control approach is proposed to 

mitigate SSO in wind farm integration with an MMC-

HVDC transmission system [21]. The demonstrated 

control approach effectively decreases oscillations, 

thereby improving stability and the MMC-HVDC 

system's performance as well. The advanced digital 

power system simulator is used to develop a 

renewable energy base that is connected to a frail AC 

grid through an MMC-HVDC system [22]. The 

system's unstable oscillation risks are assessed using 

the Bode diagram and Nyquist diagram. In 

conclusion, it was inferred that SSO was observed 

between the renewable energy base and the MMC 

HVDC system. From references [12-22], it is noticed 

that subsynchronous oscillations/SSI or SSR 

characteristics are investigated in MMC-HVDC 

systems integrated with wind farms or other RES 

sources and MMC-MTDC system connected to grid.  

This paper explores detailed modeling and 

investigation of SSR characteristics with MMC-

HVDC connected to a multi-mass (six-mass) turbine-

generator supplying a series compensated long AC 

transmission line. In modeling of an MMC-HVDC 

system, dynamics of MMC connected at PCC is 

modeled to investigate SSR characteristics, whereas 

far-end MMC dynamics of MMC-HVDC are 

neglected [12, 23, 24]. Accordingly, dynamics of 

MMC which is at far-end through DC link is 

represented as constant voltage source on DC side. 

The aim of our work is to investigate SSR 

characteristics of MMC connected turbine generator 

supplying a series compensated long AC 

transmission line for various series compensation 
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Figure. 1 Modified IEEE FBM with MMC based HVDC system and long AC transmission line originating from the 

same substation 

levels. In this regard, detailed small- signal modeling 

and control design are essential. In D-Q modeling of 

study system, the switching functions of MMC are 

estimated by fundamental and double fundamental 

frequency components, ignoring higher order 

harmonics. A method of control scheme is used to 

control the active and reactive power independently 

in AC system, and suppress the circulating currents 

in MMC phase-leg arms as well. Which is achieved 

through a cascaded control loops with cross-coupled 

current control loops in order to regulate fundamental 

and double fundamental frequency components of 

MMC output voltage. Later a novel SSDC is 

proposed to suppress subsynchronous frequency 

components pass through turbine generator. In this 

work, effectiveness of a controller for MMC, SSR 

characteristics with MMC, and a novel SSDC 

connected to MMC are analyzed with D-Q model of 

study system using MATLAB-Simulink. SSR 

analysis is   conducted for various series 

compensations from 0.20 p.u to 0.60 p.u with 

eigenvalue analysis and transient simulation. The 

results of eigenvalue analysis are validated with 

transient simulation for a step disruption of 10% 

decrement in mechanical input of turbine generator, 

which is employed at 0.50 sec and restored at 1.0 sec. 

The SSR characteristics with MMC show that 

damping of torsional modes (TMs) improves in high-

frequency range of subsynchronous network mode 

(NMsub), on the other hand, the damping of low-

frequency TMs reduces. Therefore, it is clear that 

damping of torsional interactions increases with 

MMC. Finally, SSR characteristics are investigated 

with a novel SSDC connected to MMC that is 

activated at 1.50 sec. The results clearly demonstrate 

the improvement of critical TMs in the system. 

Thereby reducing the potential risk of SSR at all 

operating conditions. 

The rest of paper presented as, study system and 

methods of SSR analysis are explained in Section 2, 

Section 3 describes the MMC modeling in D-Q 

reference frame and controller for MMC, Section 4 

illustrates analysis of SSR with MMC connected to 

multi-mass turbine-generator, the design of a novel 

SSDC using BPF is illustrated in Section 5, analysis 

of SSR with proposed SSDC connected to MMC is 

given in Section 6, Section 7 provides the conclusions. 

2. Study system and methods of SSR 

analysis 

The analysis of SSR characteristics with MMC 

connected to multi-mass turbine-generator supplying 

a series compensated transmission line requires a 

detailed modeling of the mechanical system and 

electrical system. The study system in this paper is 

modified from the IEEE First Benchmark Model 

(FBM) with MMC. Fig. 1 illustrates the 

simplification of the AC and DC dynamics of MMC-

HVDC with an adjacent turbine generator to study the 

SSR characteristics. The dynamics of far-end 

converter of MMC-HVDC are neglected and 

represented as a constant voltage source as shown in 

Fig. 2(a). Fig. 2 is the simplified system to investigate 

the SSR with MMC nearby turbine-generator 

supplying a series compensated AC long 

transmission line. Study system (see Fig. 2(a)) 

comprises a multi-mass (six-mass) turbine-generator 

model (2.2), series compensated long AC 

transmission line, and MMC. Fig. 2(b) depicts a 

mechanical system (six-mass) of turbine-generator. 

The modeling of a detailed generator model (2.2) and 

six-mass mechanical system is explained in detail [2, 

15] as illustrated in Fig. 2. The parameters of a study  
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Figure. 2 Schematic diagram of the study system: (a) Electrical system and (b) Six mass mechanical system 

Figure. 3 Schematic representation of 3-Φ MMC 

system is computed using the generator’s rated output 

of 892.4 MVA at 60 Hz [25].  

The SSR analysis is carried out for different 

series compensation levels based on eigenvalue 

analysis and transient simulation analysis. Linearized 

models with eigenvalue analysis are used to 

investigate steady-state SSR at the operating point. A 

thorough generator model (2.2) is used to account for 

the generator stator transients and also modeled 

transmission line using lumped inductance and 

resistance, with line transients taken into account to 

analyze the transient SSR. The study system 

equations at operating point are linearized, and 
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Figure. 4 Equivalent circuit of MMC: (a) 1-Փ equivalent circuit, (b) AC side equivalent circuit, and (c) DC side 

equivalent circuit

eigenvalues of a state matrix are computed. The 

location of system matrix’s eigenvalues determines    

stability of a system. If all of the eigenvalues' real 

parts are negative, system is stable. The results of 

eigenvalue analysis are verified with a transient 

simulation of study system. The transient simulation 

analysis is evaluated using D-Q model of the study 

system.   The transient stability is evaluated by 

employing a disruption of 10% reduction in 

mechanical input to the multi-mass turbine-    

generator. The decreasing oscillatory time response 

shows transient stability of study system. 

3. Modeling of MMC 

The MMC typical diagram is illustrated in Fig. 3 

[26-28]. MMC comprises three phase-legs. Two arms 

(lower and upper), each consists of a single series 

inductor and an ‘n’-number of half-bridge 

submodules (HBSMs) that are coupled in a cascading 

fashion, frame a phase-leg. A series inductor (arm 

inductor, Xarm) is used to limit circulating currents 

between arms (lower and upper) of each phase-leg. 

As illustrated in Fig. 3, HBSM is an MMC building 

block composed of two switches (IGBTs) coupled in 

cascaded and one shunt capacitor. IGBTs function in 

a complimentary manner, according to their gate 

pulses. Fig. 4(a), (b), and (c) illustrates the single-

phase equivalent circuit of MMC and its AC & DC 

equivalent circuits respectively [28]. The following 

subsections explain MMC modeling in the D-Q 

reference frame, followed by MMC controllers. 

3.1 Mathematical modeling of MMC in D-Q 

reference frame 

MMC is adequately modeled in a D-Q reference 

frame to perform eigenvalue analysis. In D-Q 

modeling, MMC switching functions are 

approximated by fundamental and double 

fundamental frequency components neglecting 

higher order harmonics.  

Applying KVL to upper and lower loops in  

Fig. 4(a), the following two equations are obtained. 
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𝑉𝑠 − 𝑅𝑚𝐼1 −
𝑋𝑚

𝜔𝐵

𝑑𝐼1

𝑑𝑡
− 𝑅𝑎𝑟𝑚𝐼1𝑝 +

𝑋𝑎𝑟𝑚

𝜔𝐵

𝑑𝐼1𝑝

𝑑𝑡
+ 𝑉𝑝 −

𝑉𝑑𝑐

2
= 0      (1) 

  

𝑉𝑠 − 𝑅𝑚𝐼1 −
𝑋𝑚

𝜔𝐵

𝑑𝐼1

𝑑𝑡
− 𝑅𝑎𝑟𝑚𝐼1𝑛 +

𝑋𝑎𝑟𝑚

𝜔𝐵

𝑑𝐼1𝑛

𝑑𝑡
− 𝑉𝑛 +

𝑉𝑑𝑐

2
= 0      (2) 

 

Fig. 4(a) is simplified into Fig. 4(b) and Fig. (c) 

as an AC and DC equivalent circuits of MMC. From 

which following equations are derived. 

 
𝑋𝑚

𝜔𝐵

𝑑𝐼1

𝑑𝑡
= 𝑉𝑠 − (𝑅𝑚 + 𝑗𝑋𝑚)𝐼1 − 𝑉𝑖  (3) 

 
𝑋𝑎𝑟𝑚

𝜔𝐵

𝑑𝐼𝑑𝑖𝑓𝑓

𝑑𝑡
=

𝑉𝑑𝑐

2
−

𝑉𝑝+𝑉𝑛

2
− (𝑅𝑎𝑟𝑚 + 𝑗2𝑋𝑎𝑟𝑚)𝐼𝑑𝑖𝑓𝑓

      (4) 

 

Where 

 

𝐼𝑑𝑖𝑓𝑓 = 𝐼0 + 𝐼2     (5) 

 

Substituting Eq. (5) into Eq. (4), the following 

expression is derived. 

 
𝑋𝑎𝑟𝑚

𝜔𝐵

𝑑(𝐼0+𝐼2)

𝑑𝑡
=

𝑉𝑑𝑐

2
−

𝑉𝑝+𝑉𝑛

2
− (𝑅𝑎𝑟𝑚 +

𝑗2𝑋𝑎𝑟𝑚)(𝐼0 + 𝐼2)     (6) 

 

From Eqs. (3) and (6), the fundamental frequency 

current components, double fundamental frequency 

current components, and dc side current dynamics of 

MMC as given below are derived by separating 

different frequency components and transforming 

into the D-Q reference frame using Kron’s 

transformation [2]. 

 
𝑋𝑚

ω𝐵

𝑑𝐼1𝐷

𝑑𝑡
= 𝑉𝑠𝐷 − 𝑅𝑚𝐼1𝐷 − 𝑋𝑚𝐼1𝑄 − 𝑉𝑖𝐷  (7) 

 
𝑋𝑚

ω𝐵

𝑑𝐼1𝑄

𝑑𝑡
= 𝑉𝑠𝑄 − 𝑅𝑚𝐼1𝑄 + 𝑋𝑚𝐼1𝐷 − 𝑉𝑖𝑄  (8) 

 
𝑋𝑎𝑟𝑚

ω𝐵

𝑑𝐼2𝐷

𝑑𝑡
= −𝑅𝑎𝑟𝑚𝐼2𝐷 − 2𝑋𝑎𝑟𝑚𝐼2𝑄 − 𝑉𝑐𝑖𝑟𝐷 (9) 

 
𝑋𝑎𝑟𝑚

ω𝐵

𝑑𝐼2𝑄

𝑑𝑡
= −𝑅𝑎𝑟𝑚𝐼2𝑄 + 2𝑋𝑎𝑟𝑚𝐼2𝐷 − 𝑉𝑐𝑖𝑟𝑄       (10) 

 
𝑋𝑎𝑟𝑚

ω𝐵

𝑑𝐼0

𝑑𝑡
=

𝑉𝑑𝑐

2
−

𝑛𝑉𝑐0

2
+

𝑛𝑉1𝑄𝑉𝑐1𝑄

2𝑉𝑑𝑐
+

𝑛𝑉1𝐷𝑉𝑐1𝐷

2𝑉𝑑𝑐
−

𝑛𝑉2𝑄𝑉𝑐2𝑄

2𝑉𝑑𝑐
−

𝑛𝑉2𝐷𝑉𝑐2𝐷

2𝑉𝑑𝑐
− 𝑅𝑎𝑟𝑚𝐼0              (11) 

 

Similarly, the dynamics of DC side namely dc, 

fundamental, and double fundamental frequency 

components of SM capacitor voltages are derived in 

D-Q reference frame as given below [13]. 

 
𝐵𝑐

ω𝐵

𝑑𝑉𝑐0

𝑑𝑡
=

𝐼0

2
+

𝑉1𝐷𝐼1𝐷

4𝑉𝑑𝑐
+

𝑉1𝑄𝐼1𝑄

4𝑉𝑑𝑐
+

𝑉2𝐷𝐼2𝐷

2𝑉𝑑𝑐
+

𝑉2𝑄𝐼2𝑄

2𝑉𝑑𝑐
(12) 

 
𝐵𝑐

ω𝐵

𝑑𝑉𝑐1𝐷

𝑑𝑡
= −

𝐼1𝐷

4
−

𝑉1𝐷𝐼0

𝑉𝑑𝑐
+

𝑉2𝐷𝐼1𝑄

4𝑉𝑑𝑐
+

𝑉2𝑄𝐼1𝐷

4𝑉𝑑𝑐
+

𝑉1𝐷𝐼2𝑄

2𝑉𝑑𝑐
+

𝑉1𝑄𝐼2𝐷

2𝑉𝑑𝑐
+ 𝐵𝑐𝑉𝑐1𝑄              (13) 

 
𝐵𝑐

ω𝐵

𝑑𝑉𝑐1𝑄

𝑑𝑡
= −

𝐼1𝑄

4
−

𝑉1𝑄𝐼0

𝑉𝑑𝑐
−

𝑉2𝑄𝐼1𝑄

4𝑉𝑑𝑐
+

𝑉2𝐷𝐼1𝐷

4𝑉𝑑𝑐
−

𝑉1𝑄𝐼2𝑄

2𝑉𝑑𝑐
+

𝑉1𝐷𝐼2𝐷

2𝑉𝑑𝑐
− 𝐵𝑐𝑉𝑐1𝐷              (14) 

 
𝐵𝑐

ω𝐵

𝑑𝑉𝑐2𝐷

𝑑𝑡
=

𝐼2𝐷

2
+

𝑉2𝐷𝐼0

𝑉𝑑𝑐
+

𝑉1𝐷𝐼1𝑄

4𝑉𝑑𝑐
+

𝑉1𝑄𝐼1𝐷

4𝑉𝑑𝑐
+ 2𝐵𝑐𝑉𝑐2𝑄

                 (15) 

 
𝐵𝑐

ω𝐵

𝑑𝑉𝑐2𝑄

𝑑𝑡
=

𝐼2𝑄

2
+

𝑉2𝑄𝐼0

𝑉𝑑𝑐
+

𝑉1𝑄𝐼1𝑄

4𝑉𝑑𝑐
−

𝑉1𝐷𝐼1𝐷

4𝑉𝑑𝑐
− 2𝐵𝑐𝑉𝑐2𝐷

                 (16) 

 

D-Q components of MMC output voltage are 

expressed below as 

 

𝑉𝑖𝐷 = −
𝑛𝑉𝑐1𝐷

2
+

𝑛𝑉1𝐷𝑉𝑐0

𝑉𝑑𝑐
−

𝑛𝑉1𝐷𝑉𝑐2𝑄

2𝑉𝑑𝑐
−

𝑛𝑉1𝑄𝑉𝑐2𝐷

2𝑉𝑑𝑐
+

𝑛𝑉2𝐷𝑉𝑐1𝑄

2𝑉𝑑𝑐
+

𝑛𝑉2𝑄𝑉𝑐1𝐷

2𝑉𝑑𝑐
               (17) 

 

𝑉𝑖𝑄 = −
𝑛𝑉𝑐1𝑄

2
+

𝑛𝑉1𝑄𝑉𝑐0

𝑉𝑑𝑐
+

𝑛𝑉1𝑄𝑉𝑐2𝑄

2𝑉𝑑𝑐
−

𝑛𝑉1𝐷𝑉𝑐2𝐷

2𝑉𝑑𝑐
−

𝑛𝑉2𝑄𝑉𝑐1𝑄

2𝑉𝑑𝑐
+

𝑛𝑉2𝐷𝑉𝑐1𝐷

2𝑉𝑑𝑐
               (18) 

 

D-Q components of MMC circulating voltage are 

expressed below as 

 

𝑉𝑐𝑖𝑟𝐷 =
𝑛𝑉𝑐2𝐷

2
−

𝑛𝑉1𝐷𝑉𝑐1𝑄

2𝑉𝑑𝑐
−

𝑛𝑉1𝑄𝑉𝑐1𝐷

2𝑉𝑑𝑐
+

𝑛𝑉2𝐷𝑉𝑐0

𝑉𝑑𝑐
  (19) 

 

𝑉𝑐𝑖𝑟𝑄 =
𝑛𝑉𝑐2𝑄

2
−

𝑛𝑉1𝑄𝑉𝑐1𝑄

2𝑉𝑑𝑐
+

𝑛𝑉1𝐷𝑉𝑐1𝐷

2𝑉𝑑𝑐
+

𝑛𝑉2𝑄𝑉𝑐0

𝑉𝑑𝑐
  (20) 

 

The D-Q model of MMC is developed with equations 

from Eq. (7) to Eq. (20) in MATLAB-Simulink. 

3.2 MMC controller 

The controller for MMC [28] is designed to 

control fundamental frequency components of MMC 

output voltage, and to suppress circulating currents 

that pass-through phase-legs of MMC. Control 

structure for MMC is shown in Fig. 5. The following 

subsections give more insight about the structure of 

MMC controller. 
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3.2.1 Fundamental frequency current components 

control  

A scheme of MMC control is used to control 

active and reactive powers independently. Proposed 

power decoupled control consists of a cascaded 

control loops with cross-coupled current control 

loops. The controller for fundamental frequency 

current components is designed based on equations, 

Eq. (7) and Eq. (8). The control structure of MMC 

fundamental frequency current component is 

explored in Fig. 5. Referring to Fig. 5, reference 

values of quadrature and direct axes currents (I1QRef 

and I1DRef) are obtained from active and reactive 

power (Pi and Qi) controllers. The Pi and Qi 

contributed by fundamental frequency component are 

calculated using equations, Eq. (21) and Eq. (22) as 

given below 

 

𝑃𝑖 = 𝑉𝑖𝐷𝐼1𝐷 + 𝑉𝑖𝑄𝐼1𝑄               (21) 

 
𝑄𝑖 = 𝑉𝑖𝐷𝐼1𝑄 − 𝑉𝑖𝑄𝐼1𝐷               (22) 

 

The reference value of MMC output voltage at 

fundamental frequency are expressed in D-Q 

reference frame given below as 

 

𝑉1𝐷𝑟𝑒𝑓 =
1

(𝑛𝑉𝑐0−
𝑛

2
𝑉𝑐2𝑄)

[𝑉𝑖𝐷𝑉𝑑𝑐 +
𝑛

2
(𝑉𝑐1𝐷𝑉𝑑𝑐 −

𝑉2𝐷𝑉𝑐1𝑄 − 𝑉2𝑄𝑉𝑐1𝐷 + 𝑉1𝑄𝑉𝑐2𝐷)]             (23) 

 

𝑉1𝑄𝑟𝑒𝑓 =
1

(𝑛𝑉𝑐0+
𝑛

2
𝑉𝑐2𝑄)

[𝑉𝑖𝑄𝑉𝑑𝑐 +
𝑛

2
(𝑉𝑐1𝑄𝑉𝑑𝑐 −

𝑉2𝐷𝑉𝑐1𝐷 + 𝑉2𝑄𝑉𝑐1𝑄 + 𝑉1𝐷𝑉𝑐2𝐷)]             (24) 

 

3.2.2 Circulating current control 

Circulating current controller for MMC is 

explored in Fig. 5. The circulating current controller 

is designed based on equations, Eq. (9) and Eq. (10)  

to reduce the second harmonic currents in arm 

currents of MMC. The active and reactive power 

contributed by double fundamental frequency 

components are given below as 

 

 
Figure. 5 Controller for MMC
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𝑃2 = 𝑉𝑐𝑖𝑟𝐷𝐼2𝐷 + 𝑉𝑐𝑖𝑟𝑄𝐼2𝑄              (25) 

 
𝑄2 = 𝑉𝑐𝑖𝑟𝐷𝐼2𝑄 − 𝑉𝑐𝑖𝑟𝑄𝐼2𝐷               (26) 

 
The reference value of MMC voltage 

components corresponding to double fundamental 

frequency is expressed in D-Q reference frame given 

below as 

 

𝑉2𝐷𝑟𝑒𝑓 =
1

𝑛𝑉𝑐0
[𝑉𝑐𝑖𝑟𝐷𝑉𝑑𝑐 +

𝑛

2
(−𝑉𝑐2𝐷𝑉𝑑𝑐 +

𝑉1𝐷𝑉𝑐1𝑄 + 𝑉1𝑄𝑉𝑐1𝐷)]                 (27) 

 

𝑉2𝑄𝑟𝑒𝑓 =
1

𝑛𝑉𝑐0
[𝑉𝑐𝑖𝑟𝑄𝑉𝑑𝑐 +

𝑛

2
(−𝑉𝑐2𝑄𝑉𝑑𝑐 −

𝑉1𝐷𝑉𝑐1𝐷 + 𝑉1𝑄𝑉𝑐1𝑄)]               (28) 

 

4. Analysis of SSR  

SSR characteristics of MMC with series 

compensated transmission line is investigated with 

D-Q model of study system using eigenvalue analysis 

and transient simulation. Relying on linearized model, 

eigenvalue analysis is evaluated to examine small-

signal stability of study system at an equilibrium 

point. The eigenvalue analysis is examined without 

and with MMC for different series compensation 

levels. The results of eigenvalue analysis are 

validated with transient simulation. Which is 

performed for a step disruption of 10% decrement in 

the mechanical input of turbine-generator. The 

following subsections explains the eigenvalue 

analysis and transient simulation in detail. 

 

4.1 Eigenvalue analysis 

The state matrix of a linearized study system is 

used to determine its eigenvalues. The location of the 

state matrix’s eigenvalues determines small-signal 

stability. System is stable if all real part of eigenvalue 

is negative. To evaluate maximum undamping of 

TMs, eigenvalue analysis is examined with series 

compensation (Xc2) from 0.20 p.u to 0.60 p.u. Fig. 6 

shows movement of TMs and subsynchronous 

network mode (NMsub) eigenvalues real parts with the 

variation in Xc2 with MMC. Referring to Fig. 6, it is 

evident that torsional modes (TM-1 to TM-4) are 

unstable for a certain range of series compensation. 

From Fig. 6, the series compensation levels 

corresponding to maximum undamping of torsional 

modes are noted to perform eigenvalue analysis and 

transient simulation to investigate adverse torsional 

interactions. Results of eigenvalue analysis with 

distinct series compensation levels for without and 

with MMC are shown in Tables 1. Referring to the 

Table 1, it is noticed that, with Xc2 = 0.29 p.u   

 
Figure. 6 Movement of the TMs and NMsub eigenvalues 

real parts with the variation in series compensation 

 

Table 1. Eigenvalues of the study system without and with MMC for different series compensations  

Torsional 

Mode 

Without MMC With MMC 

Xc2=0.29 p. u Xc2=0.45 p. u Xc2=0.29 p. u Xc2=0.45 p. u 

0 

1 

2 

3 

4 

5 

NMsub 

NMsuper 

−1.67860± j 7.6252 

−0.22961± j 99.051  

−0.07415± j 127.02 

−0.64447± j 160.62 

1.28670± j 203.19 

−1.85040± j 298.17 

−2.45720± j 203.26 

−1.57070± j 550.31 

−2.01640± j 8.2122 

−0.22355± j 99.163 

−0.07431± j 127.04 

1.14380± j 161.18 

−0.36266± j 202.83 

−1.85040± j 298.17 

−2.20810± j 161.11 

−1.60070± j 592.23 

−1.27980± j 7.1313 

−0.22468± j 99.016 

−0.07378± j 127.02   

−0.64447± j 160.62 

1.18150± j 203.05 

−1.85040± j 298.17 

−2.77010± j 203.12 

−1.99400± j 550.16 

−1.54490± j 7.8058 

−0.21513± j 99.136 

−0.07338± j 127.04 

0.93040± j 160.88 

−0.36025± j 202.80 

−1.85040± j 298.17 

−2.65520± j 160.96 

−2.26680± j 592.01 



Received:  October 15, 2024.     Revised: December 19, 2024.                                                                                       1283 

International Journal of Intelligent Engineering and Systems, Vol.18, No.1, 2025           DOI: 10.22266/ijies2025.0229.92 

 

frequency of NMsub is close to TM-4. Thus TM-4 is 

unstable. With Xc2 =0.45 p.u, it is observed that NMsub 

frequency is close to TM-3. Therefore TM-3 is 

unstable. In Table 1, it is noticed that the frequency 

of NMsub slightly reduces with MMC, while the 

damping improves. However, damping of TMs in low 

frequency range of NMsub reduces, while improves in 

high frequency range. As the lower frequency TMs 

are more critical, the torsional interactions are 

expected to be more severe with inclusion of MMC. 

4.2 Transient simulation 

Figure. 7 Response of rotor angle and shaft section (LPA-

LPB) torque for step disruption in mechanical input with 

Xc2 = 0.29 p.u for without MMC 

Figure. 8 Response of rotor angle and shaft section (LPA-

LPB) torque for step disruption in mechanical input with 

Xc2 = 0.29 p.u for with MMC 

Transient simulation is used to verify the results 

of eigenvalue analysis. A step disruption of 10% 

reduction in mechanical input of a multi-mass 

turbine-generator employed at 0.50 sec and reverted 

at 1.0 sec for without and with MMC. Simulation 

results of rotor angle and section torque (LPA-LPB) 

for the step disruption in mechanical input with series 

compensation (Xc2) of 0.29 p.u are shown in Fig. 7 

and Fig. 8 for without and with MMC. Referring to 

Figs. 7 and 8, it is to be noticed that magnitude of 

oscillations in section torque (LPA-LPB) is higher  

Figure. 9 Response of rotor angle and shaft section (LPA-

LPB) torque for step disruption in mechanical input with 

Xc2 = 0.45 p.u for without MMC 

 
Figure. 10 Response of rotor angle and shaft section 

(LPA-LPB) torque for step disruption in mechanical input 

with Xc2 = 0.45 p.u for with MMC 
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with MMC.  Figs. 9 and 10 shows the response of 

rotor angle and section torque (LPA-LPB) for the step 

disruption in mechanical input with Xc2 = 0.45 p.u for 

without and with MMC. Referring to Figs. 9 and 10, 

it is to be noticed that the oscillatory response of 

section torque (LPA-LPB) is growing faster with 

MMC. Thus, it is evident that damping of torsional 

interactions grows faster with MMC. 

5. Design of a novel Subsynchronous 

Damping Controller (SSDC) 

This paper proposed a novel subsynchronous 

damping controller (SSDC) that uses a band pass 

filter (BPF) to mitigate subsynchronous interactions 

in the range of TM frequencies. Block diagram of a 

novel BPF based SSDC is shown in Fig. 11. The 

proposed SSDC consists of one pair of BPFs for each 

TM in D-Q. It is also to be noted that, the power 

converters interact with series compensated 

transmission line as well as the torsional system of 

turbine-generator. Hence, it is required to improve 

the damping of TMs and subsynchronous network 

mode (NMsub) as well. Accordingly, novel SSDC is 

designed with separate BPFs for each TM and a 

common BPF for both NMsub and TMs in the range of 

critical TM frequencies. In this work, IEEE FBM with 

inclusion of MMC is adapted, which have five natural 

TM frequencies [2]. Pass band of the filter is 

determined by eigenvalue analysis with the TM 

frequency is taken into account as center frequency. 

Bandwidth of TM filters is chosen in the range of 2 to 

5 Hz, whereas the bandwidth of common filters is 

chosen to be the range of TM frequencies in order to 

enhance damping of all TMs and NMsub in the 

practical range of series compensation.  

Gains of the proposed SSDC are selected through 

eigenvalue analysis based on the criteria that all the 

eigenvalues should be stable in the practical spectrum 

(0-75%) of series compensation. Common filters 

enable the coarse adjustment of gains over the range 

of TM frequencies, whereas filters of individual TM 

enable fine adjustment of gain which is effective on 

the corresponding TM. The damping of critical TMs 

is increased by extracting subsynchronous frequency 

current components of transmission line and injected 

into transmission network that pass through an MMC  

 

Figure. 11 Structure of a novel BPF based SSDC 
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Figure. 12 Controller for MMC with extracted subsynchronous frequency components from SSDC 

 

controller. Thereby suppresses subsynchronous 

frequency currents that go through a generator. It is 

worth noting that the TM becomes unstable for NMsub 

frequencies that are closer to the critical TM 

frequency. Proposed SSDC uses five BPFs to extract 

the Il2Dsub and Il2Qsub of each torsional frequency 

component from line currents Il2D and Il2Q. Each filter 

set enhances damping of its associated TM by 

decreasing negative damping and is only effective for 

the frequency of its corresponding TM.  

The novel SSDC extracts subsynchronous 

frequency current components that correspond to 

TMs 1, 2, 3, and 4 passes them through suitable gains 

(K1 to K10) to obtain Il2fD and Il2fQ. The signal is then 

summed to obtain Il2fD and Il2fQ, as given below: 

 

𝐼𝑙2𝑓𝐷 = ∑ 𝐼𝑙2𝐷𝑠𝑢𝑏𝑚                  (29) 

 
𝐼𝑙2𝑓𝑄 = ∑ 𝐼𝑙2𝑄𝑠𝑢𝑏𝑚                  (30) 

 

where m =1, 2, 3, and 4 (TMs). 

Since TM-5 has a very high modal inertia, TM-5 is 

never excited, thus it is not desirable to extract the 

TM-5 frequency component using a filter. The 

extracted subsynchronous currents (Il2fD and Il2fQ) are 

injected into the line through MMC controller as 

depicted in Fig. 12. Following section presents SSR 

analysis with proposed SSDC connected to MMC. 

6. Analysis of SSR with a novel 

subsynchronous damping controller 

SSR characteristics with a novel SSDC 

connected to MMC linked nearby turbine generator 

supplying a series compensation line are investigated 

in this section. SSR characteristics are examined 

using eigenvalue analysis and transient simulation for 

various series compensation levels from 0.20 p.u to 

0.60 p.u. in MATLAB-Simulink. Eigenvalue analysis 

outcomes are validated using transient simulation for 

a step disruption of 10% decrement in the mechanical 

input of turbine-generator. Following subsections 

give more insights on eigenvalue analysis and 

transient simulation with a novel SSDC connected to 

MMC. 

6.1 Eigenvalue analysis 

Eigenvalue analysis is performed with a novel 

SSDC connected to MMC using study system’s 

linearized model. The results of the eigenvalue 

analysis for different series compensation levels with 

proposed SSDC connected to MMC linked nearby 

turbine generator supplying a series compensation 

line are illustrated in Table 2. 

Referring to Table 2, it is evident that for lower 

and higher series compensation levels, all real parts 

of eigenvalues are negative. Therefore, study system 

is stable with a novel SSDC connected to MMC.  
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Table 2. Eigenvalues of study system with proposed 

SSDC connected to MMC for different series 

compensations 

Comparing the eigenvalue analysis results of 

Table 1 (without SSDC) with Table 2 (with a novel 

SSDC connected to MMC), the observations are 

made as follows:  

• The damping of TM-4 and TM-3 are significantly 

improved with a novel SSDC connected to MMC 

for Xc2 = 0.29 p.u. and Xc2 = 0.45 p.u. as well.  

• The frequency of NMsub reduces with a novel 

SSDC connected to MMC. 

• TM-5 is not excited since Mode-5 has very high 

modal inertia.  

• With a novel SSDC connected to MMC, 

eigenvalues of all TMs have the negative real 

parts for different series compensation levels. 

Hence the system is stable.  

6.2 Transient simulation 

The outcomes of eigenvalue analysis are 

validated using transient simulation with a novel 

SSDC connected to an MMC-linked nearby turbine 

generator supplying a series compensation line in 

MATLAB-Simulink. Transient simulation is carried 

out with a novel SSDC connected to MMC for a step 

disruption of 10% decrement in mechanical input of 

the multi-mass turbine-generator employed at 0.50 

sec and restored at 1.0 sec. Simulation results of rotor 

angle and section torque (LPA-LPB) for step 

disruption in mechanical input with different series 

compensations are shown in Fig. 13 and Fig. 14 for 

the proposed SSDC connected to MMC is activated 

at 1.50 sec. Referring to Figs. 13 and 14, it is noticed 

that the responses of rotor angle and section torque 

(LPA-LPB) are growing oscillatory until the 

proposed SSDC is switched-on at 1.50 sec. After 

activation of the proposed SSDC at 1.50 sec,  

Figure. 13 Variation of rotor angle and section (LPA-

LPB) torque and for step disruption in mechanical input 

for Xc2 = 0.29 p.u with SSDC connected to MMC 

activated at 1.50 sec 

 

 
Figure. 14 Variation of rotor angle and section torque 

(LPA-LPB) for step disruption in mechanical input for 

Xc2 = 0.45 p.u with SSDC connected to MMC activated at 

1.50 sec 

 

magnitude of oscillations of section torque (LPA-

LPB) are reduced over time. Therefore, it is evident 

that proposed SSDC suppresses subsynchronous 

currents flowing from a transmission line to the 

generator. Thereby mitigating subsynchronous 

interactions. The results of transition simulation are 

consistent with those of the eigenvalue analysis.  

To validate the transient simulation results, FFT 

analysis is carried out on LPA-LPB section torque. In 

this regard, data from transient simulation of section 

torque (LPA-LPB) with a novel SSDC connected to 

MMC is used. The FFT analysis is performed in the  

TM 
With a novel SSDC connected to MMC 

Xc2=0.29 p. u Xc2=0.45 p. u 

0 

1 

2 

3 

4 

5 

NMsub 

NMsuper 

−1.2819± j 7.1647 

−0.2331± j 99.014 

−0.0725± j 127.02 

−0.6073± j 160.62 

−0.2287± j 202.77 

−1.8504± j 298.17 

−3.0650± j 194.28 

−0.7764± j 545.88 

−1.5520± j 7.8417 

−0.2607± j 99.144 

−0.0723± j 127.04 

−0.4569± j 160.43 

−0.3506± j 202.79 

−1.8504± j 298.17 

−1.3668± j 150.76 

−1.1082± j 587.06 
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Figure. 15 FFT analysis of section torque (LPA-LPB) with Xc2 = 0.29 p.u for SSDC connected to MMC activated at 1.50 

sec 

 
Figure. 16 FFT analysis of section torque (LPA-LPB) with Xc2 = 0.45 p.u for SSDC connected to MMC activated at 1.50 

sec 

 

 

time interval of 0.50 to 8.0 sec with a time difference 

of 0.25 sec until the proposed SSDC activation at 

1.50 sec, after that time interval of 0.50 sec is taken. 

The results of FFT analysis for different series 

compensation levels is shown in Fig. 15 and Fig. 16. 

Referring to Fig. 15 it is to be noted that, at Xc2 = 0.29 

p.u the magnitude in LPA-LPB section torque about 

200 rad/sec is increasing with time. This frequency of 

oscillations corresponds to TM-4. When the proposed 

SSDC is switched-on at 1.50 sec, magnitude of 

section torque decreases with time. From Fig. 16 it is 

evident that Mode-3 component for Xc2 = 0.45 p.u 

rises with time. When SSDC is triggered at 1.50 sec, 

Mode-3 component gradually decays over time. 

Based on FFT analysis, it is noticed that a novel 

SSDC’s potent in suppressing subsynchronous 

frequency current components flowing from 

transmission line to the turbine generator. 

7. Conclusion 

This paper presents detailed modeling and 

investigation of SSR characteristics with MMC 

connected to a six-mass turbine-generator supplying 

a series compensated long AC transmission line. In 

detailed modeling, the study system is modeled in a 

D-Q reference frame using MATLAB-Simulink. The 

controller for MMC is designed including SM 

capacitor dynamics to control the active and reactive 

power independently in AC system and suppress the 
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circulating currents that flow between arms of each 

MMC phase-legs as well. SSR characteristics are 

investigated with MMC connected to turbine 

generator supplying a series compensated AC long 

transmission line for various series compensations 

from 0.20 p.u to 0.60 p.u using eigenvalue analysis 

and transient simulation.  Results of eigenvalue 

analysis are verified with transient simulation for a 

step disruption of 10% decrement in mechanical 

input of turbine generator employed at 0.50 sec and 

restored at 1.0 sec. Results show that the damping of 

torsional interactions grows faster with MMC. 

Finally, a novel SSDC using BPF is designed to 

extract subsynchronous frequency current 

components from a transmission line. SSR 

characteristics are carried out with a novel SSDC 

connected to MMC that is activated at 1.50 sec for 

different series compensation levels.  

The following results are observed with small-

signal modeling of MMC connected to turbine 

generator supplying a series compensated long AC 

transmission line using MATLAB-Simulink.  

• The frequency of NMsub slightly reduces with 

MMC, while the damping improves in 

comparison to without MMC.  

• Damping of TMs in the low-frequency range of 

NMsub reduces, while improves in high-frequency 

range in comparison to without MMC.  

• The frequency of NMsub reduces with a novel 

SSDC connected to MMC.  

• The eigenvalues of all critical TMs are stable with 

a novel SSDC connected to MMC. Hence, study 

system is stable.   

• Transient simulation with a novel SSDC 

suppresses the subsynchronous currents that are 

flowing from a transmission line to generator. 

Thereby mitigating subsynchronous interactions 

in the study system. 

• Transient simulation results show satisfactory 

responses with a novel BPF-based SSDC and are 

consistent with the eigenvalue analysis results. 
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Nomenclature 

d, q & D, Q Subscripts to denote direct and 

quadrature components in machine 

and network reference frame  

|Vg|, |Eb| Magnitude of generator terminal 

voltage, infinite bus voltage 

|Vs | Magnitude of point of common 

coupling (PCC) voltage 

|Vi | Magnitude of MMC output voltage 

Vgd, Vgq Generator terminal voltages 

ω Generator rotor speed 

ωB Base angular frequency 

Te Electrical torque 

VsD, VsQ PCC voltages 

θg, θb, θs Phase angle of generator terminal 

voltage, infinite bus voltage, PCC 

voltage 

ViD, ViQ MMC output voltages 

Rt, Xt Resistance and inductive reactance 

of transformer 

Rl1, Xl1 Resistance and inductive reactance 

of the line between a transformer and 

PCC 

Rl2, Xl2 Resistance and inductive reactance 

of the line between infinite bus and 

PCC 

Il1D, Il1Q Line current flow between generator 

terminal and PCC 

Il2D, Il2Q Line current flow between PCC and 

infinite bus 

Ic Shunt capacitor current 

Il2fD, Il2fQ Synthesized subsynchronous 

frequency current components of 

line 

Il2Dsub, Il2Qsub Subsynchronous frequency current 

components of line 
BCsh Susceptance of shunt capacitor 

Rm, Xm Resistance and inductive reactance 

of the line between MMC and PCC 

Rarm, Xarm Arm resistance and inductive 

reactance of MMC 

I1n, I1p Lower and upper arm currents of 

MMC 

I1D, I1Q & Fundamental and double fundament- 

I2D, I2Q  al frequency current components of 

MMC 



Received:  October 15, 2024.     Revised: December 19, 2024.                                                                                       1289 

International Journal of Intelligent Engineering and Systems, Vol.18, No.1, 2025           DOI: 10.22266/ijies2025.0229.92 

 

Idiff Inner unbalanced current of MMC 

phase-leg 

I0 DC side current 

VcirD, VcirQ MMC circulating voltages 

Vdc DC side voltage 

V1D, V1Q Fundamental frequency components 

of controlled output voltages of 

MMC 

V2D, V2Q Double fundamental frequency 

components of controlled output 

voltages of MMC 

Vc0 DC component of SM capacitor 

voltage 

Vc1D, Vc1Q Fundamental frequency components 

of SM capacitor voltages 

Vc2D, Vc2Q Double fundamental frequency 

components of SM capacitor 

voltages 

Bc Susceptance of SM capacitor 

Xc2 Series capacitive reactance of long 

AC transmission line 

Pi, Qi & The active power and reactive power  

P2, Q2 contributed by fundamental and 

double frequency components of 

MMC 
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