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Abstract—This paper presents the transient stability analysis of 

integrating a superconducting synchronous generator (SCSG)-

based offshore wind farm (OWF) and a permanent-magnet 

synchronous generator (PMSG)-based OWF fed to the 

simplified Taiwan Power System through a hybrid high-voltage 

direct current (HVDC) link. The DC line of the hybrid HVDC 

link has a supercapacitor (SC)-based energy storage system 

(ESS) and a high-temperature superconducting coil (HTSCC). 

The hybrid HVDC link has two AC/DC voltage source 

converters (VSCs) connected to the two OWFs and a line-

commutated converter (LCC)-based DC/AC inverter connected 

to the simplified Taiwan Power System. The comparative 

transient stability of the studied system with and without the 

SCESS and the designed lead-lag damping controller for the 

LCC inverter of the HVDC link is performed. The simulation 

results show that the LCC-based inverter with the designed 

lead-lag damping controller can suppress the transient 

characteristics of the studied system under severe disturbance 

conditions. 

 

Index Terms--Superconducting synchronous generator, 

permanent-magnet synchronous generator, high-voltage direct-

current link, supercapacitor, high-temperature superconducting 

coil, stability. 

I. INTRODUCTION 

Since the development of the traditional and high-

technology industry, fossil fuels have been widely used. 

However, consuming fossil fuels produces large amounts of 

carbon dioxide, and it can cause the greenhouse effect and 

lead to significantly abnormal climate phenomena. Therefore, 

the research and development of renewable energy has begun 

to receive more attention, and wind energy is one of the 

fastest-growing renewable energy resources (RERs) in the 

world. Due to the changes of the seasons, climate, and wind 

speed, wind energy is an unpredictable RER. When large-

scale OWFs are connected to a power system, the 

instantaneous change in wind speed can harm the power 

system, thus causing severe damage to the power quality and 

stability of the power system. Since an HVDC link can 

integrate various RERs and transmit bulk electricity power 

through long-distance cables, it can make the voltage of a 

wind power system become more stable and control the 

power flow by using power-electronics converters when the 

connected power system is under disturbance. 

The HTSCC used in an HVDC link as an energy buffer can 

smooth wind power fluctuations, and the HVDC link can take 

advantage for system stability improvement [1]-[2]. Since the 

SCs have high power density and long cycle life [3], an SC-

based ESS can improve the voltage variations of wind power 

and regulate the power of the power system. 

This paper is organized as follows. Section II introduces 

system configuration and employed models. The design 

procedure and design results for the damping controller of the 

LCC-based inverter in the hybrid HVDC link using the 

phase-compensation method are depicted in Section III. 

Section IV presents the transient responses of the studied 

system. Finally, the specific conclusions of this paper are 

drawn in Section V. 

II. SYSTEM ARCHITECTURE AND EMPLOYED 

MATHEMATICAL MODELS 

A. System Architecture 

Fig. 1 shows the integration of an SCSG-based OWF of 

100 MW and a PMSG-based OWF of 60 MW fed to the 

simplified Taiwan Power System through a 200-MW hybrid 

HVDC link, where the HVDC line includes an SCESS of 50 

MW and an HTSCC. The simplified Taiwan Power System 

includes four large-scale equivalent synchronous generators 

(SGs), G1-G4, which are connected to the buses of Nuclear 2 

#G, Hsie-Ho #G, Chung-Ho #G, and Hsin-Ta #G, 

respectively [4]-[6]. The 2030 off-peak power flow data of 

the Taiwan Power System are carefully selected as a 

simulation basis. 
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B. Model of Wind Turbine 

The mechanical power extracted by a typical variable-

speed wind turbine (VSWT) can be expressed by [7] 
2 3(0.5) ( , )w B W pP R V C   =                        (1) 

where ρ is the air density (kg/m3), Rt is the blade length (m), 

Vw is the wind speed (m/s), and Cp(λ, β) is the power 

coefficient of the VSWT. The value of Cp(λ, β) is a function 

of the tip speed ratio λ (λ = RBωB/Vw) and the blade pitch 

angle β (degrees). A two-inertia reduced-order equivalent 

mass-spring-damper model can represent the dynamics of a 

VSWT coupled to the rotor of a wind generator.  

C. Wind SCSG Model 

The per-unit q-d axis voltage-current differential equations 

of a wind SCSG are given by [8]-[10] 
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where the modulation indices of q-axis and d-axis (mqSC and 

mdSC) of the system-side converter (SSC) of the SCSG are 

used to control the maximum power point tracking (MPPT) 

and the rotational speed of SCSG, respectively. The GSC of 

the SCSG can control the DC voltage between the SCSG’s 

GSC and SSC, and can make the output power factor unity. 

D. Wind PMSG Model 

The per-unit q-d axis voltage-current differential equations 

of a wind PMSG are given by [11-12] 

( )/ ( / )( )qPM sPM qPM qPM b rPM b dPMv r i p     = − + +        (7) 

( )/ ( / )( )dPM sPM dPM dPM b rPM b qPMv r i p     = − + −        (8) 

where 

( )qPM mqPM lPM qPMX X i = − +                        (9) 

( )dPM mdPM lPM dPM mdPM mX X i X i = − + +            (10) 

    The modulation indices of q-axis and d-axis (mqPM and 

mdPM) of the system-side converter (SSC) of the PMSG are 

used to control the terminal voltage of the wind PMSG and 

the DC voltage between the PMSG’s GSC and SSC, 

respectively. The GSC of the PMSG can control the 

rotational speed of the wind PMSG, and can make its output 

power factor unity. 

E. SG Model 

The equivalent circuit of the two-axis model is used for the 

four large-scale SGs of the simplified Taiwan Power System 

shown in Fig. 1. The control block diagrams of the excitation 

system (IEEE Type ST1A), the governor model, and the 

steam turbine torque model of the SGs can be referred to [13]. 

F. Hybrid HVDC Link Model 

The configuration of the hybrid HVDC link is shown in 

Fig. 1.  

1) DC Line. The per-unit voltage-current equations used 

to simulate the DC line can be obtained directly from Fig. 1. 
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Figure 1. Configuration of the studied system. 
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2) VSCs. The per-unit voltage-current equations used to 

simulate the OWF’s VSC are depicted as follows. 
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where the modulation index Mri of the VSC is used to control 

the voltage of OWF and the phase angle ri of the VSC is 

used to control the active power of OWF. 

3) LCC-based Inverter. The per-unit voltage-current 

equations used to simulate the LCC-based inverter connected 

to the simplified Taiwan Power System are as follows. 
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Fig. 2 shows the control block diagram of the extinction 

angle of the LCC-based inverter, where the extinction angle 

is used to control the DC voltage of the hybrid HVDC link. 

G. SCESS Model 

The SCESS model consists of an SC and a bidirectional 

DC/DC converter [14]-[16]. The SCESS can regulate the 

active power of the HVDC link through the bidirectional 

DC/DC converter operating in either boost or buck mode to 

deliver active power to the DC link or absorb active power 

from the DC link of the hybrid HVDC link, respectively. 

III. DESIGN OF A DAMPING CONTROLLER FOR THE LCC 

INVERTER OF THE HYBRID HVDC LINK 

This section presents the design procedure for the damping 

controller of the LCC-based inverter of the hybrid HVDC 

link to improve the stability of the studied system using the 

phase-compensation method based on modal control theory. 

The nonlinear system equations developed in the previous 

section are first linearized around a nominal operating point 

to obtain a set of linearized system dynamic equations as 

follows. 
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Figure 2. Control block diagram of the extinction angle of the LCC inverter, 

including the designed lead-lag damping controller. 

( )p D = D + Dx A x B u                          (24) 

=D Dy C x                                     (25) 

where ∆x is the state vector, ∆u is the input vector, ∆y is the 

output vector, A is the system matrix, B is the input matrix, 

and C is the output matrix [17]. The control block diagram of 

the extinction angle of the LCC inverter, including lead-lag 

damping controller, was shown in Fig. 2, where VDCL is the 

DC voltage of the hybrid HVDC link, I is the extinction 

angle of the LCC inverter, and Δω3 is the speed deviation of 

the SG connected to the bus of Chung-Ho #G. To design the 

lead-lag damping controller in Fig. 2, the method is based on 

residue theory [18]-[20]. The transfer function of the damping 

controller for the LCC-based inverter in Fig. 2 is given by 

21
( )

1 1
( ) was lead

con con

was lag

sT sT

sT sT
K H s K

+

+ +
=              (26) 

where Twas is the time constant of the wash-out term and Kcon 

is the constant gain. The lead-lag parameter can be 

determined by using the phase-compensation method in [21-

22]. 

arg( )180con iR −=                         (27) 

1 sin( / )

1 sin( / )

lead con k
con

lag con k

T m

T m






−
=

+
=                   (28) 

lead con lagT T=                               (29) 

( )1/lag i conT  =                             (30) 

where con is the phase angle of the transfer function H(s), i 

is the frequency of the poorly damp mode (rad/s), and mk is 

the number of compensation stages. 

IV. TRANSIENT SIMULATIONS 

This section employs the mathematical models developed 

in Section II to simulate the transient responses of the studied 

system when a three-phase short-circuit fault is suddenly 

applied to bus Jang-Bin H. The applied fault starts at t = 5 s 

and is cleared at t = 5.1 s while the wind speed of the two 

OWFs is kept at 11 m/s. Fig. 3 plots the comparative transient 

responses of the studied system, where the red dashed line, 

the green dashed line, and the blue solid line represent the 

responses of the studied system without SCESS, with SCESS 
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but without a damping controller, and with both SCESS and 

the lead-lag damping controller, respectively. 

Figs. 3(a)-3(c) show the comparative transient responses of 

the active power, reactive power, and voltage magnitude of 

the SCSG-OWF, respectively. Three responses sag to low 

values when the fault occurs. After the fault is cleared, these 

responses can return to the original steady-state operating 

conditions. 

Figs. 3(d)-3(f) plot the comparative transient responses of 

the active power, reactive power, and voltage magnitude of 

the PMSG-OWF, respectively. Three responses also sag to 

low values when the fault occurs. After the fault is cleared, 

   
(a) Active power of SCSG: PgSC (b) Reactive power of SCSG: QgSC (c) Voltage magnitude of SCSG: vgSC 

   
(d) Active power of PMSG: PgPM (e) Reactive power of PMSG: QgPM (f) Voltage magnitude of PMSG: vgPM 

   
(g) Active power of bus H: PH (h) Reactive power of bus H: QH (i) Modulation index of VSC1: Mr1 

   
(j) Modulation index of VSC2: Mr2 (k) Phase angle of VSC1: αr1 (l) Phase angle of VSC2: αr2 

   
(m) Extinction angle of LCC inverter: I (n) Voltage of the hybrid HVDC link: VHVDC (o) Active power of G4 

  

 

(p) Reactive power of G4 (q) Active power of SCESS  
Figure 3. Transient responses of the studied system subject to a three-phase short-circuit fault at the bus of Jang-Bin wind farm H. 

979-8-3315-8138-1



these responses can also return to the original steady-state 

operating conditions. 

Figs. 3(g) and 3(h) illustrate the comparative transient 

responses of the active power and reactive power of Jang-Bin 

bus H injected into the simplified Taiwan Power System, 

respectively. The active power and reactive power injected 

into the simplified Taiwan Power System can have the most 

serious fluctuations when the system is without SCESS. Such 

transient power fluctuations can be mitigated by the addition 

of the SCESS connected to the hybrid HVDC link. 

Furthermore, the smallest power fluctuations can be obtained 

when the LCC-based inverter with the designed damping 

controller is in service. 

Figs. 3(i)-3(l) plot the comparative transient responses of 

the modulation index and phase angle of VSC1 and VSC2, 

respectively. Four responses fluctuate when the fault occurs. 

After the fault is cleared, these responses can return to the 

original steady-state operating conditions. 

Figs. 3(m) and 3(n) show the comparative transient 

responses of the extinction angle of the LCC inverter and the 

DC voltage of the hybrid HVDC link, respectively. Two 

responses fluctuate when the fault occurs. when the fault 

occurs. After the fault is cleared, these responses can return to 

the original steady-state operating conditions. 

Figs. 3(o) and 3(p) plot the output active power and output 

reactive power of Hsin-Ta #G, respectively. These results 

have large transient amplitudes, which are affected by the 

fault that occurred at the bus of Jang-Bin H. Furthermore, the 

smallest power fluctuations can be obtained when the LCC 

inverter with the designed damping controller is in service. 

Fig. 3(q) shows the transient responses of the active power 

of the SCESS. The SCESS can absorb the transmission power 

of the hybrid HVDC link to avoid too much power being 

delivered to the simplified Taiwan Power System when the 

fault occurs. 

V. CONCLUSION 

This paper presents the stability improvement of an SCSG-

based OWF and a PMSG-based OWF fed into the simplified 

Taiwan Power System through a hybrid HVDC link with an 

SCESS and an HTSCC. Transient simulations of the studied 

system under a three-phase fault at the bus of Jang-Bin H 

have been conducted. The LCC-based inverter with the 

designed lead-lag damping controller can improve the 

performance of the studied system under severe disturbance 

conditions. 
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