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Abstract. Unreasonable control parameters of the Line Commutated Converter based High Voltage Direct 
Current (LCC-HVDC) system may induce small-signal instability. This paper studies the impact of inverter 
controller parameters on steady response of the LCC-HVDC system under weak AC grid condition. Firstly, 
according to a practical project, the small-signal model of LCC-HVDC system is established based on the 
switching function. Then, the eigen-analysis method is adopted to study the impact of the controller 
parameters on the inverter side on the oscillation mode and damping characteristics of the LCC system, and 
the correctness of results is verified by PSCAD/EMTDC simulation. The conclusion shows that reasonable 
controller parameters can improve the stability margin of the system. 

1 Introduction 

Line Commutated Converter based High Voltage Direct 
Current (LCC-HVDC) system has the advantages of lower 
loss and large capacity power transmission, which plays 
an important role in realizing the optimal configuration of 
cross-regional power resources [1]. However, when the 
inverter station is connected to a weak grid, some inherent 
problems of LCC-HVDC system may arise such as 
commutation failure and voltage instability issues. The 
occurrence of these problems is largely affected by control 
parameters of the system [2],[3]. 

References [4]-[6] analyze the effects of the phase-
locked loop (PLL) parameters and AC system parameters 
on the steady performance of LCC-HVDC system. The 
results show that the stability of LCC rectifier station is 
enhanced with the increase of PLL parameters, while the 
conclusion for the inverter station is just the opposite. In 
[7]-[8], the impact of PLL and constant extinction angle 
control parameters on the stability of the system is 
investigated based on a linearized dynamic model of the 
LCC inverter station. However, the rectifier station and 
DC line are equivalent to an ideal current source, so the 
influence of short circuit ratio (SCR) on the rectifier side 
on the stability of the system is ignored. In [9]-[10], a 
comprehensive comparison of the impact of constant 
voltage control and constant extinction angle control on 
small-signal stability of HVDC is conducted, and the 
stable region of control parameters which can maintain the 
stable operation of system is calculated. In the aspect of 
the small-signal analysis, the existing literatures are based 
on the CIGRE benchmark model [11] to study the 
influence of control parameters. However, the structure of 
AC/DC filter banks applied in the practical engineering is 
more complex, so there is a need to take a practical LCC-

HVDC system as the studied object and analyze how to 
choose controller parameters reasonably to enhance the 
small-signal stability of the system. 

The rest of this paper is organized as follows. In 
Section 2, a dynamic phasor model of LCC-HVDC system 
on basis of a practical project is established. The 
correctness of the small-signal model is verified by 
PSCAD/EMTDC simulation in Section 3. Section 4 
presents the impact of controller parameters at the inverter 
station on small-signal stability of the system under weak 
AC grid condition by adopting eigenvalue analysis. 
Finally, Section 5 concludes the paper. 

2 Small-signal dynamic model 

2.1. Study system  

The study system is a monopole double-ended 12-pulse 
LCC-HVDC system which is based on a practical 
engineering. Constant current control strategy is adopted 
at the rectifier station while constant voltage control 
strategy is used at the inverter station. The single-line 
diagram of the system is shown in figure 1. The subscript 
r and i represent the variables on the rectifier side and the 
inverter side, respectively. Vs denotes the AC system 
voltage. Upcc represents the line voltage at the point of 
common coupling (PCC). is and ic are the current of AC 
system and the converter transformer, respectively. The 
DC transmission line is equivalent to the T-type circuit. Rdc 
and Ldc represent resistance and inductance of DC line. Lec 
is the sum of the equivalent inductance of the converter on 
the DC side and the inductance of the smoothing reactor. 
Additionally, LT is the equivalent inductance of the 
transformer. Rs and Ls denote resistance and inductance of 
AC system. Zfac and Zfdc represent AC filter banks and DC 
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filter banks, the specific configurations of which are shown in figure 2 and figure 3, respectively. 
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Figure 1. Single-line diagram of the LCC-HVDC system. 
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Figure 2. The configuration of the AC filter banks: (a) the rectifier side; (b) the inverter side. 
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Figure 3. The configuration of the DC filter banks. 

2.2. State space model 

2.2.1 Converter station model. In this paper, the 
switching function method is used to describe the 
input/output relationship of converter station [9]. Take the 
rectifier station as an example. The AC side current of 
converter can be derived as 
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In (1), icdr and icqr are d-axis and q-axis component of 
the AC side current of converter. Idcr is DC side current and 
φr is power factor angle. θPLLr is the output angle from PLL 
while θacr0 is the initial phase of the voltage of PCC. ω0 is 
the fundamental angular frequency. In (2), μr is 
commutation overlap angle. 

2.2.2 The control system model. The block diagrams of 
the constant current controller and the constant voltage 
controller are shown in figure 4. 
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Figure 4. The block diagrams: (a) the constant current controller on the rectifier side; (b) the constant voltage controller on the 
inverter side. 

The corresponding state space equation can be 
expressed as 
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Where x1r is the state variable of constant current 
controller and Idcref is the reference DC-current. Kpr and Kir 
are the proportion and the integral gain of the controller. 
The measured current Idcmr is obtained by the actual DC 
current of rectifier through the first-order inertia link, 
whose state space equation can be expressed as 

dcmr
mr dcr dcmr

d

d

I
T I I

t
            (4) 

Where Tmr is the time constant of the first-order inertia 

link. 
When the output angle of PLL (θPLLr) is not equal to 

the AC voltage phase of PCC (θr), there is a deviation Δα 
between the actual delay trigger angle αreal and the output 
reference angle αord. The expression is as follows: 

real ord r PLLr ord 0 acr0 PLLr ord( ) ( )=t                   (5) 

Similarly, the state variables of the constant voltage 
controller are x1i and Udcmi, and the corresponding state 
space equation can be derived in the same form as (3)-(5), 
which is not described here. 

2.2.3 PLL model. The control principle of the PLL at the 
rectifier station is equivalent to the structure block 
diagram shown in figure 5. 
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Figure 5. PLL model at the rectifier station. 

The corresponding state space equation is shown in (6) 
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Where ωr and θPLLr are the angular frequency and angle 
from the PLL. Upccqr is the q-axis component of AC 
voltage of PCC (Upccr). KpPLLr and KiPLLr are the proportion 
and the integral gain of the PLL. The state space equation 
of PLL model at the inverter station is similar to formula 
(6). 

Additionally, the modeling method of AC system, DC 
transmission line, DC filter banks and AC filter banks has 
been described in detail in [7]. 

2.3. Small-signal dynamic model of LCC-HVDC 
system 

By the linearization of the above state space model, the 

small signal model can be derived as 

d

dt


   

X
A X B U            (7) 

In (7), X is the state variable vector, the input vector U 
= [Idcref, Udcref]T, A is the state space matrix and B is the 
input matrix.  

3 Small-signal model validation 

In order to verify the validity of the small-signal model of 
LCC-HVDC system, the small-signal model is established 
in MATLAB while the detailed electromagnetic transient 
model is built in the PSCAD/EMTDC simulation platform.  

3.1. Study parameters 

The parameters of the main circuit and control system are 
shown in table 1 and table 2. 

Table 1. The main parameters of LCC-HVDC. 

The Group Parameter Description Value 
 Rectifier Inverter 

The rated value DC current (kA) 3 

 
DC voltage (kV) 500 

AC voltage (kV) 525 525 

The AC system Short-circuit ratio 5.0 5.0 
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Impedance angle 86.185° 85.23° 

PCC voltage (p.u.) 1.0 1.0 

The transformer Leakage reactor (p.u.) 0.16 0.152 

 
Capacity (MVA) 889.5 833.4 

Ratio of voltage 525/209.7 525/196.5 

The PLL Proportion gain 10 10 

 Integral gain 50 50 

The control 

system 
Proportion gain 0.2 0.5 

 
Integral gain 100 50 

Time constant (s) 0.0012 0.02 

The DC line Inductor(H) 0.1979 0.1979 

 

Resistor(Ω) 5.2 5.2 

Capacitor(uF) 39 

Smoothing inductor(H) 0.3 0.3 

Table 2. The parameters of AC filter banks and DC filter banks. 

The Group Parameter Description Value 
 Rectifier Inverter 

 

Capacitors (uF) 

C1 1.6 

The DC filter banks 

C2 4.48 

C3 5.81 

Inductors (mH) 

L1 10.869 

L2 10.384 

L3 20.6 

 Capacitors (uF) 
C1a 1.605 1.963 

The AC filter banks (Type-A) C2a 56.824 3.709 

Inductors (mH) 
L1a 44.731 17.01 
L2a 1.239 9.918 

Resistors (Ω) R1a 2500 500 

The AC filter banks (Type-B) 
Capacitors (uF) 

C1b 1.578 / 

 

C2b 7.218 
 C3b 7.704 

Inductors (mH) 
L1b 8.116 

/ L2b 129.39 
L3b 1.634 

Resistors (Ω) 
R1b 400 

/ R2b 1500 

The AC filter banks (Type-C) Capacitors (uF) C1c 1.616 1.972 

 Inductors (mH) L1c 2.721 3.964 

It should be noted that the project parameters of the AC 
filter banks given in table 2 are for the bipolar system, so 
they need to be converted. 

3.2. Model validation 

This section compares the time-domain responses 
between the small-signal model and the detailed 
simulation in PSCAD/EMTDC. The system operates at 
nominal operation state originally (Idcref =1.00 p.u., Udcref 
=0.93 p.u). Figure 6 and figure 7 show the dynamic 

response of the measured DC-current Idcmr and DC-voltage 
Udcmi when the system is subjected to different step-
changes.  

The case in figure 6: Udcref changes from 0.93 p.u. to 
0.90 p.u. at time t=4s and recovers to 0.93 p.u. at time t=6s.  

The case in figure 7: Idcref changes from 1.00 p.u. to 
0.95 p.u. at time t=10s and recovers to 1.00 p.u. at time 
t=12s. 

It can be seen that the responses from the small-signal 
model are consistent with the simulation results from 
PSCAD/EMTDC, which verifies the accuracy of the 
small-signal dynamic model effectively. 
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Figure 6. System dynamic responses under step-change of Udcref. 

 

Figure 7. System dynamic responses under step-change of Idcref. 

4 Small-signal stability analysis 

For the inverter station, commutation failure is more likely 
to occur in the case of weak AC grid. Based on this, this 
section mainly studies the influence of the inverter 
controllers on the oscillation mode, damping 
characteristics, participation factor and feasible stable 
operation region of the LCC system. 
 

4.1. Impact of Proportional Gain (Kp) of Constant 
Voltage Controller 

Initially, the system is in a stable operation state (on the 
rectifier side: SCR=5, Vpcc_r=1.00p.u, Idcref=1.00p.u.; on 
the inverter side: SCR=2.5, Vpcc_i=1.00p.u., 
Udcref=0.93p.u.). The control parameters are those of table 
1. When the proportional gain Kp of the constant voltage 
controller varies from 0.1 to 4.1, the root loci of the 
eigenvalues are shown in figure 8 (a). 
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Figure 8. The eigen-analysis when Kp changes: (a) loci of the eigenvalues; (b) damping of dominant mode. 
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Figure 8 (a) shows that all the eigenvalues are in the 
left half plane when Kp < 3.45, indicating that the system 
can keep stable. It also can be observed that the stability 
margin decreases gradually with the increase of Kp. Figure 
8 (b) depicts the damping ratio of the dominate mode when 
Kp changes. The result is that the damping of dominant 
mode decreases as Kp increases, and the small-signal 
stability is weakened correspondingly until the system 
becomes unstable at Kp =3.45.  

In order to verify the correctness of the above 
conclusions more intuitively, Kp is step-changed from 0.5 
to 4.1 at time t=4s and other parameters are kept 
unchanged in the PSCAD/EMTDC. The simulation result 
of the AC rms voltage is given in figure 9. It can be seen 
that the system becomes unstable when Kp is 4.1. 
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Figure 9. Dynamic response from PSCAD when Kp changes. 

The oscillatory frequency of the dominant mode 
obtained from figure 9 is 65.79 Hz. Based on the analysis 
of the small-signal model established in MATLAB, the 
eigenvalues of dominant mode corresponding to the 
parameters in figure 9 are 3.393+j416.4 and 3.393-j416.4, 
which shows corresponding oscillation frequency of the 
system is 66.27Hz. This result is in agreement with 

simulation result, so the eigen-analysis of figure 8 is 
accurate. 

Furthermore, the participation factor is used to analyze 
the relative participation of each state variable in regard to 
the dominant mode. The comparison of the normalized 
participation factor when Kp = 0.1 and Kp =4.1 is shown in 
figure 10. 
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Figure 10. Participation factor of the state variables of dominant mode when Kp changes. 

The participation factor of the state variable Udcmi in 
the case of Kp =4.1 is significantly higher than that in the 
case of Kp =0.1, indicating that the main state variable 
making the system unstable is related to the constant 
voltage controller. Figure 10 also shows that the main state 
variables with relatively high participation factor remain 
unchanged as Kp changes greatly, that is to say, the impact 
of Kp on the dominant mode is not very prominent. 

Moreover, the main state variables that affect the mode are 
relevant to the AC system on the inverter side and the DC 
line, which suggests indirectly that the dominant mode is 
not closely related to the parameters Kp of the control 
system. 

In this section, the feasible region of Kp which can keep 
the small-signal dynamic model stable is further studied 
as a function of SCR. The maximum acceptable values of 
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Kp are obtained when SCR varies from 2 to 3. Figure 11 
shows the acceptable maximum value curve, below which 
is the feasible region of Kp. It can be found that the 
maximum allowable value of Kp decreases when the SCR 
increases under weak AC grid condition. In other words, 

the feasible value of Kp at lower SCR is not necessarily 
suitable for higher SCR, which may be contrary to normal 
cognition. Thus, the possible variation range of SCR 
should be considered when selecting the proportional gain 
Kp of constant voltage controller. 

2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3
SCR

3.3

3.4

3.5

3.6

3.7

3.8

3.9

4.0

4.1

M
ax

im
um

 K
p

Unacceptable values of Kp

(unstable system)

Acceptable values of Kp

(stable system)

Maximum acceptable values of Kp

 

Figure 11. Acceptable values of Kp as a function of SCR 

4.2. Impact of integral gain (Ki) of constant 
voltage controller 

Initially, the system operates at stable operating point (on 

the rectifier side: SCR=5, Vpcc_r=1.00p.u, Idcref=1.00p.u.; 
on the inverter side: SCR=2.5, Vpcc_i=1.00p.u., 
Udcref=0.93p.u.). Figure 12 (a) shows the eigenvalue loci 
of the system when the integral gain Ki of the constant 
voltage controller varies from 30 to 100. 
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Figure 12. The eigen-analysis when Ki changes: (a) loci of the eigenvalues; (b) damping of dominant mode. 

When Ki <88.5, all the eigenvalues of system always 
remain in the left-half plane, which suggests that the 
system can operate stably. In addition, with the increase of 
Ki, the stability margin of the system decreases and the 
small-signal stability is getting smaller. Curve of damping 
ratio of the dominant mode when Ki changes is shown in 

figure 12 (b). It is evident that the damping decreases with 
the increase of Ki. Figure 13 shows the dynamic response 
of the study system from PSCAD/EMTDC as Ki is step-
changed from 30 to 100 at time t = 4.0 s. The observation 
from figure 13 indicates that the system can’t keep stable 
when Ki =100. 
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Figure 13. Dynamic response from PSCAD when Ki changes 
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Furthermore, based on the established small-signal 
model, the eigenvalues corresponding to the dominant 
mode are 0.8113+j58.30 and 0.8113-j58.30 when Ki = 100, 
whose oscillation frequency is 9.28Hz. The actual 
oscillation frequency from the simulation result in PSCAD 
is 9.26Hz. The similar result verifies the correctness of the 
above eigen-analysis. 

The comparison of the normalized participation factor 
when Ki = 30 and Ki =100 is depicted in figure 14. The 

participation factor of state variables x1i and Udcmi become 
higher when Ki = 100 than that when Ki = 30, indicating 
the main state variables which lead to the instability of the 
system are related to the constant voltage controller. 
What’s more, figure 14 shows that x1r is also the main state 
variable affecting the dominant mode, so the dominant 
mode is closely relevant to the rectifier constant current 
controller.  
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Figure 14. Participation factor of the state variables of dominant mode when Ki changes. 

The impact of SCR on the inverter side, with the range 
of 2 to 3, is further studied here. By calculating the 
acceptable maximum of Ki which can make the system 
keep stable at every SCR value, the maximum allowable 
value curve can be obtained as figure 15. The feasible 

region of Ki is below the curve. It can be found that the 
critical value of Ki increases with the increase of SCR, in 
other words, increasing the SCR at the inverter station may 
improve the stability range of Ki. However, excessive Ki 
value will still lead to the system instability. 

2 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3
SCR

50

70

90

110

130

150

M
ax

im
um

 K
i

Unacceptable values of Ki

(unstable system)

Acceptable values of Ki

(stable system)

Maximum acceptable values of Ki

 

Figure 15. Acceptable values of Ki as a function of SCR. 

5 Conclusions 

This paper focuses on the influence of inverter controller 
parameters on the small-signal stability of LCC-HVDC 
system based on a practical project. By using the eigen-
analysis method, the oscillation mode and damping 
characteristics of the LCC system can be obtained when 
controller parameters change. The corresponding 
conclusions are as follows: 
1) Under weak AC grid condition (2 ≤ SCR ≤ 3), the 

small-signal stability of the system is weakened 
gradually with the increase of the proportional gain 
Kp of the constant voltage controller. At the same 
time, when SCR on the inverter side get larger, the 

maximum critical value of Kp becomes smaller. It 
should be noted that in order to ensure the stable 
operation of LCC-HVDC system, Kp need to be 
carefully selected according to the possible range of 
SCR.  

2) As the integral gain Ki of the constant voltage 
controller increases, the small-signal stability of the 
system decreases gradually, and the maximum 
allowable value of Ki increases with the increase of 
SCR. 
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