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Abstract 

This paper presents selected case studies of small-signal 

stability analysis for power systems consisting of 

interconnected AC and DC sub-systems. The analysis is 

based on the Cigré DC-grid test system, which is designed to 

resemble a generalized future configuration of multi-terminal 

HVDC (MTDC) systems. The small-signal stability of the 

system is investigated to identify critical modes associated 

with different parts of the interconnected AC and DC power 

systems. The analysis is presented in several steps in order to 

identify interaction problems and critical modes that can 

occur with different typical system configurations. Firstly, a 

case with point-to-point HVDC connection is analysed, 

followed by the analysis of a four-terminal DC system, before 

the stability of the entire Cigré DC grid configuration is 

studied. The state variables participating in critical modes, 

and the parameter sensitivities of these modes are identified 

and discussed. The obtained results illustrate particular 

challenges that can occur during a step-wise construction of a 

large-scale MTDC transmission system. 

 

1 Introduction 

With the expected developments of large scale offshore wind 

farms at long distances from shore, HVDC transmission 

based on Voltage Source Converters (VSCs) is emerging as 

the preferred solution for interconnection with the existing 

onshore power systems [1]-[3]. In the long term, it is also 

expected that HVDC transmission systems for wind farms are 

going to be interconnected with VSC-based point-to-point 

HVDC interconnections between existing AC grids and 

gradually form MTDC grids. Such plans are especially 

relevant in the North Sea region, due to the significant plans 

for offshore activities related to renewables and oil 

exploration requiring infrastructure for electric power 

transmission, as well as the possible benefits of more 

interconnections among the countries surrounding the North 

Sea [3], [4]. Similar plans for offshore MTDC grids are also 

considered in the Mediterranean region [5], and for the east 

cost of the US [6]. Meshed VSC-based HVDC grids have 

further been envisioned as a large scale overlay grid to avoid 

power system limitations and congestions in mainland Europe 

[3]. Although there are still significant challenges with the 

implementation of protection systems and interruption of fault 

currents in HVDC grids, construction and operation of large- 

scale MTDC systems is considered technically feasible with 

available cables and VSC technology. A large range of 

studies on modelling, control and operation of VSC-based 

MTDC system have therefore been published in the last few 

years [7]-[12]. They include examples of stability analysis for 

hybrid networks comprising AC and DC subsystems [13], 

accounting for the dynamic effect of synchronous generators 

in the AC grids [9], [11]. However, since there are not yet any 

practical installations or established test systems available for 

large-scale MTDC grids, previous studies have been based on 

simulations of various system configurations and parameters 

depending on the main issue under investigation. Thus, the 

B4 working groups of Cigré have recently proposed a DC 

grid test system intended as a common reference allowing for 

easier comparison of results from various types of 

investigations [14]. 

 

This paper will present and discuss the results of small-signal 

stability analysis of HVDC transmission systems based on the 

Cigré DC grid test system from [14]. The analysis aims at 

identifying critical modes of the interconnected AC and DC 

power systems and revealing how these modes are associated 

with the grid configuration and the various parts of the HVDC 

converter controllers. The results from studies of point-to- 

point HVDC connections constituting sub-systems of the full 

Cigré DC grid will be presented as a starting point. The study 

of the basic point-to-point configurations is followed by the 

analysis of a four-terminal sub-system, before proceeding to 

the analysis of the full Cigre DC grid test system. Based on 

the results from these cases, the paper will attempt to identify 

the oscillation modes that can occur when multiple HVDC 

converters are connected into a meshed MTDC grid similar to 

the envisioned development of the North Sea HVDC grid. 

 

2 Investigated System Configurations 

The DC grid test system proposed by the Cigré B4.57 

working group in [14] and its associated parameters are the 

starting point for the following investigations. An overview of 

this system is shown in Fig. 1, indicating the AC and DC grid 

configurations as well as all converters included in the 

modelling. Dashed lines in this figure represent cables, while 

solid lines represent overhead lines. The lengths in km are 

indicated for each section of the transmission systems. The 

system contains two onshore AC systems, four independent 
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Fig. 2. Overall Control Structure of VSC 
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Fig. 1. CIGRE DC Grid Test System [14] 

 

Bus Bus 
Type 

Generation 
[MW] 

Load 
[MW] 

system 

Ba-A0 Slack 
Bus 

S=10 GVA, R/X=0.1 
λ=5 MW/mHz, T=10 s 

Onshore 
Ba-B0 

Ba-A1 PQ -2000 1000 Onshore 

Ba-B1 PQ -1000 2200 Onshore 

Ba-B2 PQ -1000 2300 Onshore 

Ba-B3 PQ -1000 1900 Onshore 

Ba-C1 PQ -500 0 Offshore 

Ba-C2 PQ -500 0 Offshore 

Ba-D1 PQ -1000 0 Offshore 

Ba-E1 PQ 0 100 Offshore 

Ba-F1 PQ -500 0 Offshore 

Table 1: Data for the AC bussed used in this work 

offshore AC systems, and three DC systems. The data for the 

AC busses is given in Table 1. The two meshed DC grids 

shown in the lowest part of the figure are interconnected 

through a DC-DC converter. The system voltages are 380 kV 

and 145 kV RMS line-to-line for the onshore and offshore AC 

systems, respectively and 400 kV DC for each AC-DC 

converter. Thus, the symmetric monopole DC connections 

have rated voltages of ± 200 kV, while the bi-pole 

connections are rated for ±400 kV. 

 

The VSC converters are modelled by average models 

represented by a current source on the DC-side and a three- 

phase voltage source on the AC side. The overall control 

structure of the VSC for different control objective and droop 

implementation is shown in Fig. 2 and Fig. 3, respectively. 

The DC-DC converters are modelled according to the same 

approach with a current source on the high voltage side and a 

voltage source on the lower voltage side. Since the converters 

are considered as ideal, all losses are represented by external 

passive elements. The main physical parameters required for 

modelling the system are available from [14]. 

 

3 Simulation Results and System Analysis 

All cases have been modelled and simulated in the 

DIgSILENT PowerFactory environment. This software has 

two simulation options; one based on simplified electrical 

transient phasor models (RMS) and the other based on 

Fig. 3. Droop Control Implementation 

Electromagnetic Transient models (EMT). Electromagnetic 

dynamics of electrical networks are neglected in the RMS 

simulation, and AC voltages and currents are represented only 

by their magnitude and phase angle. In EMT simulation 

voltages and currents are represented by their instantaneous 

values where dynamic behavior of the network components is 

also included. For transient stability analysis as well as 

evaluation of designed control system in large-scale systems, 

the RMS simulation mode is more suitable since it requires 

less computation time and enables small-signal analysis of a 

linearized system model. 

 
 Stability analysis of point-to-point HVDC connections 

The investigated point-to-point bi-pole VSC-HVDC 

transmission system is shown in Fig. 4. In this case the bi- 

pole converter Cb-A1 controls the AC and DC voltages, 

whereas Cb-B1 controls real and reactive powers. Each 

converter unit is rated 1200 MVA, has 75 μF DC link 

capacitance and is connected to the AC grids through a 

380/204 kV two winding transformer with the same MVA 

rating as the converter. The converter stations are connected 

through ±400 kV DC overhead lines (OHL), so the total DC 

link voltage rating of one bi-pole converter station is 800 kV 

with a total power rating of 2400 MVA 

 

The small signal stability of this system is investigated for 

different values of the short circuit ratio (SCR) of the grid. 

This investigation confirms how the system becomes unstable 

if the grid becomes weak [15], [16]. In this case the system is 

unstable if SCR < 2 and the power transfer is high (> 0.5 pu) 

and in case of SCR reduced to 1, the system can only transfer 

about 50 % of rated power, without provoking a voltage 

collapse. The trajectory of the eigenvalues for different SCR 

with 0.625 pu power reference is shown in Fig. 6, where the 

SCR is varied from 4 to 1. These modes are calculated in 

PowerFactory by selective modal analysis using the 

Arnoldi/Lanczos method. A pair of complex conjugate poles 

corresponding to the PLL of converter Cb-A1 shown in Fig. 6 

is responsible for the instability and is moving towards 

unstable region if SCR is lower than 1.75. Another complex 

conjugate poles with relatively slow response-, associated 
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Fig. 5. The AC voltages of the bipole point-to-point 

HVDC system with weak grid of SCR 2 for stepping 

power from 0.75 pu to 0.85 pu at 0.1 s 
 

 

Cb-B1 

Fig. 4. Investigated bi-pole point-to-point HVDC system (case 

1 as indicated with a light blue dash-dotted line in Fig. 1) 

with PLL of converter Cb-B1 is also moving towards the real 

axis. Moreover, some other poles are found to be influenced, 

for example two complex conjugates poles related to dc 

voltage measurement filter and dc capacitor of converter 

station Cb-A1 are moving towards the imaginary axis, but 

they have less impact of the system dynamics in this case. 
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Considering the electrical parameters in [14], and properly 

tuned parameters for the controllers in the system, the 

investigated case is stable. However, the system can easily 

become unstable for disadvantageous combinations of 

controller parameters. The system is therefore first studied 

without AC transmission lines, and operates properly for 

current controller proportional gain of 0.5 and integrator time 

constant of 0.01 s. The proportional gain of the DC-link 

voltage controller is 2 and the integrator time constant is 0.1 

s. However, including the two AC transmission lines in the 

system (Fig. 4), two pairs of unstable complex conjugate 

eigenvalues at 17.005±j86.755 and 1.684±j21.472 are found 

for full loading. These modes are mainly influenced by the 

frequency and voltage angle of AC system, the PLLs and the 

integrator of the DC voltage controller. This instability effect 

is the same as for the low SCR, and is confirmed with EMT 

and RMS simulations. The resulting AC voltage of the 

converters with this tuning for a step from 0.75 pu to 0.85 pu 

power reference is presented in Fig. 5. This figure clearly 

shows how the voltage becomes unstable and quickly 

collapses at the rectifier terminal, bringing the entire system 

into instability. It should also be noticed that the analysis 

confirms how the system can become unstable due to the 

tuning of the PI controller of the PLLs [15]. 
 

For further investigations, the system is made stable by 

increasing the current controller gain to 4. Then, the 

following operating condition is specified: AC voltage 

reference of 1.0 pu and DC voltage reference of 1.01 pu for 

converter station Cb-A1, active power reference of 0.625 pu 

and reactive power reference of 0.0 pu for converter station 

Cb-B1. The corresponding system eigenvalues found from 

small signal analysis are shown in Fig. 7 (a). They are sorted 

manually according to their dominant participation factors, 

and plotted with different colors and markers to identify the 

Real Part [1/s] 

Fig. 6. Eigenvalue trajectory for biople point-to-point HVDC 

system with SCR of 1-4 of the ac grid 

various types of poles. As the system has satisfactory 

performance, there are no unstable modes, but there are eight 

pairs of oscillating modes that can be noticed in Fig. 7 (a). 

The most oscillatory of these pole pairs are located at 

−37.226±j397.812 and −26.558±j387.017, corresponding to a 

damped oscillation frequency of 63.04 and 61.45 Hz, and are 

found to be mainly associated with the DC link capacitance 

and DC transmission line of the system. There are also four 

pole pair with relatively slow damping at -4.918±j29.413, - 

4.744±j28.751,      -3.301±j24.457      and      -3.440±j22.127 

associated with the integrator of the PLL. The last two pair of 

complex conjugate poles is located at -26.548± j 132.55 and - 

4.918 ±j29.413, and has a relatively fast response related to 

the use of measurement filters in the converter control. 

 

A symmetrical monopole point-to-point VSC HVDC system 

with the same rating and control condition as the studied bi- 

pole configuration has also been investigated for comparison. 

In this case the rating of the transformers is increased to 2400 

MVA and the converter side voltage is 408 kV. To be 

equivalent to the bi-pole converter station, the DC voltage of 

the symmetric monopole converter is 800 kV and the DC link 

capacitance is 37.5 μF. The resulting eigenvalues of this 

system under the same operating conditions as the bi-pole 

connection are shown in Fig. 7 (b). Comparing the 

eigenvalues for the bi-pole and monopole configurations it is 

clearly seen that the bi-pole has twice the number of poles, 

and that the most noticeable poles are doubled poles in similar 

locations as the corresponding eigenvalues for the monopole 

system. It is especially noticeable how the most oscillatory 

poles have higher oscillation frequency, but also a more 

negative real part for the bi-pole configuration than the 
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Fig. 8. Schematic of investigated Four Terminal HVDC system 

(Case 2 as indicated with purple dash-dotted line in Fig. 1) 
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0 

Fig. 7. Eigenvalue plot of (a) point-to-point bi-pole VSC 

HVDC system and (b) monopole equivalent to the 

investigated bi-pole point-to-point HVDC system 

equivalent monopole configuration. From a general 

comparison of the bi-pole configuration and the equivalent 

monopole configuration it is also noticed that some of the 

real poles have quite different locations. However these are 

all fast poles with no critical influence on the operation of the 

system. The poles close to 0 are all the same for both systems, 

except that the bi-pole configuration has double sets of poles 

located very close to each other. 

 
 Stability analysis of four terminal HVDC System 

In this case, two more bi-pole VSC converters, Cb-C2 and 

Cb-D1 are added to the system from case 1. Both converters 

are operated as AC slack converters, connecting two 

independent offshore wind farms to the DC system. The 

power rating of Cb-C2 is 2x400 MVA and Cb-D1 is rated for 

2x800 MVA. As for the other offshore systems, the AC 

voltage is 145 kV, and the 204/145 kV transformers have the 

same ratings as the corresponding converters. Each of the 

wind farms is producing 500 MW, and the resulting power 

flow of the system is indicated in Fig. 8. The power produced 

by the wind farms is exported to the onshore system B 

through the DC grid, together with some additional power 

injected from the onshore system A. 

 

The small signal stability of the system is analyzed and it is 

found that the system is oscillatory unstable with the 75 μF 

DC capacitances of converter station Cb-B1 used for the bi- 

pole point-to-point system in case 1. Since this mode is 

sensitive to the DC link capacitance, this value is increased to 

312 μF, ensuring that the system has sufficient stability 

margin at full loading. The resulting eigenvalues of the stable 

four terminal system are plotted in Fig. 9. It can be seen from 

this figure, that the system has always double sets of complex 

conjugate poles, since it is a bi-pole configuration, and that 

most of these poles are located in similar positions as for the 

point-to-point connection. Since the added converters are 
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Fig. 9. Eigenvalue plot of four terminal HVDC system 

operated as slack busses without much dynamics of the 

control, there are not significant new poles with high 

oscillation frequencies related to the DC capacitances 

introduced in the system. There is however an additional set 

of double pole pairs associated with the measurement filters 

of the converters. There are also additional sets of complex 

poles close to the real axis, whereof one of them have 

relatively poor damping. Time domain simulations have also 

been carried out to further investigate how the poles of the 

system influence the dynamic response of some of the main 

variables. One example of such simulations ia shown in Fig. 

10, showing the dynamic response of the AC voltages at 

selected busses in the system when there is a change in wind 

power injection into the DC grid. Starting from steady-state, 

the output power of the wind farm connected to bus Bo-C2 is 

increased by 20 % at 0.5 s of simulation time, and at 1.3 s the 

output power of the wind farm connected to bus Bo-D1 is 

decreased by 20 %. 

 

Further studying the results in Fig. 9 and Fig. 10 it can be 

found that the oscillation mode at −37.60±j28.41 is 

corresponding with the voltage oscillation of bus Ba-A1. This 

oscillation model is associated with measurement filter of DC 

voltage, the PI controller of the PLL and the DC voltage 

controller. Similarly, voltage oscillation at bus Ba-B1 is 

coinciding with the oscillation mode given by the complex 

pole at −2.37±j23.385. The real part of this eigenvalue is 

small, and it therefore takes a relatively long time to damp the 

oscillation. The state of the PLL for the converter Cb-b1 has a 

high participation factor in this mode. The voltage oscillations 

at busses Bo-C2 and Bo-D1 are mainly corresponding to the 

eigenvalues at −1.41±j174.75 and −12.91±j191.77, 

respectively. The PLL of the corresponding converter has a 
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Fig. 10. AC voltage of four terminal HVDC system with two 

transient events at 0.5 s and 1.3 s 

high participation in the oscillation at bus Bo-D1. The 

oscillation at bus Bo-C2 is however much more poorly 

damped, and is closely associated to the measurement filters. 

It is noticeable from Fig. 7 and Fig. 9 that in the four terminal 

system the most oscillatory poles associated with DC link 

capacitor and line are now closer to the imaginary axis. The 

fast poles corresponding to the current controller also become 

oscillatory in this case, although they are well damped. 

 

 

 

 

 
Table 2: Overview of Converters and Control Objectives 

 

 
1.02 

 
 Stability analysis of the Cirgré DC Grid Test System 

To study the dynamics of a more complex system, the full 

Cigré DC grid test system is investigated. An overview of all 

the AC-DC converters and their control modes and reference 

set-points is given in Table 2. The current controller 

proportional gain is in the range 2-0.4 depending on the 

parameters and rating of the converter and integrator time 

constant is kept 0.01 s. The DC and AC voltage controller 

proportional gain and integral time constant are 2, 0.1 s and 6, 
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Time (s) 
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  Bus: Ba-B3 

2 

 
 
 
 
 
 

1.5 2 

0.25 s, respectively. As can be seen in this table, AC 

frequency droop and DC voltage droop are included in the 

control systems of the converters controlling active power. 

Similarly, the converters used to control AC voltages are 

applying a reactive power droop. The droop gains have 

significant impact on stability of the systems and must 

therefore be carefully selected. A simulation of the voltages in 

the onshore and offshore systems is presented in Fig. 11. It 

can be seen that the AC system voltage at bus Ba-A1 is close 

to 1 pu since the converter connected to that bus is controlling 

the AC voltage. The voltage at bus Ba-B1 is however higher 

because the converter at that bus is injecting real power to the 

AC system while controlling 0 reactive power. The AC 

system voltages of all the onshore busses are also within their 

operating ranges from 0.95 pu to 1.05 pu. In the offshore 

wind farm systems C, the voltages are slightly above the 

nominal values since the AC cables are producing reactive 

power. Converter Cb-C2 is exporting power to the DC system 

and producing reactive power. Proper AC voltage control is 

obtained by implementing a reactive power droop at that 

converter. The resulting voltage has a slightly oscillatory 

response during transient events but the system is stable and 

steady state operation is satisfactory. 

 

Small signal stability of the system is studied for various 

control conditions. Without reactive power droop at converter 

Cb-C2 the AC voltage controller trying to control the bus 

voltage provokes instability, with a real positive pole in 

Fig. 11. Offshore and onshore voltage of CIGRE DC Grid Test 
system for stable operation 

33.728. Stability is also studied without reactive power droop 
at converter Cm-B3 resulting in an unstable eigenvalue at 

9.337. In this case, the AC voltage controller state has high 

participation in the unstable mode, but the AC voltage 

measurement filter and the PLL of Cb-B1 are also 

contributing. There is an unstable mode at 1.974±j31.199 

without AC voltage droop for converter Cb-B1, where the 

corresponding PLL has high participation factor. However, 

the PLL of Cb-B2, the integrator of the DC voltage controller 

of converter Cb-A1, the frequency of the AC system A and 

the measurement filters are also associated with this mode. 

 

Considering the full Cigré DC grid test system in stable 

operation, a selected plot of the most important eigenvalues is 

shown in Fig. 12. From this figure, the most oscillatory poles 

that occur when expanding the system appear to be related to 

the DC-link capacitors of the converters. The poles associated 

with the current controller show similar behavior as four 

terminal system when it expands point-to-point to multi 

terminal system. There are also a significant set of complex 

conjugate poles with low oscillation frequencies related to the 

PLLs and the outer controllers of the converters, and some 

additional oscillatory poles with more negative real values 

associated with the measurement filters of the control 

systems. However, the grouping of the poles is not changing 
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