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  Executive Summary 
 

The Great British transmission network is expecting the interconnection of several new HVDC links 

up to and beyond 2020. Due to this proliferation of HVDC systems, it is anticipated that in some 

locations two or more HVDC converter stations will be installed with only a short  electrical 

distance between them and will form a multi-infeed (MI)-HVDC system. This is a particular concern 

in the North of Scotland. It has been demonstrated in previous research that controller structure, 

parameters and limits in HVDC links have a significant effect on the stability of mixed AC-DC 

systems. It is anticipated that these factors will be just as, if not more, significant in MI-HVDC 

systems. Therefore, it is important to assess the dynamic performance of weak AC systems (with 

few synchronous generation sources) like Scotland with the different controllers associated with 

HVDC converters by considering existing industrial practice. 
 

This research commences with the development of a test system for the North of Scotland. The 

proposed test system closely resembles the key features of the North Scotland power system (and 

is referred to as the reduced North Scotland (RNS) system). The RNS system is modelled upon a 

future Scottish transmission system model as reported earlier. This work investigates the impact 

of MI-HVDC links on the North Scotland system for two different system generation mixes with 

particular interest in the electromechanical time-frame. A list of control schemes has been 

formulated to assess the dynamic performance of the developed realistic system under typical 

loading scenarios. The system performance is assessed by observing a variety of aspects of system 

stability by detecting the stability indices. Furthermore, sensitivity studies have been performed 

for the worst and the best control combinations to evaluate the impacts of variations in the 

control characteristics among the grid-side converters of the proposed HVDC links. The analyses 

results illustrated in this report suggest the following key features of the RNS system with 

proposed HVDC links: 
 

1. Feed-forward type power factor control can significantly increase the damping of the inter- 

area mode, whereas, feedback AC voltage control applied within the proposed HVDC links 

significantly reduces the damping of the inter-area mode. 
 

2. The direction of power flow can be influential in determining inter-area mode damping, 

even when similar control structures are used. This was witnessed for feedback AC voltage 

control in the grid-side converters when power flow direction is changed through the 

Northconnect link. 
 

3. The application of a constant reactive power control on the grid-side converters of the all 

proposed HVDC links has the most adverse effect on the transient voltage stability while 

the system is importing power from the adjacent grids. Furthermore, the impacts of the 

control combinations on the transient voltage performance significantly depend on the 

strength of the system and the amount of reactive power reserve into the system. 
 

4. The application of a constant reactive power control on the grid-side converters of the all 

proposed HVDC links has the most adverse effect on the transient stability for all operating 
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scenarios. Again, the impacts of control combinations on the transient stability significantly 

depend on the strength of the system, reactive power reserve, and power flow direction 

into the system. 
 

5. From the sensitivity analysis that has been conducted, it appears that there is very little 

impact of any small variations on the control characteristics on the dynamic performance 

of the system. This suggests that controller structure, rather than controller parameters, is 

more influential in determining the dynamic performance of MI-HVDC systems. 
 

The objectives of Deliverable 3 (Stability Assessment of Multi-infeed HVDC Systems: Primary 

Controller Testing) have been fully met by the research and results presented in this report. 

However, the studies conducted here also suggested a number of further research directions (e.g. 

extended interaction studies, AC voltage controller design and tuning) which are worth pursuing 

and are detailed within this report. 
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Control ID (CI)  Grid-side converter Remote Converter 

CI-1 Vdc-Q (all)  PQ (all) 

CI-2 Vdc-Q (W), Vdc- Vac (CM); Vdc-pf (N) PQ (all) 

CI-3 Vdc-Q (N), Vdc- Vac (W); Vdc-pf (CM) PQ(all) 

CI-4 Vdc-Q (CM), Vdc- Vac (N); Vdc-pf (W) PQ (all) 

CI-5 Vdc-Q (W,CM), PQ (N) PQ (W), PQ(CM), Vdc-Q (N) 

CI-6 Vdc- Vac (W,CM), PQ (N) PQ (W), PQ(CM), Vdc-Q (N) 

CI-7 Vdc-Q (W,CM), P-Vac (N) PQ (W), PQ(CM), Vdc-Q (N) 

CI-8 Vdc- Vac (W,CM), P-Vac (N) PQ (W), PQ(CM), Vdc-Q (N) 

CI-9 Vdc-pf (W,CM), P-Vac (N) PQ (W), PQ(CM), Vdc-Q (N) 

CI-10 Vdc-pf (all) PQ (all) 

CI-11 Vdc-pf (W,CM), PQ (N) PQ (W), PQ(CM), Vdc-Q (N) 

CI-12 Vdc- Vac (all) PQ (all) 

 

1 Scope 

This report summarises the results of the investigations into the impacts of the proposed multi- 

infeed HVDC links on the North Scotland system for two different system generation mixes. A list 

of control schemes, given in Table 1, has been formulated to assess the dynamic performance of 

the developed realistic system under typical loading scenarios (i.e. summer and winter peak). Note 

that this report covers the analysis of the proposed 12 controller combinations (or control IDs) 

outlined previously in Deliverable 2: AC System and VSC-HVDC Modelling. The test system 

illustrated in Fig. 1 has been designed in DIgSILENT Power Factory as a reduced dynamic 

equivalent of the North Scotland power system, henceforth referred to as the reduced North 

Scotland (RNS) system in this report. 

Table 1: Control schemes for converter stations 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

W = Western Isles; CM = Caithness-Moray; N = Northconnect 

 
The basis for this model is obtained from the Great Britain (GB) network published previously in [1, 

2] and fully outlined previously in Deliverable 2: AC System and VSC-HVDC Modelling. To represent 

the RNS system, the network elements beyond node 4 of the original GB system have not been 

considered for this reduced test system. Therefore, the network elements beyond node 4 are 

represented as an external grid behind a high voltage transformer. The RNS model consists of four 

nodes interconnected through transmission lines. In addition to the original nodes 1 to 4 from the 

initial GB model, a further node (node 5), is added to the test system to facilitate the integration of 

the HVDC infeed to represent the Caithness-Moray link (see Fig. 2). All AC transmission lines 

consist of a double circuit, except for line 2‒3 which is a single circuit only. These transmission 

lines represent the main power flow across North Scotland. All the transmission lines have a 
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nominal voltage of 275 kV. HVDC infeeds representative of the Western Isles and Northconnect 

will be integrated with the AC system model at node 1 and 2, shown in Fig. 2. 
 

 
 

Fig. 1: Single-line diagram of RNS network. 
 

 
 

Fig. 2: Representative RNS network with proposed HVDC links. 
 

1.1 Operating Scenarios 

Two cases have been developed: 
 

1. With a current generation mix as defined for 2013 

2. With an anticipated generation mix representative of 2023. 
 

Conventional generator models are used to form the dynamic model of the 2013 case, whereas, 

for the 2023  generation scenario, the conventional generator (Hydro)  at  GT-3 (see Fig. 1) is 

replaced by a large wind generator [3]. A priority based current control limit has been used for all 

control schemes listed in Table 1. To facilitate the HVDC infeeds into the system, the loads at 

nodes 1 and 2 are increased by 40%, from the summer peak scenario as given in [2], referred as 

summer peak loading condition in this report. The winter peak loading (approximately 150 % of 

the summer peak [2]) has also been used to analyse the impacts of the MI-HVDC system in the 

RNS network under heavier loading conditions. It should be noted that identical summer and 
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# Network Model Loading Control ID (CI) Grid-side Converter Remote Converter 

1 

2 

3 

4 

5 

6 

  
 
 
 
 
 
 

Summer peak 

CI-1 

CI-2 

CI-3 

CI-4 

CI-5 

CI-6 

Vdc-Q (all) 

Vdc-Q (W), Vdc- Vac  (CM); Vdc-pf (N) 

Vdc-Q (N), Vdc- Vac (W); Vdc-pf (CM) 

Vdc-Q (CM), Vdc- Vac (N); Vdc-pf (W) 

Vdc-Q (W,CM), PQ (N) 

Vdc- Vac  (W,CM), PQ (N) 

PQ (all) 

PQ (all) 

PQ(all) 

PQ (all) 

PQ (W), PQ(CM), Vdc-Q (N) 

PQ (W), PQ(CM), Vdc-Q (N) 

      

      
      
      
      

7   CI-7 Vdc-Q (W,CM), P-Vac (N) PQ (W), PQ(CM), Vdc-Q (N) 

8   CI-8 Vdc- Vac  (W,CM), P-Vac (N) PQ (W), PQ(CM), Vdc-Q (N) 

9   CI-9 Vdc-pf (W,CM), P-Vac (N) PQ (W), PQ(CM), Vdc-Q (N) 

10 2013 Model  CI-10 Vdc-pf (all) PQ (all) 

11 (current generation mix)  CI-11 Vdc-pf (W,CM), PQ (N) PQ (W), PQ(CM), Vdc-Q (N) 

12   CI-12 Vdc- Vac (all) PQ (all) 

13 

14 

15 

  CI-1 

CI-2 

CI-3 

Vdc-Q (all) 

Vdc-Q (W), Vdc- Vac  (CM); Vdc-pf (N) 

Vdc-Q (N), Vdc- Vac (W); Vdc-pf (CM) 

PQ (all) 

PQ (all) 

PQ(all) 

      

      
16   CI-4 Vdc-Q (CM), Vdc- Vac (N); Vdc-pf (W) PQ (all) 

17   CI-5 Vdc-Q (W,CM), PQ (N) PQ (W), PQ(CM), Vdc-Q (N) 

18  
Winter peak CI-6 V  - V   (W,CM), PQ (N) PQ (W), PQ(CM), V  -Q (N) 

19   CI-7 Vdc-Q (W,CM), P-Vac (N) PQ (W), PQ(CM), Vdc-Q (N) 

20   CI-8 Vdc- Vac  (W,CM), P-Vac (N) PQ (W), PQ(CM), Vdc-Q (N) 

21   CI-9 Vdc-pf (W,CM), P-Vac (N) PQ (W), PQ(CM), Vdc-Q (N) 

22   CI-10 Vdc-pf (all) PQ (all) 

23   CI-11 Vdc-pf (W,CM), PQ (N) PQ (W), PQ(CM), Vdc-Q (N) 

24   CI-12 Vdc- Vac (all) PQ (all) 

25 

26 

27 

28 

29 

30 

31 

  
 
 
 
 
 

Summer peak 

CI-1 

CI-2 

CI-3 

CI-4 

CI-5 

CI-6 

CI-7 

Vdc-Q (all) 

Vdc-Q (W), Vdc- Vac  (CM); Vdc-pf (N) 

Vdc-Q (N), Vdc- Vac (W); Vdc-pf (CM) 

Vdc-Q (CM), Vdc- Vac (N); Vdc-pf (W) 

Vdc-Q (W,CM), PQ (N) 

V  - V   (W,CM), PQ (N) 

Vdc-Q (W,CM), P-Vac (N) 

PQ (all) 

PQ (all) 

PQ(all) 

PQ (all) 

PQ (W), PQ(CM), Vdc-Q (N) 

PQ (W), PQ(CM), V  -Q (N) 

PQ (W), PQ(CM), Vdc-Q (N) 

      

      
      
      
    dc       ac dc 

      
32   CI-8 Vdc- Vac  (W,CM), P-Vac (N) PQ (W), PQ(CM), Vdc-Q (N) 

33   CI-9 Vdc-pf (W,CM), P-Vac (N) PQ (W), PQ(CM), Vdc-Q (N) 

34   CI-10 Vdc-pf (all) PQ (all) 

35 2023 Model  CI-11 Vdc-pf (W,CM), PQ (N) PQ (W), PQ(CM), Vdc-Q (N) 

36 (includes large WPP)  CI-12 Vdc- Vac (all) PQ (all) 

37 

38 

39 

  CI-1 

CI-2 

CI-3 

Vdc-Q (all) 

Vdc-Q (W), Vdc- Vac  (CM); Vdc-pf (N) 

Vdc-Q (N), Vdc- Vac (W); Vdc-pf (CM) 

PQ (all) 

PQ (all) 

PQ(all) 

      

      

winter peak loading conditions are employed for both the generation scenarios since it is reported 

that the load growth will be minimum over the next seven to ten years’ time [4]. The complete 

lists of operating scenarios that have been considered during this study are given in Table 2. 
 

Table 2: Complete operating scenarios 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

dc       ac dc 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

dc       ac dc 



11 of 132  

c 

 

2 Stability Indices 
 

The system performance is assessed by observing a variety of aspects of system stability. For the 

time-frame of interest within this study, this includes: 
 

1. Small-disturbance rotor angle stability (i.e. electromechanical oscillations). 
 

2. Transient voltage stability (i.e. post fault voltage behaviour). 
 

3. Large-disturbance rotor angle stability (i.e. post fault machine rotor behaviour). 

These will be analysed and discussed using the following metrics. 

2.1 Small disturbance rotor angle stability 

From the perspective of AC-side small-disturbance rotor angle stability, the investigation focuses 

on the impact of the MI-HVDC control allocation on the damping of various electromechanical (EM) 

modes of the system. The QR analysis method [2] has been used to evaluate the eigenvalues to 

the frequency of interest (0.2‒3.0 Hz), and the corresponding damping ratios are calculated. 
 

2.2 Transient voltage stability 

Short-term voltage stability (i.e. transient voltage stability) is mainly focused on the transient 

voltage limit violation, delayed voltage recovery or fast voltage collapse following a large- 

disturbance to the system. To measure the transient voltage stability of the system, the transient 

voltage severity index (TVSI)  proposed in [5] has been used in this report. Transient voltage 

performance of each system bus following the clearance of the fault is evaluated using (1). 
 

N    T 

TVDI i ,t 
i1 t T 

TVSI 
N T Tc 

 
 

(1) 

 

In (1), N is the total number of buses in the system, T is the time-frame considered for evaluating 

TVSI, Tc is the fault clearing time, and  TVDIi,t is the transient voltage deviation index of bus i at time 

t. The TVDI i,t can be evaluated as (2): 
 

 
TVDI i,t  

Vi,t  Vi ,0 

Vi,0 

 

(2) 

 

In (2), Vi,t refers to the voltage magnitude of bus i at time t, and Vi ,0 is the nominal voltage of bus i. 

The TVSI and TVDIi,t values are calculated using a 5 s window after fault clearance. The concept of 

TVSI is illustrated in Fig. 3. It accounts for the buses with transient voltage deviation during the time 

period of T s. It can provide a quantitative comparison of the transient voltage performance of the 

system following a large-disturbance. In essence, the TVSI tells you the average deviation from your 

target voltage in the time frame of interest. A smaller TVSI value means a better transient voltage 

performance of the system. 
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Fig. 3: Illustration of the concept of TVSI. 
 

2.3 Large disturbance rotor angle stability 

The  large-disturbance  rotor  angle  stability  of  the  system  is  assessed  here  by  evaluating  the 

transient stability index (TSI) of the system. The TSI is given as (3) [6]: 
 

TSI 
360MAX 

360MAX 

 
(3) 

 

In (3), MAX is the maximum rotor angle separation between two synchronous generators at any 
th 

instant in time. In this study, MAX of any i 

machine rotor angle (ref ) , as in (4) [6]: 

generator is calculated with respect to the reference 

 

MAX  i ref (4) 
 

The concept of rotor angle separation is shown in Fig. 4 (a). The maximum rotor angle separation 

MAX with respect to the reference machine can be obtained from the rotor angle difference plots 

as shown in Fig. 4 (b) and then applied to (3) to get the TSI of the system. 
 

 
 

(a) Rotor angle separation of a machine after fault clearance. 



13 of 132  

 
 

(b) Rotor angle separation with respect to reference machine. 
 

Fig. 4: Evaluation of rotor angle separation. 
 

If the TSI is less than zero, the system is large-disturbance rotor angle unstable. The power system 

is considered as stable for a TSI greater than zero. A higher TSI means a better transient stability 

margin for the system. 
 

2.4 Summary 

These indices will be used to assess the dynamic performance of the system and the impacts that 

the different control combinations have on the MI-HVDC system. For all studies, the full dynamic 

results are included within the Appendix to allow full interrogation of the results. 
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3 Small-disturbance Angle Stability 
 

The aim of this study is to investigate the host AC system electromechanical (EM) modes under the 

effect of various control combinations (as detailed in Table 1) within a MI-HVDC system and the 

given operating points of  the  AC system. The damping ratios of the EM modes  without the 

proposed HVDC links to the RNS system (referred to as the base case) are given in Table 3 for a 

clear comparison. 
 

Table 3: EM modes of RNS system without HVDC links 
 

EM mode ID Damping ratio Frequency (Hz) Specification 

1 0.13 2.60 Local mode 

2 0.096 2.07 Local mode 

3 0.10 1.37 Local mode 

4 0.042 0.73 Inter-area mode 
 

3.1 2013 case 

The damping ratios of the EM modes for 2013 generation scenario with the full range of 

considered HVDC controller combinations are demonstrated in Fig. 5 under summer and winter 

peak loading conditions. 
 

Examining the results in Fig. 5, it is seen that the damping of mode 4 (the lowest frequency critical 

inter-area mode) is reduced for  almost all control combinations within the MI-HVDC system, 

excluding control combinations CI-3,-9,-10, and -11. From the results given in Fig. 5, it can be seen 

that the system experiences a similar inter-area mode damping as the base case when CI-3 is used. 

Furthermore, for the control combinations CI-9, CI-10 and CI-11, the damping of mode 4 is 

increased significantly from the base case. The highest inter-area mode damping (damping ratio 

around and more than 0.08) can be observed for CI-10. It should be worth noting that the feed- 

forward type power factor control is applied under CI-10 in all the grid-side converters of the 

proposed HVDC links. 
 

The system experiences the lowest inter-area mode damping under CI-12 when all converters are 

operating in Vdc- Vac mode. From the results given in Fig. 5, it is worth noting that the damping of 

the inter-area mode drops to just 0.016 for CI-12 under the summer peak. 
 

From the results in the figure, it can be seen that the damping of mode 1 is kept constant at the 

base case value for CI-1, CI-2, CI-10, and CI-12, and is reduced from the base case for other control 

combinations. Furthermore, with the integration of the proposed HVDC links, the damping of 

mode 2 is reduced from the base case for all control combinations except for CI-7, CI-8, CI-9, and 

CI-11, respectively. On the contrary, the damping of mode 3 is increased from the base case for CI- 

1, CI-2, and CI-7 to CI-12, however, is reduced for other control combinations. 
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(a) Summer Peak 

 

(b) Winter Peak 

Fig. 5: Damping of EM modes for 2013 generation scenario. 
 

The effects of CI-3 (near base case), CI-10 (best), and CI-12 (worst) are further studied using the 

time domain simulations presented in Fig. 6. The active power responses of a single line between 

node 2 and 4 following a three-phase fault at node 3 for 80 ms are given in Fig. 6. 
 

From the results given in Fig. 6, it can be observed that the active power response for CI-3 shows a 

similar oscillatory behaviour as with the base case with oscillations persisting for more than 15 s. 

This is anticipated considering the modal damping factors obtained. 
 

The active power oscillation decays very quickly for the CI-10 control combination when all 

converters operate in Vdc-pf mode. The oscillations are well damped and settled within 9 s. A 

sustained oscillation of line active power following a three-phase fault that persists for longer than 

20 s can be seen for CI-12 (all Vdc- Vac). 
 

From the results given in the figure, it should be worth noting that the active power response level 

at the base case is different from the cases with HVDC links due to the lower loading and power 

export level to the England and Wales system at base case. The time domain simulation results 
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given in Fig. 6 are in agreement with the results obtained through modal analysis and presented in 

Fig. 5. 
 

 
 

Fig. 6: Line 2-4 power responses for CI-3, CI-10, and CI-12 at 2013 generation scenario. 
 

3.2 2023 case 

The damping ratios of the EM modes for 2023 generation scenario are shown in Fig. 7 under 

summer and winter peak loading conditions. 
 

Looking at the results presented in Fig. 7, it can be seen that the damping of the inter-area mode 

(mode 4) is reduced from the base case for the 2023 generation scenario for all control 

combinations except CI-9, CI-10 and CI-11. In fact, the system experienced inter-area mode 

damping very close to that of the base case with the CI-9 combination. The damping of the inter- 

area mode improved significantly from the base case for both CI-10 and CI-11. It should be noted 

that under CI-10 and CI-11 control combinations, the feed-forward type power factor control is 

applied in more than one grid-side converters of the proposed HVDC links. Such control clearly has 

a large benefit for the system with respect to modal damping. From the results given in Fig. 7, it 

can be observed that the system experienced the highest inter-area mode damping for CI-11. This 

is different from the 2013 generation scenario given in Fig. 5 when CI-10 produced the highest 

damping for the inter-area mode. 
 

Similar to the earlier generation scenario, the system experiences the lowest inter-area mode 

damping under CI-12, when damping drops alarmingly low to just 0.015 under summer peak. As 

with the 2013 case, CI-12 with all converters in Vdc- Vac has a significant negative effect on the 

system modal damping. 
 

Mode 1 of the system is eliminated for this scenario due to the replacement of the synchronous 

generator with a full converter WPP at GT-3. The damping of mode 2 is reduced from the base 

case for all control combinations; however, it is not significantly affected by the control allocation 

within the MI-HVDC. The damping of mode 3 shows a slight increase for CI-1, -2, -10 and -12, 
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however, a slight decrease is observed for other control combinations. None of these deviations 

are significant. 
 

 

(a) Summer Peak 
 

 

(b) Winter Peak 

Fig. 7: Damping of EM modes for 2023 generation scenario. 
 

The effects of CI-9 (near base case), CI-11 (best), and CI-12 (worst) are further demonstrated using 

the time domain simulations presented in Fig. 8. The active power responses of a single line 

between node 2 and 4 following a three-phase fault at node 3 for 80 ms are given in Fig. 8. From 

the results given in Fig. 8, it can be observed that the active power response with CI-9 shows 

oscillations with similar damping to the base case and they are almost settles after 20 s. Whereas, 

the active power oscillations decay quickly for the CI-11 control combination and the system is 

settled after 15 s. A sustained oscillation of line active power following a three-phase fault can be 

seen for CI-12 due to the extremely low inter-area mode damping previously identified. 
 

From the results given in the figure, it should be worth noting that the active power response level 

at the CI-12 is different from the other cases with HVDC links due to the active power exchange 
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pattern through the Northconnect link. The time domain simulation results given in Fig. 8 are in 

agreement with the results given in Fig. 7. 
 

 
 

Fig. 8: Line 2-4 power responses for CI-9, CI-11, and CI-12 at 2023 generation scenario. 
 
 

3.3 Remarks 

The results illustrated in Fig. 5 to Fig. 8 suggest the following key features of the RNS system with 

proposed HVDC links: 
 

1. The inter-area mode damping is reduced significantly when feedback AC voltage control is 

applied to all the grid-side converters of the proposed HVDC links (CI-12), and the power is 

imported to the RNS system. 
 

2. Despite being having a similar control combination (i.e. feedback AC voltage control in the 

grid-side converters),  the system  experiences  slightly better inter-area mode damping 

while power is exported to the adjacent grid through the Northconnect. 
 

3. The damping ratio of the inter-area mode increases when the feed-forward type power 

factor control is applied to all or at least two of the grid-side converters of the proposed 

HVDC link (CI-10 and CI-11). 
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4 Transient Voltage Stability 
 

In a converter dominated power system, transient voltage stability is increasingly of concern due 

to voltage or reactive power management issues associated with converters and synchronous 

generators in the system. The effect of MI-HVDC control combinations on the transient voltage 

stability is presented in this section by considering the transient voltage severity index (TVSI) 

illustrated in Section 2. The analyses have been conducted using various operating points (summer 

and winter peak loading) and considering three-phase faults at both node 3 and 5 of the RNS 

system. 
 

4.1 2013 case 

The TVSI values of the system for 2013 generation scenario (with different loading conditions and 

different fault locations) are given in Fig. 9. Examining the upper and lower ranges of TVSI across 

all control combinations, it can be seen that CI-1 (Vdc-Q on all converters) has the most adverse 

effect on the transient voltage stability of the system. Note that a larger TVSI value corresponds to 

the lower transient voltage stability level. 
 

From the figure, it can also be seen that CI-8 could claim to outperform the other control 

combinations given in Table 1. Under CI-8, AC voltage control is applied to the grid-side converters 

of the proposed HVDC links and Northconnect is exporting power from the RNS system. This 

enables fast dynamic reactive power management to the system nodes after the fault clearance. 

Moreover, due to the Northconnect link being operated as a rectifier, there is a change in the 

active power flow in the system which results in a better transient voltage stability level for the 

system. 
 

 
 

Fig. 9: Transient voltage severity index for 2013 generation scenario (smaller TVSI means a better 

transient voltage performance). 
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From the results in Fig. 9, it can be seen that the TVSIs of the system are not changing significantly 

for various operating conditions under CI-5 to CI-9. From the results in Fig. 9, it is identified that 

the CI-1 and CI-8 have the most significant impact on the transient voltage performance of the 

system (negatively and positively respectively). Moreover, it is evident from the results in Fig. 9 

that the system experienced different TVSIs under CI-1 and CI-5 despite these scenarios being very 

similar from a controller implementation perspective. 
 

It should be noted that under the CI-5 scheme, the grid-side converter in the Northconnect is 

operated as a rectifier, resulting in the change of active power flow in the system. This affects the 

overall reactive power management of the system. Nonetheless, despite being having similar 

control combinations in CI-8 and CI-12 (only the active power control of Northconnect is different), 

the system experienced different TVSIs because the Northconnect is operated as a rectifier mode 

under CI-8, resulting in the change of active power flow in the system. 
 

To illustrate these key results, the node voltage responses following a fault at node 3 are shown in 

Fig. 10. A slight persistent overvoltage at nodes 1, 2, 4, and 5 can be observed for the CI-5 control 

after the fault clearance. On the contrary, sustained oscillations in node voltages can be detected 

for CI-1 control combination (with all grid-side converters regulating a fixed Q output). From the 

figure, it can be seen that the system post-fault voltage recovers fast to the normal value for the 

CI-8 control (when all three converters operated with VAC control at the grid-side, and the grid-side 

converter of the Northconnect is operated as a rectifier mode). On the contrary, sustained 

oscillations with lower amplitude for node voltages can be observed for CI-12 control combination. 
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(a) CI-1 
 

 

(b) CI-5 

 

(c) CI-8 

 

(d) CI-12 
 

Fig. 10: Node voltage responses at 2013 generation scenario. 
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4.2 2023 case 

The TVSIs for the 2023 generation scenario are given in Fig. 11. For the 2023 generation scenario, 

it is assumed that the WPP at GT-3 (see Fig. 1) is operating in a constant power factor control 

mode. Comparing the upper and lower ranges of all TVSIs for the given control combinations, it is 

evident that CI-1 is again most adversely affecting the transient voltage stability of the system. 
 

Comparably, CI-7, CI-8, and CI-9 provide a better transient voltage stability level among all control 

combinations considered in this study. From the results given in Fig. 11, it can be seen that the 

TVSIs of the system are not changing significantly under various operating conditions for CI-7 and 

CI-9. Furthermore, by looking at the upper and lower bounds of the TVSI for CI-7 and CI-9, it can be 

concluded that the both the control combinations have the nearly similar impact on the transient 

voltage performance of the system. Moreover, by looking at the lower bound of TVSI for CI-8, it 

can be concluded that the system experiences better transient voltage stability compared to CI-7 

and CI-9 for the fault at Node 3 for the summer peak. 
 

It should be noted that the interaction among VSC-HVDC reactive power and generator excitation 

controls causes the higher transient overvoltage following the fault clearance under 2013 

generation scenario. This is why higher values of TVSI are seen for all control combinations under 

2013 conditions compared to the 2023 generation scenario. 
 

 

Fig. 11: Transient voltage severity  index for 2023 generation scenario (smaller TVSI means a better 

transient voltage performance). 
 

From the results in Fig. 11, it is identified that the CI-1 has the most negative impact on the 

transient voltage performance of the system. Moreover, it is evident from the results in Fig. 11 

that the system experienced a very similar transient voltage stability performance for CI-7, CI-8, 

and CI-9 control combinations. To illustrate these key results, the node voltage responses 

following a fault at node 3 for CI-1, CI-7, CI-8, and CI-9 are shown in Fig. 12. 
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(a) CI-1 
 

 
 

(b) CI-7 
 

 
 

(c) CI-8 
 

 
 

(d) CI-9 
 

Fig. 12: Node voltage responses at 2023 generation scenario. 
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From the results given in Fig. 12, it can be seen that the system experiences the sustained node 

voltage oscillations for CI-1. A slight overvoltage at nodes 1-4 with the sustained oscillation of 

lower amplitude can be observed for CI-7 control combination. From the figure, it can also be seen 

that the system experiences a transient overvoltage of lower amplitude for CI-8 control 

combination. However, the system experiences a fast post-fault voltage recovery under this 

control combination. For CI-9 control combination, the system experiences a slight overvoltage at 

nodes 1-4 and has almost the similar post-fault node voltage trend as of the CI-7. 
 

4.3 Remarks 

The results illustrated in Fig. 9 to Fig. 12 suggest the following key features of the RNS system with 

proposed HVDC links: 
 

1. Application of a constant reactive power control on the grid-side converters of the all 

proposed HVDC links has the most adverse effect on the transient voltage stability for all 

operating scenarios while the system is importing power from the adjacent grids. 
 

2. Despite being having a similar reactive/voltage control applied within the grid-side 

converters of the proposed HVDC links, the transient voltage performance of the system 

can be varied significantly based on the power flow direction into the proposed HVDC links. 
 

3. Some control combinations (e.g. CI-7: Vdc-Q (W,CM), P-Vac (N) and CI-9: Vdc-pf (W,CM), P-Vac 

(N)) do not significantly affect the transient voltage behaviour of the system for the 2023 

generation scenario. 
 

4. The impacts of control combinations on the transient voltage performance are extremely 

dependent on the strength of the system and the amount of reactive power reserve in the 

system. 
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5 Large-disturbance Rotor Angle Stability 
 

The effect of  MI-HVDC control combinations on  the large-disturbance rotor angle stability is 

presented in this section by considering the transient stability index (TSI) illustrated in Section 2. 

The analyses have been conducted as for the transient voltage study by considering the two 

loading levels (winter and summer peak) and three-phase faults at nodes 3 and 5 of the RNS 

system. 
 

5.1 2013 case 

The TSI of the system for 2013 generation scenario is given in Fig. 13 (a). Note that opposite to the 

TVSI, a smaller TSI value corresponds to a lower large-disturbance rotor angle stability level. 
 

Examining the upper and lower ranges of TSI across all control combinations, it can be seen that 

CI-1 has the most adverse effect on the large-disturbance rotor angle stability of the system. From 

the figure, it can also be seen that the CI-8 could claim to outperform the other control 

combinations given in Table 1. These results are the same as those seen in Chapter 4 when 

examining the transient voltage performance. It is clear that the transient behaviour of the system 

voltages and rotor angles are affected similarly by the controller combinations. 
 

Voltage control is applied to  the  grid-side  converters of the  HVDC links under CI-8  with the 

Northconnect operated as a rectifier mode. This enables fast dynamic reactive power 

management to the system nodes after the fault clearance, resulting in small rotor angle 

deviations as a consequence of electromechanical power imbalance at the generator. Thereby, the 

large-disturbance rotor angle stability level is improved under CI-8 control combination. 
 

From the results in Fig. 13 (a), it can be seen that the system transient stability behaviour is not 

affected significantly for control combination CI-12 for various operating conditions and faults to 

the system. From the figure, it is also evident that the system experiences the similar transient 

stability behaviour for CI-9 and CI-10 for the fault at Node 3 under summer peak. 
 

5.2 2023 case 

The TSI of the system for 2023 generation scenario is given in Fig. 13 (b). Please note that that y- 

axis scale is not the same as for Fig. 13 (a) and that TSI values are generally higher (i.e. better) for 

the 2023 case. It is evident that the TSI values are always greater than 0.55 for the 2023 case, 

whereas many values are below this for the 2013 case. 
 

Comparing the upper and lower ranges of all TSIs for the given control combinations, it is evident 

that CI-1 is again adversely affecting the large-disturbance rotor angle stability of the system. 

Moreover, the system experiences nearly the same transient stability performance with the CI-10 

control combination as with CI-1 under this generation scenario. This is different to the 2013 case 

when CI-10 was better than CI-1 from a transient stability perspective. 
 

Comparably, CI-8 provides an improved large-disturbance rotor angle stability level among all 

control combinations considered in this study. From the figure, it can be seen that the transient 

stability performance of the system does not significantly vary for various operating conditions 
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and faults to the system under CI-5, CI-6, CI-7, and CI-10 in 2023 generation scenario. Furthermore, 

it is worth noting that the trend of TSI (i.e. which faults and conditions are more serious) for CI-12 

is changed with compared to 2013 generation scenario. 
 

Since the Rotor angle stability and transient voltage performance are similarly affected by the 

controller combinations, therefore, to avoid repetition, the time-domain simulation results are not 

given in this section. However, the full dynamic plots of the rotor angle differences are given in 

Appendix-C and -D, respectively. 
 

 

(a) 2013 generation scenario 
 

 

(b) 2023 generation scenario 
 

Fig. 13: Transient stability index (higher TSI means a better transient stability margin). 

 
5.3 Remarks 

The results illustrated in Fig. 13 suggest the following key features of the RNS system with 

proposed HVDC links: 
 

1. Application of a constant reactive power control on the grid-side converters of the all 

proposed HVDC links has the most adverse effect on the transient stability for all operating 

scenarios. 
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2. The impacts of the control combinations on the transient stability are significantly 

dependent on the strength of the system, reactive power reserve, and power flow 

direction into the system. 
 

3. Rotor angle stability and transient voltage performance are similarly affected by the 

controller combinations. 
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6 Sensitivity Analysis 
 

The impacts of various primary control topologies of the proposed HVDC links on the dynamic 

performance of the RNS system are illustrated in the previous sections. The analyses have been 

conducted assuming a similar control performance, i.e. bandwidth (BW), for each of the 

controllers. However, it is often stated that for large HVDC systems to become a reality, the supply 

of the equipment to that system should ideally be multi-vendor. Each manufacturer will create 

their control strategy to encompass the grid code requirements, but it is likely that the converters 

in the HVDC system might have slightly different control characteristics. 
 

In this section, sensitivity studies have been performed to evaluate the impacts of variations in the 

control characteristics among the grid-side converters of the proposed HVDC links. Control 

parameter variations of the grid-side converter external controllers and the PLL are assessed and 

presented here, since, the BW of these controllers fall into the range of electromechanical time- 

frame (i.e. 1-20 Hz) [7]. 
 

To avoid repetition, the best and worst control combinations regarding the large-disturbance 

stability have been analysed within these sensitivity studies: 
 

 Control combination CI-1 has been identified as the worst control combination regarding 

the large-disturbance stability. 

 CI-8 has been identified as the best since it has been within the top control combinations 

regarding the large-disturbance stability for all operating scenarios and faults within the 

system. 
 

6.1 Impact of PLL BW variations 
 

It has been stated that the PLL could have a significant impact on the dynamic performance of the 

VSC-HVDC and the host AC system [8]. Therefore, the impacts of the PLL BW variations on the 

dynamic performance of the system are presented in this section. The analyses have been 

conducted for 2013 and 2023 generating scenarios. To avoid the instability issues, the PLL BW is 

varied in between 2.0 Hz to 3.5 Hz. 
 

From the results in Tables 4-7, it can be observed that the impacts of PLL BW differences within 

the proposed HVDC links are very minimal to the dynamic performance of the system. All the 

differences for inter-area mode damping are within +3 % to -10 % of the original values. The 

differences for TVSIs are within +/-1 % of the original values and the differences for TSIs are within 

+/-3 %. It is evident that of the various aspects of stability investigated, the inter-area modal 

damping is most affected by these parameter variations. 
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Table 4: Impact of PLL BW variations under CI-8 in 2013 generation scenario 
 

Cases PLL BW 

(W) 

PLL BW 

(CM) 

PLL BW (N) Inter-area 

mode 

damping 

TVSI TSI 

Case 1 2.0 Hz 2.0 Hz 2.0 Hz 0.030 0.84 0.610 

Case 2 3.0 Hz 2.0 Hz 2.0 Hz 0.028 0.85 0.638 

Case 3 3.0 Hz 3.5 Hz 2.0 Hz 0.027 0.84 0.636 

Case 4 3.0 Hz 3.5 Hz 2.5 Hz 0.029 0.83 0.630 
 

Table 5: Impact of PLL BW variations under CI-8 in 2023 generation scenario 
 

Cases PLL BW 

(W) 

PLL BW 

(CM) 

PLL BW (N) Inter-area 

mode 

damping 

TVSI TSI 

Case 1 2.0 Hz 2.0 Hz 2.0 Hz 0.0167 0.47 0.85 

Case 2 3.0 Hz 2.0 Hz 2.0 Hz 0.0152 0.47 0.85 

Case 3 3.0 Hz 3.5 Hz 2.0 Hz 0.0141 0.47 0.86 

Case 4 3.0 Hz 3.5 Hz 2.5 Hz 0.0172 0.46 0.86 

 

Table 6: Impact of PLL BW variations under CI-1 in 2013 generation scenario 
 

Cases PLL BW 

(W) 

PLL BW 

(CM) 

PLL BW (N) Inter-area 

mode 

damping 

TVSI TSI 

Case 1 2.0 Hz 2.0 Hz 2.0 Hz 0.040 2.70 0.38 

Case 2 3.0 Hz 2.0 Hz 2.0 Hz 0.038 2.73 0.37 

Case 3 3.0 Hz 3.5 Hz 2.0 Hz 0.038 2.73 0.37 

Case 4 3.0 Hz 3.5 Hz 2.5 Hz 0.038 2.73 0.38 
 

 

Table 7: Impact of PLL BW variations under CI-1 in 2023 generation scenario 
 

Cases PLL BW 

(W) 

PLL BW 

(CM) 

PLL BW (N) Inter-area 

mode 

damping 

TVSI TSI 

Case 1 2.0 Hz 2.0 Hz 2.0 Hz 0.036 2.45 0.60 

Case 2 3.0 Hz 2.0 Hz 2.0 Hz 0.035 2.50 0.60 

Case 3 3.0 Hz 3.5 Hz 2.0 Hz 0.036 2.50 0.60 

Case 4 3.0 Hz 3.5 Hz 2.5 Hz 0.035 2.51 0.60 

 
 

6.2 Impact of voltage/reactive power control BW variations 
 

The  dynamic  performance  of  the  host  AC  system  is  investigated  in  this  section  for 

voltage/reactive power controller BW variations within the proposed HVDC links. Similar to 
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Section 6.1, the best and worst control combinations regarding large-disturbance stability 

have been used to assess the impact of voltage/reactive power controller BW variations. The 

analyses have been conducted for 2013 and 2023 generating scenarios. To keep variations 

within an appropriate range, the voltage/reactive power control BW is varied from 8.0 Hz to 

12.0 Hz. 
 

From the results in Tables 8-11, it can be concluded that small dissimilarities in the 

voltage/reactive power control BW within the proposed HVDC links  have very minimal 

impacts on the dynamic performance of the system. All the differences for inter-area mode 

damping are within -3 % to +15 % of the original values. The differences for TVSIs are within - 

6 % to +1.5 % of the original values whereas, the differences for TSIs are within -3 % to +5 %. 

Again, the inter-area mode damping variations are most affected by the variations in 

controller bandwidth. 
 

Table 8: Impact of voltage controller BW variations under CI-8 in 2013 generation scenario 
 

Cases VAC BW 

(W) 

VAC BW 

(CM) 

VAC BW (N) Inter-area 

mode 

damping 

TVSI TSI 

Case 1 8.0 Hz 8.0 Hz 8.0 Hz 0.030 0.84 0.610 

Case 2 10.0 Hz 8.0 Hz 8.0 Hz 0.029 0.84 0.637 

Case 3 10.0 Hz 6.0 Hz 8.0 Hz 0.029 0.85 0.640 

Case 4 10.0 Hz 6.0 Hz 12.0 Hz 0.032 0.84 0.636 
 

Table 9: Impact of voltage controller BW variations under CI-8 in 2023 generation scenario 
 

Cases VAC BW 

(W) 

VAC BW 

(CM) 

VAC BW (N) Inter-area 

mode 

damping 

TVSI TSI 

Case 1 8.0 Hz 8.0 Hz 8.0 Hz 0.0167 0.47 0.85 

Case 2 10.0 Hz 8.0 Hz 8.0 Hz 0.0171 0.44 0.86 

Case 3 10.0 Hz 6.0 Hz 8.0 Hz 0.0160 0.44 0.86 

Case 4 10.0 Hz 6.0 Hz 12.0 Hz 0.0201 0.44 0.86 
 

Table 10: Impact of reactive power controller BW variations under CI-1 in 2013 generation 
scenario 

 

Cases Q BW (W) Q BW 

(CM) 

Q BW (N) Inter-area 

mode 

damping 

TVSI TSI 

Case 1 8.0 Hz 8.0 Hz 8.0 Hz 0.040 2.70 0.38 

Case 2 10.0 Hz 8.0 Hz 8.0 Hz 0.039 2.73 0.37 

Case 3 10.0 Hz 6.0 Hz 8.0 Hz 0.038 2.74 0.38 

Case 4 10.0 Hz 6.0 Hz 12.0 Hz 0.039 2.73 0.37 
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Table 11: Impact of reactive power controller BW variations under CI-1 in 2023 generation 
scenario 

 

Cases Q BW (W) Q BW 

(CM) 

Q BW (N) Inter-area 

mode 

damping 

TVSI TSI 

Case 1 8.0 Hz 8.0 Hz 8.0 Hz 0.036 2.45 0.60 

Case 2 10.0 Hz 8.0 Hz 8.0 Hz 0.035 2.43 0.60 

Case 3 10.0 Hz 6.0 Hz 8.0 Hz 0.035 2.43 0.60 

Case 4 10.0 Hz 6.0 Hz 12.0 Hz 0.036 2.44 0.60 
 

 

6.3 Impact of DC voltage controller BW variations 
 

The dynamic performance of the host AC system is investigated in this section for DC voltage 

controller BW variations within the proposed HVDC links. As before, the best and worst 

control combinations regarding the large-disturbance stability have been used to assess the 

impact of DC voltage BW variations. The analyses have been conducted for 2013 and 2023 

generating scenarios. It should be noted that for CI-8 control combination, only the DC 

voltage control BW of the proposed Western Isles and Caithness-Moray links are varied since 

the grid-side converter of the Northconnect is operated in P-VAC control mode. 
 

From the results shown in Tables 12-13, it can be concluded that the BW variation of the DC 

voltage controller within the Western Isles and Caithness-Moray does not have any impact 

on the dynamic performance of the system. 
 

Table 12: Impact of DC voltage controller BW variations for CI-8 in 2013 generation scenario 
 

Cases Vdc BW 

(W) 

Vdc BW 

(CM) 

Vdc BW (N) Inter-area 

mode 

damping 

TVSI TSI 

Case 1 5 Hz 5 Hz 5 Hz 0.030 0.84 0.610 

Case 2 8 Hz 5 Hz 5 Hz 0.029 0.84 0.621 

Case 3 8 Hz 4 Hz 5 Hz 0.029 0.84 0.620 

Case 4 8 Hz 6 Hz 6 Hz 0.029 0.84 0.623 
 

Table 13: Impact of DC voltage controller BW variations for CI-8 in 2023 generation scenario 
 

Cases Vdc BW 

(W) 

Vdc BW 

(CM) 

Vdc BW (N) Inter-area 

mode 

damping 

TVSI TSI 

Case 1 5 Hz 5 Hz 5 Hz 0.016 0.47 0.850 

Case 2 8 Hz 5 Hz 5 Hz 0.017 0.47 0.860 

Case 3 8 Hz 4 Hz 5 Hz 0.017 0.47 0.850 

Case 4 8 Hz 6 Hz 5 Hz 0.017 0.47 0.853 
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Tables 14-15 show the impacts of the DC voltage controller BW discrepancies for CI-1 in 

2013 and 2023 generation scenarios. From the results given in Tables 14-15, it is evident that 

the little dissimilarities in the DC voltage control BW within the proposed HVDC links have 

very minimal impacts on the dynamic performance of the system. All the differences for 

inter-area mode damping are within +6 % to -6% of the original values. The differences for 

TVSIs are within 0 % to +4 % of the original values, whereas, the differences for TSIs are 

within +2 % to -2 %. 
 

Table 14: Impact of DC voltage controller BW variations for CI-1 in 2013 generation scenario 
 

Cases Vdc BW 

(W) 

Vdc BW 

(CM) 

Vdc BW (N) Inter-area 

mode 

damping 

TVSI TSI 

Case 1 5 Hz 5 Hz 5 Hz 0.040 2.70 0.38 

Case 2 8 Hz 5 Hz 5 Hz 0.039 2.74 0.37 

Case 3 8 Hz 4 Hz 5 Hz 0.039 2.80 0.36 

Case 4 8 Hz 6 Hz 6 Hz 0.038 2.76 0.37 

 

Table 15: Impact of DC voltage controller BW variations for CI-1 in 2023 generation scenario 
 

Cases Vdc BW 

(W) 

Vdc BW 

(CM) 

Vdc BW (N) Inter-area 

mode 

damping 

TVSI TSI 

Case 1 5 Hz 5 Hz 5 Hz 0.036 2.45 0.60 

Case 2 8 Hz 5 Hz 5 Hz 0.035 2.50 0.59 

Case 3 8 Hz 4 Hz 5 Hz 0.036 2.51 0.60 

Case 4 8 Hz 6 Hz 6 Hz 0.034 2.53 0.59 

 

 

6.4 Remarks 

The results illustrated in Tables 4-15 lead to the following key features of the RNS system with 

proposed HVDC links: 
 

1. From the sensitivity analysis that has been conducted, it appears that there is very little 

impact of any small variations on the control characteristics on the dynamic performance 

of the system. This suggests that controller structure, rather than controller parameters, is 

more influential in determining the dynamic performance of MI-HVDC systems. 
 

2. Modal damping is more affected by controller parameter variations than rotor angle 

stability or transient voltage performance. However this effect is still only small. 
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7 Conclusions 
 

This report has presented the results from investigations into the impacts of various primary 

controllers (i.e. external controllers) of the proposed HVDC links on the dynamic performance of 

the representative reduced order system model of the North Scottish power system with 

appropriate dynamic parameters. Modal analysis and transient simulations in electromechanical 

time-frame are used to study the dynamic performance of the RNS system. The conclusions of this 

study provide useful insights and understanding of the possible influences brought by the VSC- 

HVDC controllers on the AC dynamics in a multi-infeed HVDC scenario. 
 

7.1 Key findings 
 

From the analyses, it can be concluded that the outer controller combinations within the proposed 

HVDC links have a significant impact on the dynamic performance of the host AC system. 

Moreover, the impacts of these external controllers on the dynamic performance are also 

governed by the operating points and strength of the host AC system. 
 

First, the impacts of various control combinations within the proposed HVDC links on the damping 

of EM modes are analysed. For the RNS system, feed-forward type power factor control can 

significantly increase the damping of the inter-area mode, whereas, feedback AC voltage control 

applied within the proposed HVDC links significantly reduces the damping of the inter-area mode. 

Moreover, despite being operating with similar control combinations (i.e. feedback AC voltage 

control in the grid-side converters), the system experienced slightly better inter-area mode 

damping while power is exported to the adjacent grid through the Northconnect link. 
 

From the transient voltage stability analyses, it can be concluded that the application of constant 

reactive power control on the grid-side converters of the all proposed HVDC links has the most 

adverse effect on the transient voltage stability for all operating scenarios while the system is 

importing power from the adjacent grids. Furthermore, the impacts of the control combinations 

on the transient voltage performance significantly depend on the strength of the system and the 

amount of reactive power reserve into the system. Certain control combinations (e.g. CI-7: Vdc-Q 

(W,CM), P-Vac (N), and CI-9: Vdc-pf (W,CM), P-Vac (N)) do not significantly affect the transient 

voltage behaviour of the system for various operating conditions and faults in the system under 

2023 generation scenario. One of the best control combinations when considering EM mode 

damping – CI-10, with Vdc-pf on all converters – results in some of the worst performance with 

respect to transient voltage stability. This highlights the necessity to balance the needs of the grid 

and consider all stability aspects. 
 

From the transient rotor angle stability analyses, it can be evident  that the impacts control 

combinations on the transient stability significantly depend on the strength of the system, reactive 

power reserve, and power flow direction into the system. Furthermore, the application of 

constant reactive power control on the grid-side converters of the all proposed HVDC links has the 

most adverse effect on the transient stability for all operating scenarios. These results display 

similar patterns to those seen when assessing the transient voltage stability. 
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The sensitivity analyses conducted for the best and worst control combinations revealed that the 

small variations in the BW of the controllers in the proposed HVDC links have little influence on 

the dynamic performance of the host AC system and that the controller structure is much more 

significant than the precise parameters used. 
 

7.2 Future research direction 
 

The objectives of Deliverable 3 (Stability Assessment of Multi-infeed HVDC Systems: Primary 

Controller Testing) have been fully met by the research and results presented in this report. 

However, the studies conducted here also suggested a number of further research directions. The 

following are recommendations of possible future research directions worth pursuing. 
 

Dynamics and stability analysis with a HVDC-based ancillary services: 
 

The stability studies have been conducted in this report by using the outer controllers of HVDC 

links. However, the greater flexibility of HVDC links enables the use of these links for stability 

improvement of power systems. Dedicated control strategies such as frequency regulation, 

oscillation damping can be designed and used with HVDC links. The effects of these controller 

designs, control loop gains, and communication time delays on the dynamic performance of the 

system within the multi-infeed HVDC scenario will be an interesting research direction to 

maximise the system benefit of incorporating greater numbers of HVDC converters into power 

systems. 
 

Extended Interaction studies: 
 

The interaction studies have been conducted here by using an average value model (AVM) of a 

two-level converter. Due to the progress of the converter technology and control, the modular 

multi-level converter (MMC)-HVDC link will shortly become the standard for the VSC-HVDC 

technology in power systems. The fast dynamic controller associated with MMC-HVDC might 

interact adversely with the relatively slow acting controller of the two-level HVDC link. Therefore, 

it is worth to pursue an extended interaction study in this direction. 
 

Moreover, the analyses have been carried out here from the electromechanical time-frame of 

view, and therefore, very detailed and fast electromagnetic transients are out of scope. Further 

analysis on the greater model fidelity with the focus on fast dynamics and harmonic stability is 

worth pursuing. 
 

Effect of AC voltage controller design and tuning: 
 

It is anticipated that from 2020 and beyond, the GB system will face a new challenge associated 

with voltage control and management since a significant number of synchronous generators will 

be replaced by converter dominated generators in the system. This can be a particular concern for 

a weak grid region such as the North of Scotland. Therefore, it may prove necessary to have 

primary and secondary voltage regulation through the proposed HVDC links within the North 

Scotland  system.  The  hierarchical  voltage  controller  design  and  tuning  and  the  performance 
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assessment of such controllers under multiple operating scenarios is a promising area of future 

research. 
 

Coordinated voltage control of a synchronous generator and HVDC: 
 

The increasing penetration of HVDC links in the North of Scotland will enable the electrically close 

operation of HVDC and large generation units. There could be an issue related to the coordinated 

operation of various voltage regulation devices since the dynamic response of these devices are 

different. Without proper coordination among these devices, conflicts may occur between the 

control performance and objectives. Therefore, a coordinated approach towards voltage control 

between HVDC links and nearby synchronous generators will be an interesting research direction 

to pursue. 
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Appendix A: Node voltages – 2013 case 
 

Node voltage responses for 2013 generation scenario are given in Fig. A 1 – Fig. A 12. 
 

 
 

(a) Node voltages at summer peak for a three-phase fault at node 3. 

 

(b) Node voltages at summer peak for a three-phase fault at node 5. 
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(c) Node voltages at winter peak for a three-phase fault at node 3. 

 

(d) Node voltages at winter peak for a three-phase fault at node 5. 

Fig. A 1: Node voltage responses for CI-1. 
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(a) Node voltages at summer peak for a three-phase fault at node 3. 

 

(b) Node voltage at summer peak for a three-phase fault at node 5. 
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(c) Node voltages at winter peak for a three-phase fault at node 3. 

 

(d) Node voltages at winter peak for a three-phase fault at node 5. 

Fig. A 2: Node voltage responses for CI-2. 
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(a) Node voltages at summer peak for a three-phase fault at node 3. 

 

(b) Node voltages at summer peak for a three-phase fault at node 5. 
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(c) Node voltages at winter peak for a three-phase fault at node 3. 

 

(d) Node voltages at winter peak for a three-phase fault at node 5. 

Fig. A 3: Node voltage responses for CI-3. 
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(a) Node voltages at summer peak for a three-phase fault at node 3. 

 

(b) Node voltages at summer peak for a three-phase fault at node 5. 
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(c) Node voltages at winter peak for a three-phase fault at node 3. 

 
 

(d) Node voltages at winter peak for a three-phase fault at node 5. 

Fig. A 4: Node voltage responses for CI-4. 
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(a) Node voltages at summer peak for a three-phase fault at node 3. 

 

(b) Node voltages at summer peak for a three-phase fault at node 5. 
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(c) Node voltages at winter peak for a three-phase fault at node 3. 
 
 

 

(d) Node voltages at winter peak for a three-phase fault at node 5. 

Fig. A 5: Node voltage responses for CI-5. 
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(a) Node voltages at summer peak for a three-phase fault at node 3. 

 

(b) Node voltages at summer peak for a three-phase fault at node 5. 
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(c) Node voltages at winter peak for a three-phase fault at node 3. 

 

(d) Node voltages at winter peak for a three-phase fault at node 5. 

Fig. A 6: Node voltage responses for CI-6. 
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(a) Node voltages at summer peak for a three-phase fault at node 3. 

 

(b) Node voltages at summer peak for a three-phase fault at node 5. 
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(c) Node voltages at winter peak for a three-phase fault at node 3. 
 
 

 

(d) Node voltages at winter peak for a three-phase fault at node 5. 

Fig. A 7: Node voltage responses for CI-7. 
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(a) Node voltages at summer peak for a three-phase fault at node 3. 

 

(b) Node voltages at summer peak for a three-phase fault at node 5. 
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(c) Node voltages at winter peak for a three-phase fault at node 3. 
 
 

 

(d) Node voltages at winter peak for a three-phase fault at node 5. 

Fig. A 8: Node voltage responses for CI-8. 
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(a) Node voltages at summer peak for a three-phase fault at node 3. 

 

(b) Node voltages at summer peak for a three-phase fault at node 5. 
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(c) Node voltages at winter peak for a three-phase fault at node 3. 
 
 

 

(d) Node voltages at winter peak for a three-phase fault at node 5. 

Fig. A 9: Node voltage responses for CI-9. 
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(a) Node voltages at summer peak for a three-phase fault at node 3. 

 

(b) Node voltages at summer peak for a three-phase fault at node 5. 
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(c) Node voltages at winter peak for a three-phase fault at node 3. 

 

(d) Node voltages at winter peak for a three-phase fault at node 5. 

Fig. A 10: Node voltage responses for CI-10. 
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(a) Node voltages at summer peak for a three-phase fault at node 3. 

 

(b) Node voltages at summer peak for a three-phase fault at node 5. 
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(c) Node voltages at winter peak for a three-phase fault at node 3. 

 

(d) Node voltages at winter peak for a three-phase fault at node 5. 

Fig. A 11: Node voltage responses for CI-11. 
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(a) Node voltages at summer peak for a three-phase fault at node 3. 

 

(b) Node voltages at summer peak for a three-phase fault at node 5. 
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(c) Node voltages at winter peak for a three-phase fault at node 3. 

 

(d) Node voltages at winter peak for a three-phase fault at node 5. 

Fig. A 12: Node voltage responses for CI-12. 
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Appendix B: Node voltages – 2023 case 
 

Node voltage responses for 2023 generation scenario are given in Fig. B 1 – Fig. B 12. 
 

 
 

(a) Node voltages at summer peak for a three-phase fault at node 3. 
 

 
 

(b) Node voltages at summer peak for a three-phase fault at node 5. 
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(c) Node voltages at winter peak for a three-phase fault at node 3. 
 

 
 

(d) Node voltages at winter peak for a three-phase fault at node 5. 

Fig. B 1: Node voltage responses for CI-1. 
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(a) Node voltages at summer peak for a three-phase fault at node 3. 
 

 
 

(b) Node voltages at summer peak for a three-phase fault at node 5. 
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(c) Node voltages at winter peak for a three-phase fault at node 3. 
 

 
 

(d) Node voltages at winter peak for a three-phase fault at node 5. 

Fig. B 2: Node voltage responses for CI-2. 
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(a) Node voltages at summer peak for a three-phase fault at node 3. 
 

 
 

(b) Node voltages at summer peak for a three-phase fault at node 5. 
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(c) Node voltages at winter peak for a three-phase fault at node 3. 
 

 
 

(d) Node voltages at winter peak for a three-phase fault at node 5. 

Fig. B 3: Node voltage responses for CI-3. 
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(a) Node voltages at summer peak for a three-phase fault at node 3. 
 

 
 

(b) Node voltages at summer peak for a three-phase fault at node 5. 
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(c) Node voltages at winter peak for a three-phase fault at node 3. 
 

 
 

(d) Node voltages at winter peak for a three-phase fault at node 5. 

Fig. B 4: Node voltage responses for CI-4. 
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(a) Node voltages at summer peak for a three-phase fault at node 3. 
 

 
 

(b) Node voltages at summer peak for a three-phase fault at node 5. 
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(c) Node voltages at winter peak for a three-phase fault at node 3. 
 

 
 

(d) Node voltages at winter peak for a three-phase fault at node 5. 

Fig. B 5: Node voltage responses for CI-5. 
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(a) Node voltages at summer peak for a three-phase fault at node 3. 
 

 
 

(b) Node voltages at summer peak for a three-phase fault at node 5. 
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(c) Node voltages at winter peak for a three-phase fault at node 3. 
 

 
 

(d) Node voltages at winter peak for a three-phase fault at node 5. 

Fig. B 6: Node voltage responses for CI-6. 
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(a) Node voltages at summer peak for a three-phase fault at node 3. 
 

 
 

(b) Node voltages at summer peak for a three-phase fault at node 5. 
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(c) Node voltages at winter peak for a three-phase fault at node 3. 
 

 
 

(d) Node voltages at winter peak for a three-phase fault at node 5. 

Fig. B 7: Node voltage responses for CI-7. 
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(a) Node voltages at summer peak for a three-phase fault at node 3. 
 

 
 

(b) Node voltages at summer peak for a three-phase fault at node 5. 



76 of 132  

 
 

(c) Node voltages at winter peak for a three-phase fault at node 3. 
 

 
 

(d) Node voltages at winter peak for a three-phase fault at node 5. 

Fig. B 8: Node voltage responses for CI-8. 
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(a) Node voltages at summer peak for a three-phase fault at node 3. 
 

 
 

(b) Node voltages at summer peak for a three-phase fault at node 5. 
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(c) Node voltages at winter peak for a three-phase fault at node 3. 
 

 
 

(d) Node voltages at winter peak for a three-phase fault at node 5. 

Fig. B 9: Node voltage responses for CI-9. 
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(a) Node voltages at summer peak for a three-phase fault at node 3. 
 

 
 

(b) Node voltages at summer peak for a three-phase fault at node 5. 
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(c) Node voltages at winter peak for a three-phase fault at node 3. 
 

 
 

(d) Node voltages at winter peak for a three-phase fault at node 5. 

Fig. B 10: Node voltage responses for CI-10. 
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(a) Node voltages at summer peak for a three-phase fault at node 3. 
 

 
 

(b) Node voltages at summer peak for a three-phase fault at node 5. 
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(c) Node voltages at winter peak for a three-phase fault at node 3. 
 

 
 

(d) Node voltages at winter peak for a three-phase fault at node 5. 

Fig. B 11: Node voltage responses for CI-11. 
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(a) Node voltages at summer peak for a three-phase fault at node 3. 
 

 
 

(b) Node voltages at summer peak for a three-phase fault at node 5. 
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(c) Node voltages at winter peak for a three-phase fault at node 3. 
 

 
 

(d) Node voltages at winter peak for a three-phase fault at node 5. 

Fig. B 12: Node voltage responses for CI-12. 
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Appendix C: Rotor angles – 2013 case 
 

Rotor angle differences with respect to reference machine for 2013 generation scenario are given 

in Fig. C 1 – Fig. C 12. 
 

 

 

(a) Rotor angle differences at summer peak for a three-phase fault at node 3. 

 

(b) Rotor angle differences at summer peak for a three-phase fault at node 5. 
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(c) Rotor angle differences at winter peak for a three-phase fault at node 3. 

 

(d) Rotor angle differences at winter peak for a three-phase fault at node 5. 

Fig. C1: Rotor angle differences with respect to reference machine for CI-1. 
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(a) Rotor angle differences at summer peak for a three-phase fault at node 3. 

 

(b) Rotor angle differences at summer peak for a three-phase fault at node 5. 
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(c) Rotor angle differences at winter peak for a three-phase fault at node 3. 

 

(d) Rotor angle differences at winter peak for a three-phase fault at node 5. 

Fig. C 2: Rotor angle differences with respect to reference machine for CI-2. 
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(a) Rotor angle differences at summer peak for a three-phase fault at node 3. 

 

(b) Rotor angle differences at summer peak for a three-phase fault at node 5. 
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(c) Rotor angle differences at winter peak for a three-phase fault at node 3. 

 

(d) Rotor angle differences at winter peak for a three-phase fault at node 5. 

Fig. C 3: Rotor angle differences with respect to reference machine for CI-3. 
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(a) Rotor angle differences at summer peak for a three-phase fault at node 3. 

 

(b) Rotor angle differences at summer peak for a three-phase fault at node 5. 
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(c) Rotor angle differences at winter peak for a three-phase fault at node 3. 

 

(d) Rotor angle differences at winter peak for a three-phase fault at node 5. 

Fig. C 4: Rotor angle differences with respect to reference machine for CI-4. 
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(a) Rotor angle differences at summer peak for a three-phase fault at node 3. 

 

(b) Rotor angle differences at summer peak for a three-phase fault at node 5. 



94 of 132  

 

(c) Rotor angle differences at winter peak for a three-phase fault at node 3. 

 

(d) Rotor angle differences at winter peak for a three-phase fault at node 5. 

Fig. C 5: Rotor angle differences with respect to reference machine for CI-5. 
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(a) Rotor angle differences at summer peak for a three-phase fault at node 3. 

 

(b) Rotor angle differences at summer peak for a three-phase fault at node 5. 
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(c) Rotor angle differences at winter peak for a three-phase fault at node 3. 

 

(d) Rotor angle differences at winter peak for a three-phase fault at node 5. 

Fig. C 6: Rotor angle differences with respect to reference machine for CI-6. 
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. 

(a) Rotor angle differences at summer peak for a three-phase fault at node 3. 

 

(b) Rotor angle differences at summer peak for a three-phase fault at node 5. 
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(c) Rotor angle differences at winter peak for a three-phase fault at node 3. 

 

(d) Rotor angle differences at winter peak for a three-phase fault at node 5. 

Fig. C 7: Rotor angle differences with respect to reference machine for CI-7. 
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(a) Rotor angle differences at summer peak for a three-phase fault at node 3. 

 

(b) Rotor angle differences at summer peak for a three-phase fault at node 5. 
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(c) Rotor angle differences at winter peak for a three-phase fault at node 3. 

 

(d) Rotor angle differences at winter peak for a three-phase fault at node 5. 

Fig. C 8: Rotor angle differences with respect to reference machine for CI-8. 
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(a) Rotor angle differences at summer peak for a three-phase fault at node 3. 

 

(b) Rotor angle differences at summer peak for a three-phase fault at node 5. 
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(c) Rotor angle differences at winter peak for a three-phase fault at node 3. 

 

(d) Rotor angle differences at winter peak for a three-phase fault at node 5. 

Fig. C 9: Rotor angle differences with respect to reference machine for CI-9. 
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(a) Rotor angle differences at summer peak for a three-phase fault at node 3. 

 

(b) Rotor angle differences at summer peak for a three-phase fault at node 5. 



104 of 132  

 

(c) Rotor angle differences at winter peak for a three-phase fault at node 3. 

 

(d) Rotor angle differences at winter peak for a three-phase fault at node 5. 

Fig. C 10: Rotor angle differences with respect to reference machine for CI-10. 
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(a) Rotor angle differences at summer peak for a three-phase fault at node 3. 

 

(b) Rotor angle differences at summer peak for a three-phase fault at node 5. 
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(c) Rotor angle differences at winter peak for a three-phase fault at node 3. 

 

(d) Rotor angle differences at winter peak for a three-phase fault at node 5. 

Fig. C 11: Rotor angle differences with respect to reference machine for CI-11. 
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(a) Rotor angle differences at summer peak for a three-phase fault at node 3. 

 

(b) Rotor angle differences at summer peak for a three-phase fault at node 5. 
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(c) Rotor angle differences at winter peak for a three-phase fault at node 3. 

 

(d) Rotor angle differences at winter peak for a three-phase fault at node 5. 

Fig. C 12: Rotor angle differences with respect to reference machine for CI-12. 
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Appendix D: Rotor angles – 2023 case 
 

Rotor angle differences with respect to reference machine for 2023 generation scenario are given 

in Fig. D 1 – Fig. D 12. 
 

 

 

(a) Rotor angle differences at summer peak for a three-phase fault at node 3. 

 

(b) Rotor angle differences at summer peak for a three-phase fault at node 5. 
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(c) Rotor angle differences at winter peak for a three-phase fault at node 3. 

 

(d) Rotor angle differences at winter peak for a three-phase fault at node 5. 

Fig. D1: Rotor angle differences with respect to reference machine for CI-1. 
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(a) Rotor angle differences at summer peak for a three-phase fault at node 3. 

 

(b) Rotor angle differences at summer peak for a three-phase fault at node 5. 
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(c) Rotor angle differences at winter peak for a three-phase fault at node 3. 

 

(d) Rotor angle differences at winter peak for a three-phase fault at node 5. 

Fig. D 2: Rotor angle differences with respect to reference machine for CI-2. 
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(a) Rotor angle differences at summer peak for a three-phase fault at node 3. 

 

(b) Rotor angle differences at summer peak for a three-phase fault at node 5. 
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(c) Rotor angle differences at winter peak for a three-phase fault at node 3. 

 

(d) Rotor angle differences at winter peak for a three-phase fault at node 5. 

Fig. D 3: Rotor angle differences with respect to reference machine for CI-3. 
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(a) Rotor angle differences at summer peak for a three-phase fault at node 3. 

 

(b) Rotor angle differences at summer peak for a three-phase fault at node 5. 
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(c) Rotor angle differences at winter peak for a three-phase fault at node 3. 

 

(d) Rotor angle differences at winter peak for a three-phase fault at node 5. 

Fig. D 4: Rotor angle differences with respect to reference machine for CI-4. 



117 of 132  

 

(a) Rotor angle differences at summer peak for a three-phase fault at node 3. 

 

(b) Rotor angle differences at summer peak for a three-phase fault at node 5. 
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(c) Rotor angle differences at winter peak for a three-phase fault at node 3. 

 

(d) Rotor angle differences at winter peak for a three-phase fault at node 5. 

Fig. D 5: Rotor angle differences with respect to reference machine for CI-5. 
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(a) Rotor angle differences at summer peak for a three-phase fault at node 3. 

 

(b) Rotor angle differences at summer peak for a three-phase fault at node 5. 
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(c) Rotor angle differences at winter peak for a three-phase fault at node 3. 

 

(d) Rotor angle differences at winter peak for a three-phase fault at node 5. 

Fig. D 6: Rotor angle differences with respect to reference machine for CI-6. 
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. 

(a) Rotor angle differences at summer peak for a three-phase fault at node 3. 

 

(b) Rotor angle differences at summer peak for a three-phase fault at node 5. 
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(c) Rotor angle differences at winter peak for a three-phase fault at node 3. 

 

(d) Rotor angle differences at winter peak for a three-phase fault at node 5. 

Fig. D 7: Rotor angle differences with respect to reference machine for CI-7. 
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(a) Rotor angle differences at summer peak for a three-phase fault at node 3. 

 

(b) Rotor angle differences at summer peak for a three-phase fault at node 5. 
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(c) Rotor angle differences at winter peak for a three-phase fault at node 3. 

 

(d) Rotor angle differences at winter peak for a three-phase fault at node 5. 

Fig. D 8: Rotor angle differences with respect to reference machine for CI-8. 
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(a) Rotor angle differences at summer peak for a three-phase fault at node 3. 

 

(b) Rotor angle differences at summer peak for a three-phase fault at node 5. 
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(c) Rotor angle differences at winter peak for a three-phase fault at node 3. 

 

(d) Rotor angle differences at winter peak for a three-phase fault at node 5. 

Fig. D 9: Rotor angle differences with respect to reference machine for CI-9. 
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(a) Rotor angle differences at summer peak for a three-phase fault at node 3. 

 

(b) Rotor angle differences at summer peak for a three-phase fault at node 5. 
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(c) Rotor angle differences at winter peak for a three-phase fault at node 3. 

 

(d) Rotor angle differences at winter peak for a three-phase fault at node 5. 

Fig. D 10: Rotor angle differences with respect to reference machine for CI-10. 
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(a) Rotor angle differences at summer peak for a three-phase fault at node 3. 

 

(b) Rotor angle differences at summer peak for a three-phase fault at node 5. 
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(c) Rotor angle differences at winter peak for a three-phase fault at node 3. 

 

(d) Rotor angle differences at winter peak for a three-phase fault at node 5. 

Fig. D 11: Rotor angle differences with respect to reference machine for CI-11. 
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(a) Rotor angle differences at summer peak for a three-phase fault at node 3. 
 

 

(b) Rotor angle differences at summer peak for a three-phase fault at node 5. 
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(c) Rotor angle differences at winter peak for a three-phase fault at node 3. 

 

(d) Rotor angle differences at winter peak for a three-phase fault at node 5. 

Fig. D 12: Rotor angle differences with respect to reference machine for CI-12. 


