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Impact of short‑duration 
voltage variations on VSC‑HVDC 
performance
Reem A. Mostafa 1*, Adel Emary 2, A. Sayed 3 & M. EL‑Shimy 1

The growing load demand globally necessitates increasing the penetration of renewable energy 
sources into electrical grids as well as interconnecting grids from different countries and even 
continents through HVDC transmission systems. Since these applications rely on power electronics 
devices, several power quality issues arise, namely voltage sags and swells. This paper analyzes 
the response of a VSC-HVDC transmission system that interconnects two asynchronous AC grids to 
short-duration voltage variations like sag and swell by adjusting the voltage of the controllable AC 
source. The system is simulated with the help of MATLAB/Simulink. The study records the effect of the 
manipulated AC voltage on the active/reactive powers and AC/DC voltages at both converter stations 
to evaluate the system stability due to these prevalent power quality challenges. The obtained results 
reveal that the system hardly withstands voltage variation for a short period.

Power quality (PQ) phenomena have lately received great attention due to the wide utilization of sensitive 
nonlinear power electronic devices in various fields, like industrial applications, and long-distance electrical 
power transmission. In addition, the penetration of renewable energy sources (RES) into the power grid has 
grown, which results in new PQ challenges, especially short-duration voltage variations (sag and swell), as they 
are frequently occurring. That is why analyzing the characteristics, causes, and consequences of different PQ 
disturbances becomes vital1–4.

High voltage direct current (HVDC) transmission system is an appropriate choice to link remote RES with 
electrical grids, and directly interconnect asynchronous AC grids as well5–10. It provides grid stability, robust 
operation, power transmission over long distances, high efficiency, and slight power losses11–14. Recent research 
has comprehensively reviewed the voltage-sourced converter-based HVDC (VSC-HVDC) type focusing on its 
available topologies and control methodologies4,9,15. It properly facilitates the integration of RES into conventional 
power generation3,16–18. In addition, the VSC-HVDC topology has been frequently employed in long-distance 
power transmission since it has favorable PQ characteristics, and efficient performance19,20. It is barely vulner-
able to commutation failures; hence, it is applied in multi-terminal HVDC systems known as “Super Grid”14,21.

Although PQ disturbances have been extensively studied in the electrical power system field, it is one of the 
challenges for the proposed super grids which rely on the VSC-HVDC transmission system due to connecting 
new generation technologies to the AC terminals of this enormous grid22. For example, the connection of photo-
voltaic (PV) panels to the AC side, at a low voltage level, causes overvoltage and the switching frequency of wind 
turbine (WT) converters results in injecting high-frequency waveforms continuously into the grid. Furthermore, 
the load fluctuations at the AC receiving end cause intrinsic PQ problems like voltage dips and swells. Recent 
research has not adequately addressed the study of voltage control and stability under these disturbances4,15,19.

This study specifically examines the response of VSC-HVDC to short-duration voltage variations like sag 
and swell. It accomplishes this through the determination of two critical parameters: the critical clearing time 
(CCT) and the critical voltage (CV). These parameters provide an essential indication to the system’s ability to 
remain stable after being subjected to such disturbances. These perturbations are applied to the system as step 
inputs to the adjustable AC source.

The paper begins with a brief introduction to the importance of studying the PQ challenges in VSC-HVDC 
applications. The available topologies are then discussed, with a focus on the most appropriate one. Additionally, 
the layout of the VSC-HVDC transmission system linking two asynchronous AC systems is presented. The vector 
control strategy at both converter stations is discussed in detail, including the available control modes at each 
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station. The system is then simulated using MATLAB Simulink under sag and swell disturbances in both stable 
and unstable cases. Furthermore, analyzing the consequences of these PQ challenges is performed by observing 
the active/reactive power and the AC/DC voltage waveforms of both converter stations. Additionally, plotting 
the trajectories of the active versus reactive power (P-Q) and reactive power versus RMS AC voltage (Q–U) at 
each converter station is a critical step in assessing the system’s ability to regain stability after being subjected to 
these power quality (PQ) issues. Finally, the results of each case study are comprehensively discussed.

Overview of VSC‑HVDC transmission technology
VSC-HVDC is a highly controllable transmission topology whose principal function is continuously transmit-
ting constant electrical power from one AC system to the other. The typical layout of the VSC-HVDC system 
connecting two AC sources is illustrated in Fig. 18,16,23.

As depicted in Fig. 1, the network primarily comprises two AC networks where the power is transmitted. 
Both AC grids are simulated as a three-phase voltage source connected to a transformer to step down the AC 
voltage to an appropriate value that the converter station can withstand. In addition, they are equipped with AC 
filters to avoid the harmonic impact on the AC network performance16,23.

Then, two VSC stations are employed to transmit the electrical power through a DC link; one of them acts 
as a rectifier and the other station as an inverter according to the power flow. Both converters usually rely on 
IGBT/Diodes in the form of a two-level, six-pulse bridge, or a three-level, 12-pulse bridge. With the help of pulse 
width modulation (PWM) methodology, the voltage waveform can be adjusted instantaneously16,23,24. Finally, 
two identical capacitor banks are utilized at each DC side, as shown in Fig. 1, to provide an electrostatic energy 
storage device and minimize the voltage ripples as well8,16,23.

Prevalent power quality issues in HVDC transmission systems
As declared by IEEE Standard25, PQ problems are categorized based on the deviation of the magnitude of 
the nominal value as well as the duration for which the disturbance lasts until it is eliminated. According to 
the duration, PQ issues can be classified into short and long-duration disturbances. Voltage imbalance, power 
frequency variations, transient and waveform distortion are also considered in this classification. Since HVDC 
systems primarily rely on employing power electronics devices, they are frequently impacted by PQ problems, 
especially short-duration voltage variations, namely sags, swells, and interruptions that last for less than one 
minute, as stated in IEEE Standard25. As a result, the linked AC systems’ performance is affected. Figure 2 shows 
the difference between these PQ issues.

Figure 1.   VSC-HVDC transmission layout directly connects two AC systems.

Figure 2.   Common short-duration voltage variations impacting HVDC systems.
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Short-duration voltage sag is the most prevalent PQ phenomenon that can be characterized by the reduction 
in RMS voltage at the power frequency (50 Hz) for 3:30 cycles. In HVDC transmission systems, it frequently 
results from numerous AC faults, namely single-line-to-ground, line-to-line, and double-line-to-ground faults 
that occur in AC power system equipment. In addition, DC faults such as pole-ground, pole-to-pole, and double-
pole-to-ground occurring in the DC transmission link can cause voltage dips23,26. As the occurred fault draws a 
high current, it consequently causes a significant voltage drop at fault point27–29. Furthermore, the unbalanced 
load at one of the AC sides may result in undesirable voltage fluctuations. Sags have severe consequences that 
seriously impact the connected loads at each AC terminal. Power electronic components as well as control devices 
like adjustable-speed drive (ADS) will stop. Consequently, the operation of industrial loads such as motors will 
be interrupted. Furthermore, the delivered electrical energy to the consumer will be significantly reduced.

Another common PQ problem that may appear in HVDC transmission systems is the short-duration voltage 
swell. In contrast to a sag disturbance, it refers to a rise in the RMS voltage magnitude at the power frequency 
(50 Hz) for 3:30 cycles. Swell is usually caused at one of the AC sides by disconnecting large loads such as motors, 
or wide areas (known as load shedding)27. Repetitive voltage swell may lead to insulation breakdown, and then 
conductors will be live in case of exceeding the acceptable swell limits.

As revealed in Fig. 2, instantaneous interruption is a special case of voltage sag that refers to the reduction of 
the supply voltage at one of the AC systems to less than 0.1 pu for 3:30 cycles based on 50 Hz power frequency27. 
It is usually caused by either a repetitive sag or an extended voltage sag. Its duration relies on the tripping time 
protection scheme used to protect the power system equipment. Such a disturbance may lead to a load outage 
that lasts for cycles30.

VSC‑HVDC constraints against power quality challenges
Despite the wide spread of VSC-HVDC methodology to transmit enormous power over long distances, it faces 
numerous PQ disturbances that inhibit its efficient performance especially when this transmission system is 
linked to a weak AC system. VSC stations are not capable of completely protecting the transmission system from 
voltage sags and swells caused by the AC terminals31. The control system of the converter station quickly recov-
ers when the system is subjected to transient PQ disturbances like voltage spikes or dips at one of the AC sides. 
However, they are immune to the rapid recovery required for efficient mitigation of the prevalent PQ problems. 
To mitigate these issues, sophisticated control methodologies are required, considering the coordination of 
both the AC and DC sides. However, these PQ constraints can be mitigated in VSC-HVDC systems by utiliz-
ing additional equipment such as Flexible Alternating Current Transmission Systems (FACTS) namely static 
synchronous compensator (STATCOM)32,33, energy storage devices like superconducting magnetic energy stor-
age (SMES)34, and using advanced control algorithms34. Furthermore, HVDC transmission should be properly 
designed, considering the nature of the interconnected AC systems as well as the connected loads to ensure that 
the PQ problems are overcome.

Simulation and mathematical model
Figure 3 represents the modified MATLAB model of a VSC-HVDC transmission system. The main function of 
this network is interconnecting two asynchronous AC sources considering the HVDC system as the transmission 
link where the model data are stated in Table 1. As shown in Fig. 3, each AC system is connected to the HVDC 
system through a VSC station (VSC1 and VSC2). Both converter stations are identical utilizing a three-level 
Neutral Point Clamped (NPC) converter (see Fig. 4). It relies on insulated gate bipolar transistors (IGBT)/diodes 
because of their favorable characteristics21. They are primarily used in industrial applications as they produce 
negligible harmonics and reduce the losses to approximately 1.7%35–37. Since the power flow is bidirectional, 
one of the converter stations acts as a rectifier and the other one acts as an inverter. However, the simulation 
is conducted under the assumption that VSC1 and VSC2 interface the sending and receiving ends respectively 
during the steady state.

Figure 3.   Model of VSC-HVDC transmission system interconnecting two AC systems with different 
frequencies.
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Figure 5 illustrates a simplified circuit that connects a VSC station to a three-phase AC source. In addition, 
the relation between the AC voltage at the converter terminal, the AC source voltage, and the produced current 
at each phase is given in (1)39.

The control scheme of the VSC-HVDC system is shown in Fig. 6. It provides control of the active/reactive 
power as well as the DC voltage at each converter station. As shown in Fig. 3, the AC side of each VSC station is 
connected to an AC source via a reactance; hence, the active and reactive power of the converter can be calculated 
using Eqs. (2) and (3) where the harmonics and reactance losses are neglected8,21,40.

(1)







Va = Va1 + iaRa + jωL dia
dt

Vb = Vb1 + ibRb + jωL dib
dt

Vc = Vc1 + icRc + jωL dic
dt

(2)PVSC =
Vssin(δ)

X
Vc

(3)QVSC =
Vscos(δ)− Vc

X
Vc

Table 1.   Parameters of VSC-HVDC transmission system connecting two AC sources differing in frequency38.

Component Parameter Value

AC Source 1

RMS AC voltage of the AC source (kV) 230

AC source frequency (Hz) 50

Apparent power of the transformer (MVA) 200

Transformer ratio Y/Δ (kV) 230/100

AC Source 2

RMS AC voltage of the AC source (kV) 230

AC source frequency (Hz) 60

Apparent power of the transformer (MVA) 200

Transformer ratio Y/Δ (kV) 230/100

DC transmission line

Number of pi sections 2

Line length (km) 75

Resistance (mΩ/km) 13.9

Inductance (μH/km) 159

Capacitance per (nC/km) 231

VSC1&2

Converter type NPC utilizing IGBT/Diodes

Number of arms 3

DC voltage (kV) 100

Figure 4.   A three-level NPC-based VSC connected to a three-phase AC source.
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where Vs is the AC source voltage, Vc is the AC voltage at the converter, X is the inductive reactance of the reac-
tor, and δ is the phase shift between the two voltages Vs and Vc.

The most common technology used in VSC applications is DQ control. This method depends on transform-
ing the stationary three-phase AC voltages and currents into a rotating dq domain according to (4)41–43. The 
preferred control mode is chosen by the outer control loop. The direct component of the current Id determines 
whether DC voltage or active power is to be controlled, whereas the quadrature component Iq selects either 
reactive power or AC voltage to be controlled. The outputs of this loop are the reference direct and quadrature 
components of the current Id,ref, Iq,ref, respectively, which are the inputs of the inner control loop. It is responsi-
ble for producing the reference voltage waveforms Vref required for the pulse width modulation (PWM) of the 
converter. The phase-locked loop (PLL) determines the reference angle of Park’s transformation performed in 
the inner current loop. In addition, it aligns the d-axis with the voltage at the point of common coupling (PCC). 
The active/reactive converter current control as well as the PWM methodology cause minor variation at the DC 
side of the converter station. As a result, applying the DC voltage balance control becomes essential to ensure 
the balance of the DC link during the steady state, as demonstrated in Fig. 610,42,44.

(4)
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Figure 5.   The equivalent circuit of a VSC station connected to a three-phase AC source.

Figure 6.   Operational principle of the vector control strategy for a VSC station.
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Case studies
Numerous PQ issues, namely sag and swell are applied to this model by adjusting the voltage of the controllable 
AC source at VSC1. For each disturbance, the system is studied in both stable and unstable conditions. Figure 7 
depicts all the PQ issues that are applied to the model in this study. In the case of a stable system, the CV magni-
tude after which the system will hardly attain its stability is determined. The CCT is also deduced. Active/reactive 
powers and AC/DC voltage waveforms at both converter stations are recorded and analyzed. In addition, the 
trajectories of the active/reactive powers and reactive power/AC voltage at each station are figured out. Table 2 
summarizes the maximum permissible limits for either the voltage magnitude or the duration, known as the 
critical conditions of the applied disturbance (sag/swell).

The critical values of the instantaneous voltage sag are determined. Based on the model frequency (50 Hz), 
the system will successfully attain its steady state when it is applied to the max sag (0.9 pu) for 8 cycles “Case 
1”. In contrast, it can withstand instantaneous sag for its maximum interval (30 cycles) when it is impacted by 
0.2 pu sag “Case 2”. To simulate an unstable sag, the system will be studied after being applied to a disturbance 
that causes it to barely regain the steady state. This can be achieved by exceeding the critical limits for either the 
interval (for case 1) or the amplitude (for case 2). According to Fig. 7, the system is subjected to a sag disturbance 
of 0.9 pu at 1.5 s for 20 cycles “Case 3”, and 0.5 pu at 1.5 s for 30 cycles “Case 4”.

In addition, the critical values of the instantaneous voltage swell are deduced. The system can successfully 
regain the steady state when it is subjected to the maximum swell (0.8 pu) for 2 cycles only “Case 5” based on the 
model frequency which is 50 Hz. However, it can withstand the instantaneous swell for its maximum interval 
(30 cycles) when it is affected by 0.1 pu swell “Case 6”. For unstable swell simulation, the system is impacted by 

Figure 7.   Model response after applied voltage variations at 1.5 s: (a) stable voltage sags (case 1 and case 2), (b) 
unstable voltage sags (case 3 and case 4), (c) stable voltage swells (case 5 and case 6), and (d) unstable voltage 
swells (case 7 and case 8).

Table 2.   The maximum permissible limits for sag and swell disturbances.

Acceptable limits Magnitude (pu) Duration (cycles)

Instantaneous voltage sag
0.9 8

0.2 30

Instantaneous voltage swell
0.8 2

0.1 30
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a swell disturbance so that the steady-state condition is hardly recaptured. This may result from exceeding the 
critical limits for either the interval (for case 5) or the amplitude (for case 6). According to Fig. 7, the system is 
subjected to a swell disturbance of 0.8 pu at 1.5 s for 10 cycles “Case 7”, and 0.5 pu at 1.5 s for 30 cycles “Case 8”.

Discussion of the case studies’ results
Impacting the model with stable sag disturbances: Case 1 & Case 2
The response of P_meas1 in both cases 1 and 2 is shown in Fig. 8a. It simultaneously follows up the applied 
disturbance in case 1 by a great reduction up to zero, then gradually regains its stability at 2.056 s. In contrast, 
P_meas1 decreases to a US% of 17.9 just for an instant when the disturbance of case 2 is subjected to the model. 
It attains a steady state through two stages. It decreases slightly, then suddenly rises at 2.1 s above the reference 
value. Finally, it becomes stable at 2.108 s. This significant decay indicates the reverse power direction; hence, 
VSC1 draws active power from the other AC side during this temporary perturbation.

Since the applied voltage dip reduces the RMS AC voltage at VSC1, the reactive power demand should 
increase to compensate for this sudden decay. Furthermore, it is observed that the reactive power in case 2 is less 
susceptible to voltage reduction. As can be seen in Fig. 8b, Q_meas1 responds with a slight reduction, followed 
by a great OS% of 104.8 in case 1. It regains its stability at 1.9 s. The response of Q_meas1 in case 2 counteracts 
what occurred in case 1. It significantly reduces at the instance at which the disturbance is applied, then slightly 
increases. Afterward, it continuously decreases to a US% of 49.97. It becomes stable again at 2.25 s.

Figure 8c reveals that the behavior of U_meas1 in cases 1 and 2 is the same. It keeps declining, reaching an 
undershoot, then quickly recapturing its stability. However, it is noticed that the US% of case 1 is much greater 
than case 2. In addition, U_meas1 recovers the steady state in case 1 quicker than in case 2. As depicted in 
Fig. 8d, Udc_meas1 declines to a US% of 39.64 at 1.51 s in case 1, but it reaches an OS% of 12.4 at 2.1 s in case 
2. Udc_meas1 returns to the steady state at 1.8 s in case 1. In contrast, stability is recovered at 2.14 s in case 2.

Figure 9a,b represent the trajectory of P_meas1 and Q_meas1, explaining their responses in both cases 1 and 
2, respectively. The trajectory of Q_meas1 and U_meas1 in cases 1 and 2 is illustrated in Fig. 9c,d respectively. 
Since the trajectories converge to a fixed point in both case studies, that indicates system stability. It will eventu-
ally reach a balanced operational condition.

The behavior of P_meas2 counteracts the response of P_meas1 in either case 1 or 2 since it becomes the 
sending end temporarily. As depicted in Fig. 10a, P_meas2 grows steeply to an OS% of 120.6 immediately when 
the disturbance of case 1 is applied to the system. Then, it declines with oscillating amplitude until it reaches the 
steady state at 2.06 s. In contrast to case 1, P_meas2 reaches an OS% of 20% for an instance. It slowly oscillates 
until it recovers the stability conditions.

Figure 8.   Measured waveforms at VSC1 when a stable sag disturbance is applied to the model at 1.5 s in both 
cases 1 and 2: (a) the active power, (b) the reactive power, (c) the RMS AC voltage, and (d) the DC voltage.
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As can be seen in Fig. 10c, the RMS AC voltage at VSC2 is indirectly affected by the imposed disturbance on 
VSC1. U_meas2 slightly reduces compared to the behavior of U_meas1 in either case 1 or 2. As a result, the reac-
tive power at VSC2 simultaneously increases to follow up this response as shown in Fig. 10b. Q_meas2 steeply 
rises, then keeps oscillating until the stability condition is reached. However, Q_meas2 responds to case 2 with a 
significant reduction followed by oscillations. At 2.13 s, it suddenly increases and oscillates until it attains system 
stability. Both Figs. 8-d and 10-d indicate the consistent behavior of the DC voltage at both stations, irrespective 
of the magnitude or duration of the sag applied to the system. The DC voltage remains unaffected, demonstrating 
a resilient response in maintaining its steady-state value throughout the system.

The trajectory of P_meas2 and Q_meas2 that explains their response in both cases 1 and 2 is illustrated in 
Fig. 11a,b respectively. Figure 11c,d depict the trajectory of Q_meas2 and U_meas2 in case 1 and case 2 respec-
tively as well. The closed paths of trajectories in Figs. 9 and 11 refer to the capability of converter stations 1 and 
2 respectively to regain stability if the system is subjected suddenly to the maximum sag limits (0.9 pu) just for 
8 cycles based on a system frequency of 50 Hz. In addition, the system is also able to recover the steady state in 

Figure 9.   Trajectories of (a) active/reactive power at VSC1 in case 1, (b) active/reactive power at VSC1 in case 2, 
(c) reactive power/RMS AC voltage at VSC1 in case 1, and (d) reactive power/RMS AC voltage at VSC1 in case 2.
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case of being applied to only 0.2 pu sag and lasts for the maximum duration of the instantaneous disturbance 
(30 cycles based on a frequency of 50 Hz).

Impacting the model with unstable sag disturbances: Case 3 & Case 4
When the system is impacted by the disturbance in case 3, P_meas1 declines simultaneously. After 0.33 s from the 
instance at which the disturbance is applied to the system, a gradual increase is noticed until reaching a virtual 
steady state with an SSE of -0.06 pu (see Fig. 12a). In contrast, it temporarily decreases and remains constant 
until 2.1 s. Then, it oscillates until attains a steady state with a negligible SSE of 0.002 pu. This response reveals 
the simultaneous decay of the transmitted active power between the two converter stations due to the severe sag 
conditions, which prevent the system from attaining a steady state once again.

The behavior of Q_meas1 in both cases 3 and 4 is illustrated in Fig. 12b. The drawn reactive power by VSC1 
greatly rises in both cases to overcome the sudden voltage reduction. In case 3, Q_meas1 responds by gradual 
reduction till attaining a significant US of 150%, followed by a steep rise. It reaches a steady state with a significant 
SSE of -0.47 pu. As depicted in Fig. 12a,b, the Q_meas1 response is similar to P_meas1 in case 4, except for the 
permanent instability of Q_meas1 with an SSE of -0.2 pu.

As can be seen from Fig. 12c, U_meas1 is affected by case 3 through a significant US then it remains oscil-
lating with an SSE of 0.048 pu. Figure 12c also reveals that the behavior of U_meas1 in both cases 3 and 4 is the 
same. First, it falls to an undershoot then recaptures its stability. Despite the great US% of case 3 compared to case 
4, U_meas1 recovers the steady state in case 3 quicker than case 4. The response of the DC voltage waveforms 
at both stations is the same. Despite the system instability in cases 3 and 4, it fluctuates until reaching the steady 
state as shown in Figs. 12d and 14d.

Trajectories of P_meas1/Q_meas1 illustrating their responses to each other in cases 3 and 4 are shown in 
Fig. 13a,b respectively. In addition, Fig. 13c,d represents the trajectories of Q_meas1/U_meas1 in cases 3 and 4 
as well. According to Fig. 13, the starting point of each curve is far from the endpoint, which indicates system 
instability. It does not recapture the initial/reference conditions.

Figure 10.   Measured waveforms at VSC2 when a stable sag disturbance is applied to the model at 1.5 s in both 
cases 1 and 2: (a) the active power, (b) the reactive power, (c) the RMS AC voltage, and (d) the DC voltage.
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As depicted in Fig. 14a, P_meas2 responds equally to both disturbances in cases 3 and 4. It increases to sup-
ply the other converter station and then oscillates until reaching a steady state, except for the greater amplitude 
in case 3. The behaviour of Q_meas2 due to the applied disturbances in cases 3 and 4 is illustrated in Fig. 14b. It 
keeps oscillating until it attains the steady-state conditions, unlike the reactive power at station 1, which cannot 
regain stability. In contrast to the response of the AC voltage at station 1, U_meas2 responds with high-frequency 
oscillations and reaches the steady state with negligible SSE, which depicts that impacting one converter station 
by a voltage variation will affect the other for instance (see Fig. 14c). Figures 12d and 14d reveal that the DC 
voltage at both converter stations responds equally to these disturbances. Regardless of the disturbance amplitude 
or interval, the DC link voltage remains stable. According to Fig. 15a,b, the active/reactive power and AC/DC 
voltage at VSC2 cannot regain the steady state condition, which reveals the system instability due to the extreme 
sag conditions applied to the system at 1.5 s.

Figure 11.   Trajectories of (a) active/reactive power at VSC2 in case 1, (b) active/reactive power at VSC2 in case 
2, (c) reactive power/RMS AC voltage at VSC2 in case 1, and (d) reactive power/RMS AC voltage at VSC2 in case 
2.
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Impacting the model with stable swell disturbances: Case 5 & Case 6
Unlike the voltage sag case studies, the increased RMS voltage at VSC1 due to the applied swell results in a great 
rise in the transmitted active power from VSC1 to VSC2. Figure 16a illustrates the response of P_meas1 in both 
cases 5 and 6. In case 5, it grows simultaneously with the disturbance till reaching an OS% of 111.8 followed 
by a steep reduction. It then increases gradually until the stability is regained at tsett = 1.99 s. In contrast, the 
behavior in case 6 is slight. P_meas1 rises to a small overshoot before temporarily reaching the steady state. At 
2.1 s, it reduces until it stabilizes at tsett = 2.14 s.

As shown in Fig. 16b, the reactive power at VSC1 grows in case 5 by 97.9% at 1.54 s. This excessive reactive 
power is supplied to VSC1. After that, a significant reduction is noticed until 1.6 s to overcome this sudden 
disturbance effect. It attains a steady state at 1.885 s. The behavior of Q_meas1 in case 6 is different from case 
5. It repeatedly oscillates before reaching a steady state. Figure 16c reveals that the AC voltage at station 1 can 
regain the steady state condition in case of being subjected to either a voltage swell of 0.8 pu for 40 ms “Case 5” 
or a swell of 0.1 pu for 0.6 s “Case 6”. As shown in Fig. 16d, the DC voltage at station 1 oscillates with a higher 
amplitude in case 5 than in case 6. However, it stabilizes quickly in both cases.

Figure 17 provides an overview of the behavior of Q_meas1 in relation to P_meas1 and U_meas1. Notably, 
both trajectories in Fig. 17a,b exhibit the remarkable characteristic of returning to the exact starting point, 
indicating the capability of P_meas1 and Q_meas1 to effectively regain steady-state operation following the 
application of swells in both cases 5 and 6. Additionally, the trajectory of Q_meas1/U_meas1 in cases 5 and 6 
(shown in Fig. 17c,d respectively) shows a closed path, affirming the proper restoration of U_meas1 to its initial 
conditions in both cases.

The behavior of P_meas2 due to the applied disturbance in cases 5 and 6 is shown in Fig. 18a. The delivered 
active power by VSC2 is excessively increased due to the sudden rise of the AC voltage in case 5. P_meas2 sharply 
declines to a significant US of 92.7% simultaneously with the applied disturbance. Then, it oscillates till stabilizing 
with a negligible SSE. In contrast, it initially decreases when the system is subjected to the disturbance in case 
6, then slightly grows before reaching the steady state for a while. At 2.1 s, it oscillates again before regaining 

Figure 12.   Measured waveforms at VSC1 when an unstable sag disturbance is applied to the model at 1.5 s in 
both cases 3 and 4: (a) the active power, (b) the reactive power, (c) the RMS AC voltage, and (d) the DC voltage.
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the steady-state condition. Q_meas2 follows up the Q_meas1 behavior in both cases 5 and 6 as illustrated in 
Fig. 18b. In case 5, Q_meas2 responds with a gradual increase followed by a sharp reduction with the US of 
351%. It then oscillates until the steady-state conditions are reached. On the other hand, it slightly oscillates in 
case 6. According to Fig. 18c, U_meas2 oscillates similarly in both cases 5 and 6 except for the higher frequency 
of case 5 than case 6. Despite being impacted by the applied swell at VSC1, U_meas2 can regain stability prop-
erly. Figure 18d illustrates how Udc_meas2 responds to the applied disturbances in both cases 5 and 6. As can 
be seen from Figs. 16d and 18d, the DC voltage at both stations responds equally as usual in either cases 5 or 6.

Figure 19a,b describe the trajectory of P_meas2/Q_meas2 clarifying their responses in both cases 5 and 6 
respectively. The trajectory of Q_meas2/U_meas2 in cases 5 and 6 is illustrated in Fig. 19c,d respectively. As 
can be seen from Fig. 19, the closed paths of trajectories refer to the capability of VSC2 to regain stability if the 
system is subjected suddenly to the maximum swell limits (0.8 pu) for 2 cycles based on a system frequency of 
50 Hz. In addition, it is also able to recover the steady state in the case of being applied to only 0.1 pu swell and 
lasts for the maximum duration of the instantaneous disturbance (30 cycles based on a frequency of 50 Hz).

Figure 13.   Trajectories of (a) active/reactive power at VSC1 in case 3, (b) active/reactive power at VSC1 in case 
4, (c) reactive power/RMS AC voltage at VSC1 in case 3, and (d) reactive power/RMS AC voltage at VSC1 in case 
4.
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Impacting the model with unstable swell disturbances: Case 7 & Case 8
Figure 20a depicts that P_meas1 behaves in both cases 7 and 8 in the same way. It grows simultaneously with the 
instant at which the disturbance is applied to the system. After the disturbance clearance, it falls to a significant 
US% before a gradual rise until steady state conditions are attained. Despite the greater US% of P_meas1 in 
case 7 than in case 8, it regains stability quicker with a smaller SSE in case 7 compared to case 8. As shown in 
Fig. 20b, Q_meas1 responds to both disturbances in cases 7 and 8 by oscillating, followed by a proper regain of 
system stability. The system instability can be easily noticed from the reactive power response in case of applying 
an unstable swell disturbance to one of the converter stations. On the other hand, active power is an indicator 
of system instability when the system is subjected to an unstable sag disturbance.

U_meas1 rises significantly in both cases 7 and 8 in the same way as depicted in Fig. 20c. It increases, then 
temporarily settles before recapturing its stability. Although the OS% of U_meas1 in case 7 is greater than case 8, 
it attains the steady state conditions in case 7 quicker than case 8. Figure 20d reveals that the DC voltage at VSC1 
initially grows for a while before a steep reduction is noticed in either case 7 or 8. Then, it gradually regains its 
stability. The trajectory of P_meas1/Q_meas1 that describes their responses to cases 7 and 8 corresponding to 
each other is shown in Fig. 21a,b respectively. As both paths are open, that indicates the disability of station 1 to 
recapture stability when the disturbances of cases 7 and 8 are applied to the system.

Figure 22a illustrates the behavior of P_meas2 due to applied disturbances in cases 7 and 8 to the system. 
As can be seen, it counteracts the response of P_meas1 in either case 7 or 8 by receiving the transmitted power 
from VSC1, then gradually declines until the steady state is regained with a negligible SSE. Figure 22b,c show 
how Q_meas2 and U_meas2 respond to the disturbances in both cases 7 and 8 respectively. The reactive power 
at both converter stations behaves equally due to these disturbances see Figs. 20b and 22b. It oscillates till the 
steady-state conditions are reached. However, Q_meas2 oscillates with a higher frequency than Q_meas1. In 
contrast to U_meas1, U_meas2 sharply oscillates before a significant reduction is noticed, as can be seen from 
Figs. 20c and 22c. The DC voltage at both converter stations responds identically when the system is subjected 
to the disturbance of either case 7 or 8 (see Figs. 20d and 22d. Figure 23 depicts the trajectories of P_meas2/Q_
meas2 and Q_meas2/U_meas2, revealing that VSC2 fails to recover its steady-state operation when subjected 
to system disturbances in both cases 7 and 8.

Figure 14.   Measured waveforms at VSC2 when an unstable sag disturbance is applied to the model at 1.5 s in 
both cases 3 and 4: (a) the active power, (b) the reactive power, (c) the RMS AC voltage, and (d) the DC voltage.
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Future perspectives
Table 3 provides a comprehensive comparison concerning the applied methodology in this research against 
the recent research studies. Thus, future research can focus on studying VSC-HVDC transmission systems 
under imposed power quality challenges. This can be applied by implementing optimization technique in a 
real-world VSC-HVDC transmission system and evaluate its performance under various operational conditions. 
Furthermore, methods for maintaining network voltage stability under these disturbances should be developed. 
By addressing these power quality challenges, the performance and reliability of VSC-HVDC systems can be 

Figure 15.   Trajectories of (a) active/reactive power at VSC2 in case 3, (b) active/reactive power at VSC2 in case 
4, (c) reactive power/RMS AC voltage at VSC2 in case 3, and (d) reactive power/RMS AC voltage at VSC2 in case 
4.
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improved. Future research can also be enhanced through exploring the impact of adjusting some parameters 
like the DC line length as well as capacitor bank size on the conducted case studies.

Conclusion
This paper studies two asynchronous AC sources that are interconnected through a VSC-HVDC transmission 
system comprising three arms-NPC converters. The system is simulated using MATLAB/Simulink. The frequent 
PQ phenomena, namely voltage sag and swell, are applied to the model by manipulating the AC voltage of the 
controllable voltage source at VSC1. Active/reactive power and AC/DC voltage at both converter stations are 
recorded and studied. The obtained results demonstrate the proper bidirectional power transmission through the 

Figure 16.   Measured waveforms at VSC1 when a stable swell disturbance is applied to the model at 1.5 s in both 
cases 5 and 6: (a) the active power, (b) the reactive power, (c) the RMS AC voltage, and (d) the DC voltage.
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VSC-HVDC system as well as the fast recovery after being subjected to instant voltage sag and swell. The active/
reactive power and the RMS AC voltage of both converter stations counteract each other’s responses to meet the 
power flow requirements. For instance, the applied sag disturbance at VSC1 forces the transmitted active power 

Figure 17.   Trajectories of (a) active/reactive power at VSC1 in case 5, (b) active/reactive power at VSC1 in case 
6, (c) reactive power/RMS AC voltage at VSC1 in case 5, and (d) reactive power/RMS AC voltage at VSC1 in case 
6.
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to be reversed from VSC2 to VSC1, unlike the initial operational conditions. As a result, the active power always 
decays at VSC1 and grows at VSC2. Since the voltage sag reduces the RMS AC voltage at VSC1, it consequently 
lessens the required reactive power at VSC1. However, the reactive power as well as the RMS AC voltage at VSC2 

Figure 18.   The measured waveforms at VSC2 when a stable swell disturbance is applied to the model at 1.5 s in 
both cases 5 and 6: (a) the active power, (b) the reactive power, (c) the RMS AC voltage, and (d) the DC voltage.
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increase as it becomes a temporary sending end. The system barely remains robust during the instant sag dis-
turbance for a brief time. It withstands the maximum sag limit (0.9 pu) for only 160 ms. In contrast to the sag 
impact on the studied model, the voltage swell issue results in a significant rise in the RMS AC voltage at VSC1. 

Figure 19.   Trajectories of (a) active/reactive power at VSC2 in case 5, (b) active/reactive power at VSC2 in case 
6, (c) reactive power/RMS AC voltage at VSC2 in case 5, and (d) reactive power/RMS AC voltage at VSC2 in case 
6.
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Hence, the generated reactive power at this converter station follows this sudden change. In addition, the active 
power is drawn from VSC1 to VSC2, as expected. However, the system hardly sticks to the stable operational 
conditions during the maximum swell perturbation (0.8 pu) for only 40 ms. Regardless of whether a sag or swell 

Figure 20.   Measured waveforms at VSC1 when an unstable swell disturbance is applied to the model at 1.5 s in 
both cases 7 and 8: (a) the active power, (b) the reactive power, (c) the RMS AC voltage, and (d) the DC voltage.
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disturbance is applied to the model, the DC voltage at both stations exhibits consistent fluctuations. This finding 
highlights the importance of activating the DC voltage balance control to minimize these oscillations. Thus, it 

Figure 21.   Trajectories of (a) active/reactive power at VSC1 in case 7, (b) active/reactive power at VSC1 in case 
8, (c) reactive power/RMS AC voltage at VSC1 in case 7, and (d) reactive power/RMS AC voltage at VSC1 in case 
8.
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ensures a more stable and controlled operation of the system. This control also plays a crucial role in maintaining 
the integrity and reliability of the converter stations, contributing to the system’s efficient performance.

Figure 22.   Measured waveforms at VSC2 when an unstable swell disturbance is applied to the model at 1.5 s in 
both cases 7 and 8: (a) the active power, (b) the reactive power, (c) the RMS AC voltage, and (d) the DC voltage.
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Figure 23.   Trajectories of (a) active/reactive power at VSC2 in case 7, (b) active/reactive power at VSC2 in case 
8, (c) reactive power/RMS AC voltage at VSC2 for case 7, and (d) reactive power/RMS AC voltage at VSC2 in 
case 8.

Table 3.   Competitive comparison of recent studies’ methodologies.

Point of comparison Available methodologies Features References

VSC technology

MMC Provides different voltage levels 39,45–49

NPC
Widely used in industrial applications
Negligible harmonics
Minimized losses

This study

Prevalent fields of study 

Multi-terminal systems

Integration of RES to passive networks 39,50,51

Super Grids
Asynchronous AC Systems Interconnection
Bidirectional Power Flow

This study

Voltage sag
Causes in VSC-HVDC System
Impacts on VSC-HVDC System
Critical Values Derivation like CV and CCT​
Performance Analysis under Unstable Sags

This study

Voltage swell
Causes in VSC-HVDC System
Impacts on VSC-HVDC System
Critical Values Derivation like CV and CCT​
Performance Analysis under Unstable Swells

This study
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