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High voltage direct current (HVDC) systems provide important advantages;
among them the ability to transmit enormous amounts of electrical power over
great distances at low cost. As a result, planners of power systems consider it
as a viable choice for power transmission and interconnection of
asynchronous networks. Depending on HVDC grids, continental/super grids
have been recently constructed to promote global economic development. The
study described in the paper focuses on the behavior of a voltage sourced
converter (VSC) based HVDC transmission system comprising three arms-
neutral point clamped (NPC) converters interconnecting two asynchronous
alternating current (AC) networks. In addition, the system components, and
the vector control strategy of active/reactive powers and direct current (DC)
bus voltage are simulated in MATLAB/Simulink under varying situations by
adjusting the controller’s settings. The study records and analyzes AC/DC
voltages and active/reactive powers at two converter stations under varying
power and voltage conditions. The results of the study provide key

performance indicators, such as settling time (tsett), steady state error (SSE),
overshot/undershoot (OS%/US%), and correlation factor (CF), which
demonstrate the robustness of the system’s control.
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1. INTRODUCTION

Recently, there is an increasing need for both broad usage of renewable energy sources and active
power distribution networks all over the world. Additionally, there has been an increase in global support for
interconnecting electrical systems. High voltage direct current (HVDC) transmission systems are a viable
alternative since they permit the integration of renewable energy sources with passive networks and facilitate
asynchronous grid connectivity. Consequently, the demand for HVDC transmission systems is growing,
necessitating multi-terminal HVDC transmission systems whose forming which known as super grids [1]-[3].

Currently, “super grid” term refers to the connection of both local power generation and remote
renewable energy sources with the populated sites through a continental or transcontinental network. Many
super grids have grown because of the increased environmental issues and the recent developed technologies.
These schemes integrate several technologies such as monitoring, control, and communication. For example,
the Asian super grid interconnects many countries in Northeast Asia like Korea, China, Japan, Russia, and
others. To connect these countries of different frequencies, HVDC transmission systems are used due to their
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capability to transmit bulk power over long distances between asynchronous networks, unlike HVAC
transmission which cannot directly connect asynchronous systems [4], [5].

The primary responsibility of multi-terminal HVDC transmission systems is to establish control
strategies for power distribution that match the requirements of each terminal. In recent years, a growing
number of studies have been conducted to investigate the control strategies of such systems, including DC
voltage droop control and master-slave control [6], [7]. However, more investigations are needed due to the
complexity and diversity of the existing control strategies that arise from the various requirements of AC
systems at each terminal.

HVDC transmission systems commonly use two basic technologies: HVDC based on “line-
commutated converters” (LCC-HVDC) and HVDC based on “voltage-sourced converters” (VSC-HVDC).
A significant number of reactive power adjustment devices are needed with LCC-HVDC converter. When the
flow of the power is reversed, the polarity of the LCC voltage must be altered. Therefore, it is challenging to
create a multi-terminal HVDC transmission for LCC. VSC-HVDC equipment has a smaller footprint area and
a more compact construction than LCC-HVDC equipment since it does not need reactive power compensation.
In addition, the LCC-HVDC system is susceptible to commutation failure, but the VSC-HVDC system does
not face this danger due to the insulated-gate bipolar transistor (IGBT) technology. Nevertheless, the existing
VSC-HVDC transmission system has limitations such as high prices, significant operating losses, and limited
capacity. In addition, multiple restrictions on the VSC-based HVDC have been discovered; these restrictions
are most apparent when the direct current (DC) system is linked to a very weak alternating current (AC) grid
due to the difficulty in providing reactive power at the appropriate rate when a fault happens [8], [9]. This
results in high voltage distortion and improper operation of that converter, resulting in sluggish system
recovery. As a result, numerous VSC-HVDC transmission system control strategies have been investigated as
potential solutions to the issues. In addition, the HVDC design is intended to further improve the system’s
adaptability to unforeseen conditions, making it easier to maintain control and stability. In order to obtain the
output frequency of the inverter, and ensure exact and accurate active and reactive powers, VSC-HVDC must
be under strict control.

In this study, we analyze how the VSC-HVDC system reacts to changes in DC voltage, active power,
and reactive power. These manipulated variables are subjected to disturbances in the form of step inputs. The
transient response of each station converter is then analyzed by continuously monitoring the active/reactive
power waveforms and the AC/DC voltage waveforms.

2. VSC-HVDC TRANSMISSION SYSTEM LAYOUT

Figure 1 shows a typical configuration of the HVDC transmission system based VSC. The AC source
(1) is an AC network transmitting side while AC source (2) is an AC network receiving end. The voltage and
frequency of the AC networks, sources (1) and (2), may vary. The AC waveform from AC source (1) is rectified
into a DC waveform by control station 1 (VSC1), which is a converter. A DC transmission line will then
transmit the DC voltage to a second converter, an inverter, at control station 2 (VSC2), which will manage the
DC link voltage and reverse the DC waveform to AC.

IGBT isthe VSC’s primary operational component. It is the most widely used transistor as it combines
the favourable properties of the bipolar transistors and metal oxide semiconductor field effect transistors
(MOSFETS) as well. In a VSC, the IGBT switching valves have higher input impedance, smaller on-state
voltage drops, and longer turn-off time than MOSFETSs. In addition, IGBT is highly controllable, has a greater
switching frequency, and may generate an output voltage with any desired amplitude or phase angle [10].
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Figure 1. VSC-HVDC system interconnecting two AC sources

Performance analysis of voltage source converter based high voltage direct ... (Reem Ahmed Mostafa)



1226 O ISSN: 2502-4752

3. VARIOUS CATEGORIES OF HVDC SYSTEMS BASED ON VSC

Several VVSC layouts have been upgraded to be utilized in a wide range of industries. Generally, VSCs
may be classified based on their configurations into several classes including two-level, three-level, and
modular multilevel converters (MMC) [11]. However, the existing converters face many challenges that need
to be overcome. Consequently, new technologies will be invented to produce an enhanced and more efficient
VSC model.

3.1. Configuration 1: two-level converter

In three-phase systems, a two-level converter is also called a six-pulse bridge. The main components
of this converter are IGBTs equipped with reverse parallel diodes, and DC capacitors. As illustrated in
Figure 2, the output AC voltage for each phase operates within two distinct voltage levels relative to the positive
and negative terminals of DC voltage. To decrease the converter’s harmonic distortion, this kind of VSC
converter relies on pulse width modulation (PWM) method which leads to large switching losses. These losses
are caused by the repeated (usually twenty) on-and-off switching of the IGBT, which reduces the transmission’s
overall efficiency. In addition, the simultaneous switching of IGBTSs linked in series would necessitate an
extremely high operating voltage, which might lead to electromagnetic interference issues [10].

88 B
S

Figure 2. Two-level VSC connected to HVDC link

3.2. Configuration 2: three-level converter

The three-level converter contributes substantially to the enhancement of the harmonic performance
of the converter. This is done by employing three distinct voltage levels for each phase of the AC waveform
according to Figure 3. The DC capacitor is separated into two sections where the diode valves are linked
between the midpoint of the capacitors for one phase and the quarter and three-quarter points for the other two
phases [12], [13].

Vdc

Figure 3. Three-level neutral-point diode-clamped (NPC) VSC connected to HVDC link

3.3. Configuration 3: modular multilevel converter

MMC consists of six valves fitted inside three sub-modules (SMs) as same as the two-level converter.
Each valve links two legs: DC and AC similar to a two-level converter [14]-[17]. In MMC, however, each
valve is equipped with its own voltage source, and a capacitor used for storage. Each SM consists of two IGBTSs
connected in series across the capacitor, with their common terminal linked to the AC source [16]. The structure
of modular multilevel VSC involving its submodule representation is demonstrated in Figure 4.
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The two IGBTSs included in each SM are independently turned on. During the switching on mode, the
IGBT links the capacitor to the circuit. In contrast to the on- state condition, the IGBT bypasses the capacitor
during the switching off mode. Therefore, the voltage produced by each sub-module may be either zero or sun-
module capacitor voltage, VVc. Thus, by connecting an adequate number of series sub-modules, the valve may
produce voltage waveforms that are extremely near to a sine wave [14], [18]. Harmonic distortion in such a
waveform will be very low [18]. VSC-HVDC systems utilizing MMC provide an outstanding harmonic
performance without the requirement for either a filter or a PWM approach, which is one of MMC benefits
[19]. In addition, the power losses are far less than the two-level converter. Despite these advantages, MMC
has a few flaws such as a more complicated control than a two-level converter. In addition, due to the size of
each sub-module in the capacitor, MMC size is bigger than that of a two-level converter, necessitating
additional substation area [14], [19].
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Figure 4. MMC-VSC connected to HVDC link
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4. CONFIGURATION AND MATHEMATICAL MODELING

In Figure 5, a typical schematic diagram of the detailed MATLAB model of a modified VSC-HVDC
transmission system used in this paper is shown, depicting the interconnection of two 230 kV, 2000 MVA AC
systems with differing frequencies through an HVDC transmission system. The first source has a frequency of
50 Hz, whereas the second has a frequency of 60 Hz. Both AC systems, represented by damped L-R
equivalents, are interfaced with the HVDC system through two identical VSC stations [20]. Each converter
station employs a three-level NPC converter, as seen in Figure 3, as they are widely applied in industrial fields
since they minimize the losses to 1.7% and cause negligible harmonics [21], [22]. NPC converter is comprised
of insulated gate bipolar transistors and diodes due to their unique features. One converter station acts as a
rectifier and the other as an inverter, depending on the power flow and voltage profile of each station. In order
to transfer DC power, they are linked through 75 km HVDC cables, each one comprises of two pi sections
according to Figure 5 [20]. As the reference power fluctuates frequently, oscillations should be reduced during
electrical power transfer between the two systems. In addition, keeping DC voltage within allowable limits
should be considered. Consequently, the VSC of each converter station must be controlled [23].

Figure 6 depicts the VSC-HVDC control scheme, which allows the DC voltage, active power, and
reactive power of each converter station to be controlled. Since each AC supply is connected to the AC side of
NPC converter station, the drawn active and reactive powers of the converter can be calculated according to
(1) and (2) where the harmonics and reactance losses are neglected [24].
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[Vs cos(8)-Vc]

Qvsc = - x V. )

Where Vs is the AC source voltage, V¢ is the AC voltage measured at the AC side of the converter, X is the
inductive reactance of the reactor, and & is the phase shift between the two voltages Vs and Vc.
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Figure 5. Schematic diagram of the detailed MATLAB model of a modified VSC-HVDC transmission
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Figure 6. Vector current control (VCC) of modular multilevel VSC converter

Although there are a number of control technologies that may be used in VSC applications, the most
prevalent is DQ control, which relies on translating the perceived stationary three-phase AC voltages and
currents into a rotating dg domain [25], [26]. The outer loop of the controller is responsible for selecting the
necessary control mode. The quadrature component of the current determines whether reactive power control
or AC voltage control is required, whereas the direct component determines if DC voltage control or active
power control is desired. This loop’s output is the reference direct and quadrature components of the current
Id,ref., 1g,ref., respectively, which are the inputs of the inner control loop, which generates the reference voltage
waveforms required for pulse width modulation (PWM) of the converter Vref. phase locked loop (PLL) also
gives the reference angle of the park’s transformation that will be utilized in the inner current loop and aligns
the d-axis with the voltage at the point of common coupling (PCC) [26]. The DC voltage balance control is
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provided to maintain the DC side of the converter balanced in steady state since small deviations between the
pole voltages can be resulted from active/reactive converter current variations, or errors of PWM control [20].
As depicted in Figure 7, the midpoint DC current (Ido) assigns the Udo value between the upper and lower DC
poles. Ido can be modulated by adjusting the conduction time of the switches in a pole, hence the voltage
difference Udo is controlled. For example, reducing a positive Udo voltage difference to zero can be performed
by increasing the set point voltage value which generates a positive Ido. On the other hand, a negative Ido
requires decreasing the reference voltage value. This process can be achieved by adding an offset component
to the sinusoidal reference voltage waveform. Thus, the activation of DC voltage balance function, at the
converter station where the DC voltage is adjusted, provides proper performance [20]. According to (3)
illustrates the relation between Ido, Ud1, and Ud2.

a a
lgo=—=C Uy = —=C —(Ugs = Ugz) = (a1 + laz) ®)

Where Ido is the DC current at the midpoint, Ud1 is the DC voltage across the first capacitive element, while
Udz2 is the DC voltage across the other capacitive element, and C is the capacitance of the DC link connected
to the converter station see Figure 7.

| 1 o
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Figure 7. DC voltages and currents of a VSC based three-level NPC

5. CASE STUDY AND SIMULATION RESULTS

To examine the performance of the VSC-HVDC system under various disturbances, a modified
MATLAB model including two 3-level converter stations with one set to active-reactive powers (P-Q) control
mode and the other to reactive power-DC voltage (Q-Udc) control mode will be used. Consequently,
disturbances may be applied to the following variables: the reference active power of the first station Pref.1,
the reactive power at the first converter station Qref.1, and the reference dc voltage is applied at the second
converter station Ud-ref.2. In order to determine the model’s starting time, it is first run initially without any
disturbances; then, a disturbance consisting of a-0.1 pu step input is applied individually to each of Pref.1,
Qref.1 and Ud-ref.2 at t =1.5 seconds. At both converter stations, waveforms of active/reactive powers and
DC/AC voltages are recorded. In all case studies, transient response analysis is undertaken by determining the
following parameters: percentage of maximum overshoot/undershoot (MPOS%/US%) and their occurring time
(tmax/tmin) in seconds. In addition, the settling time (tsett), or the time required to attain the steady state
condition measured from the instant the disturbance occurred, is also measured in seconds since it is primarily
influenced by the overshoot/undershoot. In each scenario, the steady state error (SSE) per unit is also
determined. The correlation factor (CF) is used in this study to figure out how far apart the measured waveforms
and the predicted actual (reference) waveforms are.

5.1. Model preparation

As mentioned before, the main purpose of this step is to estimate the onset time of the disturbances
that will be applied to the studied model. Thus, the model will run without disturbances (model initialization)
and capture the required waveforms. Figure 8 illustrates the initial response of the model before applying any
perturbation to deduce the time taken by the system to reach the steady state. The behavior of the active power
at each converter station is shown in Figure 8(a) while the reactive power response is illustrated in Figure 8(b).
Additionally, the waveforms of the RMS AC voltage and DC voltage at each converter station are shown in
Figures 8(c) and 8(d) respectively. As depicted in Figure 8, each recorded waveform at both converter stations
takes about 1.2 sec. until it reaches the steady state value. As a result, the starting time of the model disturbances
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will be taken as 1.2 sec. The interval from zero to 1.2 sec. will be excluded from the following upcoming
results, as they are associated with the model initialization.
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Figure 8. The measured: () active power, (b) reactive power, (c) RMS AC voltage, and (d) DC voltage at each
converter station for the initial response of the VSC-HVDC transmission system

5.2. Case 1: applied disturbance in the reference active power of station 1 (Pref.1)

In this case, a disturbance on the active power of station 1 is applied, and the response at each converter
station is analyzed. Figure 9 illustrates the response of active power, reactive power, RMS AC voltage and DC
voltage at each converter station. Table 1 lists the transient response analysis of Pref.1 disturbance. As shown
in Figure 9(a), with a 17% undershoot after the applied disturbance, Pmeas.1 rapidly reverts to its steady state
with a far less steady state error than the other station see Table 1. Furthermore, the correlation factor of 0.9699
between Pref.1 and Pmeas.1 implies that the two waveforms behave in the same way. Pmeas.2’s reaction to
the same disturbance is counteracted by an overshoot of 12.5% and a lengthier time to achieve steady state,
compared to Pmeas.1. On the other hand, Qmeas.1 responds with an overshoot of 3.8%, while Qmeas.2
decreases to an undershoot of 16%, in contrast to the responses of the active powers see Table 1.
In addition, Qmeas.2 requires an extra 0.5 seconds beyond Qmeas.1 to stabilize as illustrated in Figure 9(b).
Even though Umeas.1 and Umeas.2 are not significantly influenced by this sudden disturbance, they counteract
each other's responses as depicted in Figure 9(c). Umeas.1 attains its maximum overshoot of 0.58% in 0.089
seconds, whereas Umeas.2 declines to an undershoot of 0.15% in 0.029 seconds, as measured from the instant
the disturbance is applied as listed in Table 1. Both converter stations” DC voltage responded identically to the
disturbance. However, Udc-meas.1 has a significantly larger undershoot than Udc-meas.2 see Figure 9(d).

Table 1. Transient response analysis of Pref.1 disturbance

Measured MPOS%/US% tmax/tmin (S€C.) tsen/t to SS (sec.) SSE (PU) CF%
variable Station1  Station2 Station1l Station2 Stationl Station2 Station1l Station2 Station1 Station 2
P -17.5536  12.4963 1.6276 1.6101 0.0366 0.6977 -0.0011  0.09406 0.9699 -

Q 3.885494  -16.5367 1.5349 1.5882 1.5477 2.046 -0.0007 -0.0001 - -
U 0.58288  -0.15269 1.5896 1.5296 0.4448 0.40319  0.00284  0.00052 - -
Ugc -4.17894  -3.73115 15116 15132 1.5542 1.5857 -0.0015 -0.0003 - -
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Figure 9. The measured: (a) active power, (b) reactive power, (¢) RMS AC voltage, and (d) DC voltage at
each converter station due to a sudden 0.1 pu disturbance in Pref.1 at 1.5 sec. in the studied model

5.3. Case 2: applied disturbance in the reference reactive power of station 1 (Qref.1)

In case 2, a disturbance on the reactive power of station 1 is applied, and the response at each converter
station is analyzed. Figure 10 illustrates the response of active power, reactive power, RMS AC voltage, and
DC voltage at each converter station due to this disturbance. Table 2 lists the transient response analysis of
Qref.1 disturbance. As shown in Figure 10, the measured active power at both converter stations counteracts
their response to that disturbance. Pmeasl falls to an undershoot of 2%, but Pmeas2 attains its overshoot by
about the same proportion see Figure 10(a). Both converter stations react identically to the disturbance in terms
of reactive power as shown in Figure 10(b). However, the undershoot of Qmeasl is greater than that of Qmeas?2.
The reactive power at the station in which the disturbance is applied precisely follows this variation with a CF
of 0.97, but the reactive power at the other station is only minimally influenced initially before returning to its
steady state see Table 2. Within 0.097 seconds, the RMS AC voltage at the station in which the disturbance in
reactive power is provided increases rapidly to compensate for this decrease. In contrast, the RMS AC voltage
at the other station oscillates slightly for 0.392 seconds before returning to a constant state as illustrated in
Figure 10(c). DC voltage waveforms at both converter stations have almost the same response to the applied
disturbance in Qmeas1 see Figure 10(d).

Table 2. Transient response analysis of Qref.1 disturbance

Measured MPOS%/US% tmax/tmin (S€C.) tsen/t to SS (sec.) SSE (PU) CF%
variable Station1  Station2 Station1 Station2 Stationl Station2 Station1l Station2 Station1 Station 2
P -2.54527  2.79841 1.5539 1.5604 1.5704 157578 0.00024  -0.0014 - -

Q -46.9798  -5.26913 1.5379 1.5928 1.5587 1.15948 -0.0002  0.00017 0.9676 -
U 1.600471  0.19083 1.5399 1.5977 0.1701 0.39281  0.01011 -5E-05 - -

Uge 1.549165  1.54917 1.5092 1.8712 0.1956 0.66444  0.00019  1.5E-05 - -
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Figure 10. The measured: (a) active power, (b) reactive power, (c) RMS AC voltage, and (d) DC voltage at
each converter station due to a sudden 0.1 pu disturbance in Q-ref.1 at 1.5 sec. in the model

5.4. Case 3: applied disturbance in the reference DC voltage of station 2 (Ud-ref.2)
In this case, a disturbance on the reference of the DC voltage of station 2 is applied, and the respons

1821

e

at each converter station will be recorded and analyzed. Figure 11 illustrates the response of active power,
reactive power, RMS AC voltage, and DC voltage at each converter station. Table 3 summarizes the transient

response analysis of Ud-ref.2 disturbance. In contrast to Pmeas1’s 10% overshoot, Pmeas2’s 12% undershoot

counteracts this effect. However, each of them needs 0.48 seconds to restore stability see Figure 11(a) an
Table 3. As listed in Table 3, the reactive power at the first station, Qmeas1, grows to 6.65% overshoot whil

d
e

the reactive power at the second station, Qmeas2, decreases to 19.5% undershoot. Although Qmeasl achieves
steady state 0.5 seconds before Qmeas?, its steady state inaccuracy is greater than that of Qmeas2 as illustrated
in Figure 11(b). In contrast to the active and reactive power response at the two converter stations, Umeasl has
recorded a greater response than Umeas2. Umeasl decreases to a 1% undershoot, whereas Umeasl climbs to
a 0.4% overshoot see Table 3. However, Umeas2 requires more time than Umeasl to attain its steady state see

Figure 11(c). The DC voltage waveform at both converter stations responds almost identically to th

disturbance supplied to Ud-ref.2, although the undershoot of Ud-ref.2 is more significant than that of converter

e

station 1 as shown in Figure 11(d). In addition, the DC voltage at station 2 follows the variation in its reference

value with a high CF of 0.9574.

Table 3. Transient response analysis of Udref.2 disturbance

Measured MPOS%/US% tmax/tmin (S€C.) teen/t to SS (sec.) SSE (PU) CF%
variable Station1 Station2 Station1 Station2 Stationl Station2 Station1 Station2 Station1l Station 2
P 10.84429 -12.1285 1.539 1.5507 1.999 1.9843 0.00065  -0.0095 - -

Q 6.651196 -19.4999 1.533 1.6636 1.7597 0.71726  -0.0196 -0.0004 - -
U -1.04936  0.37222 1.5321 1.5107 0.7598 0.9 0.00019  0.00161 - -
Uge -14.9539  -40.8641 1.819 1.819 0.6 1.94578  -0.1096 -0.0992 - 0.9574

Indonesian J Elec Eng & Comp Sci, Vol. 32, No. 3, December 2023: 1224-1235



Indonesian J Elec Eng & Comp Sci ISSN: 2502-4752 O 1233

-0.87 0.07 -0.08
0.085
0.05 () _measl (pu)
-0.91 - @ -0.09
s Q_meas?2 (pu)
~ 003 0.095 _
=P _measl (pu) -0.95 é 'é-: 0.1 é
P meas2 (pu) 9% 0105 ©
-0.99 -0.11
-0.01
0.115
-1.03 -0.03 0.12
12 15 18 2.1 24 27 3 12 L5 1.8 21 24 27 3
TIME (SEC) TIME (SEC)
(a) (b)
0.985 1.024 101
0.98 1.023 0.97
- — =) =——Udc_meas] (pu)
5 2 g et ()
& 0975 1.022 & o 0.93 ===={Jdc_meas2 (pu)
=} ol &
]
17 24
07 wm—J_measl (pu) Ll 0.89
w==J_meas2 (pu)
0.965 1.02 0.85
1.2 15 1.8 21 24 2.7 3 1.2 L5 1.8 2.1 2.4 2.7 3
TIME (SEC) TIME (SEC)
(c) (d)

Figure 11. The measured: (a) active power, (b) reactive power, (c) RMS AC voltage, and (d) DC voltage at
each converter station due to a sudden 0.1 pu disturbance in Ud-ref.2 at 1.5 sec. in the model

6. CONCLUSION

In this article, two AC networks with different frequencies are interconnected using a VSC-HVDC
system including three arms-NPC converters. The system components, and vector control topology are
simulated using MATLAB/Simulink simulations. Several control modes such as varying active/reactive
powers and DC bus voltage are also studied. By adjusting the controller’s settings, the input active power,
reactive power, and DC voltage are varied in discrete steps. Active and reactive power disturbances are applied
to the first converter station, while DC voltage disturbance is applied to the second converter station.
The characteristics of active/reactive power and AC/DC voltage at both converter stations are studied by
analyzing their transient responses. The results show that the AC voltage and active/reactive power of both
converter stations counteract each other’s responses. On the other hand, the DC voltage at both converter
stations always responds identically to different disturbances. In addition, the system control performs well in
terms of stability and robustness during these disturbances. It resumes its steady state quickly within 0.7 sec.
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