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Abstract: For voltage-source-converter based high-voltage-direct-current (VSC-HVDC)
transmission systems, fault ride-through (FRT) capability is a very important grid require-
ment in order to enhance its operational availability under an alternating current (AC) grid
fault condition. Voltage sags during a short-circuit fault in power transmission lines can lead
to fluctuations in the direct current (DC) link voltage of converter systems, and may induce
reversed power flow and even trip a VSC-HVDC transmission system. A practical method
is developed in this paper for investigating FRT capability of VSC-HVDC transmission
system characteristics during a voltage sag event using experimental results from Smart
Grid Laboratory. Symmetrical and asymmetrical voltage sag events with different remain-
ing voltages are applied to an AC grid that lasts with a variable duration. The experimental
waveforms of the two converter systems are recorded and analyzed in order to evaluate the
FRT capability of VSC-HVDC transmission systems.
Key words: converter system, experimental waveform, fault ride-through, high-voltage
direct current, voltage sag

1. Introduction

The development of national and international interconnected networks has necessitated
a bridging of relatively long distances in some cases. In the case of 3-phase alternating cur-
rent (AC) power, this has given rise to stability problems attributable to the different voltage
angles between a line’s beginning and ending [1–3]. Furthermore, a line produces or consumes
reactive power depending on whether the load on the line is low or high. Due to their high
mutual capacitance, cable routes without elaborate compensation facilities can be established
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only up to the length of a transmission line. Efforts were, therefore, made at an early stage
to also use high direct current (DC) voltages for power transmission [4, 5]. One challenge for
voltage-source-converter based high-voltage-direct-current (VSC-HVDC) transmission systems
is the fault ride-through (FRT) capability which is specified by grid codes [4–6]. The FRT ca-
pability allows VSC-HVDC transmission systems to remain a normally operating status during
abnormal AC grid conditions like voltage deviations [7, 8]. The FRT requirement consists of
zero voltage ride-through (ZVRT), low voltage ride-through (LVRT), and high-voltage ride-
through (HVRT).

The FRT has attracted widespread scientific attention, most of them are mainly studying
methods for enhancing the FRT capability of wind turbines connected to an AC grid through
a VSC-HVDC transmission system [9–16]. The authors in [9] proposed a new control approach
for securing fault ride-through of wind. The approach in [10] could improve the FRT capability of
wind farms by using a nonlinear adaptive control of VSC-HVDC. The control method could block
the converters for a short-time and could take corresponding actions to diminish the post-fault
disturbances. The over-current was limited, the wind turbines managed to remain connected, and
the AC voltage recovered quickly [11]. The work in [12] presented an FRT protection method for
a wind farm connected to an AC grid through an HVDC link. In [13], an FRT strategy for offshore
wind farms connected to the grid through a VSC-HVDC transmission system was proposed to
introduce a controlled voltage drop at the offshore grid when a fault occurred at the onshore
side. The DC fault recovery strategy proposed in [14] applied a high rating series diode valve
located at each VSC inverter pole for reducing fault currents. The schemes of the FRT control
and management for the VSC-HVDC system were proposed in [15, 16].

The control strategy of converters in VSC-HVDC plays an important role for enhancing
its FRT capability [17–22]. In [17], a strategy for reducing the inverter-side overvoltage of the
HVDC system under a fault in the inverter-side AC system was proposed. The authors in [18]
presented a new static synchronous compensator model of operation for the recently published
alternate arm converter. The new FRT method proposed in [19] was without any direct informa-
tion exchange between two Double-Star Chopper-Cell (DSCC) converters. The authors in [20]
developed a perturbation observer-based sliding-mode scheme in order to control VSC-HVDC
systems. The scheme did not require an accurate system model and only one state measurement
was needed to estimate online the nonlinearities, parameter uncertainties, unmodelled dynamics
and time-varying external disturbances of VSC-HVDC systems. For multi-terminal VSC-HVDC
systems, the passive control scheme was proposed in [21] to provide a reliable and effective
integration of electrical power from renewable energy. The negative sequence controller, which
is required for such asymmetrical conditions in AC grids, was proposed by the authors in [22].

This paper aims to study the FRT capability of VSC-HVDC systems under symmetrical and
asymmetrical voltage sag events. A practical method is developed in this work by using practical
modules of the VSC-HVDC transmission system in our laboratory in order to carry case studies.
All experimental results are carefully analyzed for the purpose of evaluating the FRT capability
of the VSC-HVDC system. The main contributions presented in this paper are as follows:

(i) To develop a practical method for testing the FRT capability of VSC-HVDC systems based
on the platform in a laboratory environment.

(ii) To give an extensive experimental verification of the proportional integral (PI) control
performance of VSCs under different voltage sag types.



Vol. 70 (2021) Experimental study on fault ride-through capability 39

2. Background and methodology

2.1. VSC-HVDC Configuration and modelling
The studied system in a laboratory environment is illustrated in Fig. 1, wherein an HVDC

system is used to connect two AC grids. The two converter systems can be considered as the
composition of two constant-frequency VSC systems: the left-hand-side VSC system is a DC-link
voltage controller and the right-hand-side VSC system is an active/reactive power controller.
As shown in Fig. 1, the DC-link voltage controller and the active/reactive power controller
are interfaced with Grid 1 and Grid 2, respectively. The DC-link voltage controller and the
active/reactive power controller are connected in parallel from their DC-side terminals. The left-
hand side VSC system, that is, the DC-link voltage controller, provides the DC voltage support
to the active/reactive power controller. The active/reactive power controller can independently
control the active and reactive power exchanged with Grid 2, that is, Ps2 and Qs2 [23, 24].

The global mathematical model of the overall VSC-HVDC system is expressed as follows:
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The active and reactive powers entering both VSC1 and VSC2 can be expressed as:
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where number 1, 2 subscripts denote the variable corresponding to VSC1 and VSC2.
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2.2. Development of practical method

An experimental setup applied to emulate the VSC-HVDC transmission system of Smart Grid
Laboratory at our university is shown in Fig. 2(a). Main elements include converter system 1
(VSC1), converter system 2 (VSC2), a DC cable, a dynamic grid fault simulator, an adjustable
3-phase power supply (Grid 1) and a 3-phase power supply (Grid 2). The nominal frequency
and voltage of two AC grids in this system are 50 Hz and 380 V, respectively. The VSC-HVDC
system parameters are given in Table 1. Besides, both VSC1 and VSC2 can control active power
in the DC cable in both directions, can be coupled to the power grid at various frequencies, and
can automatically control active/reactive power, and voltage. The conventional PI controllers are
applied to VSC-HVDC systems. The PI control parameters can be optimally chosen and tuned
by a meta-heuristic algorithm to obtain the optimal control performance [25]. In this paper, the
conventional PI controllers, control parameters of which are presented in Table 2, are also applied
to VSC-HVDC systems.

Converter 
system 1 
(VSC1)

Converter 
system 2 
(VSC2)

DC cable

Grid 1

Grid 2

Computer

Monitor

Dynamic 
grid fault 
simulator

Converter system 1 
(VSC1) DC cable Converter system 2 

(VSC2)

Adjustable 3-phase 
power supply (Grid 1)

Grid 2 Dynamic grid fault 
simulator

(a) Experimental setup (b) Wiring diagram

Fig. 2. The laboratory prototype for testing the FRT capability of VSC-HVDC transmission system

The VSC-HVDC system is installed for education purposes at the authors’ univeristy, it can
only transmit up to 1 kWof active power, provide up to 1 kvar of reactive power, and has adjustable
DC-link voltage up to 700 VDC. Besides, converter system 1 (VSC1) and converter system 2
(VSC2) are also communicated with a personal computer (PC) which installed an Interactive Lab
Assistant course for setting, monitoring, and recording all experimental results. The DC cable
in this VSC-HVDC system is to model a 300 km HVDC transmission line. Its resistance and
inductance per phase are 7.2 Ohm and 230 mH, respectively. The DC cable can carry a maximum
current of 2 A, 700 VDC. In order to establish a fault in an AC grid, the dynamic grid fault
simulator in the VSC-HVDC system can perform the function. This module can be used to set up
symmetrical and asymmetrical voltage sags in an AC grid with an adjustable remaining voltage
for three phases and adjustable duration of the fault from 50 ms to 1000 ms. In addition, the jump
angle of voltage sag events which is generated by this module can be varied for analyzing the
FRT capability of the VSC-HVDC system. The experiments described in this paper were carried
out according to the experimental setup, the wiring diagram of which is shown in Fig. 2(b).
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Table 1. The VSC-HVDC system parameters

Adjustable 3-phase power supply (Grid 1)

Maximum voltage Vs1 [V] 400

Nominal frequency fs1 [Hz] 50

Grid 2

Nominal voltageVs2 [V] 380

Nominal frequency fs2 [Hz] 50

DC cable

Base DC voltage VDCbase [V] 700

DC resistanceRDC [Ω] 7.2

DC inductance LDC [mH] 230

Table 2. The PI controller parameters of VSCs

Converter system 1 (VSC1)

Inductance L1 [µF] 83

Resistance R1 [mΩ] 1.3

DC bus capacitance C1 [µF] 73.33

Closed-loop time constant τi1 [ms] 1

Proportional gain kp1 0.083

Integral gain ki1 1.3

Converter system 2 (VSC2)

Inductance L2 [µF] 83

Resistance R2 [mΩ] 1.3

DC bus capacitance C2 [µF] 73.33

Closed-loop time constant τi2 [ms] 1

Proportional gain kp2 0.083

Integral gain ki2 1.3

A practical method shown in Fig. 3 is developed in this paper to study the FRT capability
of VSC-HVDC systems. Using the dynamic fault simulator to create types of voltage sags at
the AC grids, the FRT experiments are carried out on the experimental setup. The status of
converter systems can be used to evaluate the FRT capability of VSC-HVDC systems. Moreover,
all recorded data of these experiments is used to analyze offline and the FRT requirement of the
VSC-HVDC system is applied to compare with the experimental results.
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Fig. 3. The flowchart of the practical method for testing the FRT capability of VSC-HVDC system

3. Experimental results and discussion

In order to study the effectiveness of the FRT capability of the VSC-HVDC transmission
system shown in Fig. 1 in the case of symmetrical and asymmetrical voltage sag events, three
case studies have been carried out and described in this paper. The first case study considers
a three-phase voltage sag at the point of common coupling PCC2 (or Grid 2). The second case
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study examines the recovery strategy when the VSC-HVDC system is subjected to a two-phase
voltage sag at the point of common coupling PCC2. Finally, the third case study considers
a single-phase voltage sag at the point of common coupling PCC2. The voltage sag of the three
case studies that occurred in Grid 2 has a depth of 60% and a duration time of 200 ms. The
following will investigate three case studies in order to analyse and evaluate the FRT capability
of the VSC-HVDC transmission system.

Case 1: Three-phase voltage sag
In this case, using a dynamic grid fault simulator, we establish a three-phase voltage sag

at the point of common coupling PCC2 (Grid 2), with a depth of 60% and a time duration of
200 ms. In a steady state before the voltage sag is started, the converter system, VSC2, is set to an
active/reactive power setting of Psref2 = 80% or Psref2 = 800 W, Qsref2 = 0% or Qsref2 = 0 kVAR
and the active power is transmitted in the DC cable by the direction from Grid 1 to Grid 2.
In this stage, the VSC-HVDC system is normally operated; therefore, three-phase AC voltages
and currents are balanced and constant, as shown in the period from 0 ms to 100 ms. Fig. 4(a)
and Fig. 4(b) show experimental waveforms of Case 1 which are recorded at VSC1 and VSC2,
respectively. In each figure, the first and second plots represent the three-phase voltage and current
waveforms at the AC grid to which the VSC is connected, the third and fourth plots show the DC
voltage and the DC power at the DC-link circuit of the VSC. Because the three-phase voltage sag
in this case occurs at the point of common coupling PCC2 (Grid 2), the magnitude of three-phase
voltages at VSC2 is evenly decreased to 0.4 pu (or 92 V) in a short time of the voltage sag (from
100 ms to 300 ms), as shown in the first plot of Fig. 4(b). Before, while and after three-phase
voltage sag occurs at Grid 2, the magnitude of three-phase voltages at VSC1 is not still varied
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Fig. 4. Case 1: Experimental waveforms with FRT control at Psref2 = 80%, Qsref2 = 0% before, while, and
after a three-phase voltage sag with a depth of 60% and a duration time of 200 ms occurred in Grid 2
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as shown in the first plot of Fig. 4(a). However, the controller of the VSC-HVDC system will
control in order to maintain power supply of the system. In this case, the DC-link voltages of
both VSC1 and VSC2 are almost flat, as clearly shown in the third plot of Fig. 4(a) and Fig. 4(b),
due to the converter system VSC1. The magnitude of three-phase currents of VSC1 is decreased
in the period between 100 ms and 300 ms, as shown in the second plot of Fig. 4(a), while the
magnitude of three-phase currents of VSC2 is still stable, as shown in the second plot of Fig. 4(b).
During the entire voltage sag period from 100 ms to 300 ms, the DC power of both VSC1 and
VSC2, as shown in the fourth plot of Fig. 4(a) and Fig. 4(b), is reduced. After the voltage sag
ends, a transient state appears in the waveforms for a short time and then the system’s parameters
comeback to the steady state, same as the state before the voltage sag. This means the VSC-
HVDC transmission system is still normally operated to transmit an active and reactive power
(Psref2 = 800 W, Qsref2 = 0 kVAR) from Grid 1 to Grid 2 after the three-phase voltage sag with
a depth of 60% and a time duration of 200 ms occurred in Grid 2.

In the state-space representation, after applying the Park transformation into the dq-axis,
Fig. 5 shows the dq-components of the voltage and current of the two converter systems which
were also recorded when we carried out Case 1. Fig. 5(a) shows clearly that the d-component of
the AC voltage at VSC1 (Vsd1) is still constant but the d-component of the AC voltage at VSC2
(Vsd2) is dramatically reduced during the period of the three-phase voltage sag, that occurred in
Grid 2. Before, while and after the fault, three-phase voltages of VSC1 and VSC2 are perfectly
balanced; therefore, their q-components (Vsq1, Vsq2) equal zero as shown in Fig. 5(a). Besides,
the dq-components of the AC current at both VSC1 and VSC2 are shown in Fig. 5(b). As Fig. 5(b)
shown, the d-component of the AC current at VSC1 (id1) is dramatically reduced during the
period of the voltage sag but the d-component of the AC current at VSC2 (id2) is almost constant.
The q-components (iq1, iq2) are shown in Fig. 5(b). The experimental results in Fig. 5 also show
that after the duration time of the three-phase voltage sag, the voltage and current of both VSC1
and VSC2 of the VSC-HVDC transmission system is normal therefore the VSC-HVDC system
is not disconnected.
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Fig. 5. Case 1: The dq-components of the voltage and current of VSC1 and VSC2
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Case 2: Two-phase voltage sag
In this case, a two-phase voltage sag is created by using the dynamic grid fault simulation in

the experimental setup shown in Fig. 3. The voltage sag also occurs in Grid 2 with a remaining
voltage of 60%, and a duration time of 200 ms. The entire experimental results of Case 2 are
also recorded in a total time of 500 ms and are plotted in Fig. 6(a) and Fig. 6(b) for VSC1 and
VSC2, respectively. In each figure, the first and second plots represent the three-phase voltage
and current waveforms at the AC grid to which the VSC is connected, the third and fourth plots
show the DC voltage and the DC power at the DC-link circuit of the VSC. As the first plot of
Fig. 6(b) shown, the voltage magnitude of two phases (phase B and phase C) decreased to 60%
of the nominal voltage and the phase A voltage magnitude still does not vary during the period
of the voltage sag (from 100 ms to 300 ms). At VSC1, as shown on the first plot of Fig. 6(a), the
voltage sag at Grid 2 has no effect on the three-phase voltage waveform of VSC1. This means the
three-phase voltage waveform of VSC1 remained stable. Under the FRT requirement of the VSC-
HVDC transmission system, the VSC2 controller will control to maintain the power transmission
on the DC cable from Grid 1 to Grid 2, according to the active power reference Psref2 = 80% or
Psref2 = 800 W. This is clearly shown on three plots of each figure which represent the three-phase
current, DC-link voltage, and DC power of each converter system. From the experimental results
of Case 2, we conclude that the VSC-HVDC transmission system will still maintain its operation
after the two-phase voltage sag with a remaining voltage of 60% and a duration time of 200 ms
occurred in Grid 2.
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Fig. 6. Case 2: Experimental waveforms with FRT control at Psref2 = 80%, Qsref2 = 0% before, while, and
after a two-phase voltage sag with a depth of 60% and a duration time of 200 ms occurred in Grid 2

Applying the Park transformation into dq-axis, the dq-components of three-phase voltage
and current of the two converter systems are recorded and plotted in Fig. 7(a) and Fig. 7(b).
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The dq-components of the voltage of the two converter systems are shown in Fig. 7(a). In Fig. 7(a),
the d-component of the voltage of VSC1 Vsd1 (blue line) is almost flat but the d-component of the
voltage of VSC2 Vsd2 (red line) is reduced in the period from 100 ms to 300 ms. Before, while
and after the fault, three-phase voltages of VSC1 and VSC2 are perfectly balanced; therefore, their
q-components (green line and magenta line) equal zero (Vsq1 = Vsq2 = 0), as shown in Fig. 7(a).
Besides, the dq-components of the current of the two converter systems are shown in Fig. 7(b).
As we can see in Fig. 7(b), the q-components of the currents (iq1 and iq2) almost equal zero due
to its balance, but the d-components (id1 and id2) are varied as the blue line and the red line
show in Fig. 7(b). Moreover, these experimental results also show that after the voltage sag ends,
the voltage and current of the two converters come back as the initial steady state. Therefore,
the VSC-HVDC transmission system can ride-through a two-phase voltage sag with a remaining
voltage of 60% and a duration time of 200 ms.
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Fig. 7. Case 2: The dq-components of the voltage and current of VSC1 and VSC2

Case 3: Single-phase voltage sag
In the third case study, a single-phase voltage sag with a depth of 60% and a duration time

of 200 ms is generated by using the dynamic grid fault simulator in order to investigate the
FRT capability of the VSC-HVDC transmission system of Smart Grid Laboratory. In the initial
steady state, the converter system, VSC2, is also set up to transmit an active power of 80% power
rating (Pref2 = 80% or Pref2 = 800 W) and a reactive power of 0% power rating (Qref2 = 0% or
Qref2 = 0 kVAR) from Grid 1 to Grid 2. The single-phase voltage sag at Grid 2 starts at 100 ms
and lasts for 200 ms, as shown in the first plot of Fig. 8(b). The voltage waveform in the first
plot of Fig. 8(a) represents three-phase voltages of VSC1 which is still stable during the entire
recording time. Under the FRT requirement of the VSC-HVDC transmission system, its controller
will control to maintain the power transmission in the DC cable from Grid 1 to Grid 2, according
to the active and reactive power reference (Psref2 = 80% or Psref2 = 800 W and Qsref2 = 0% or
Qsref2 = 0 kvar). According to these experimental waveforms, we conclude that the VSC-HVDC
transmission system will still stay connected after the single-phase voltage sag with a depth of
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Fig. 8. Case 3: Experimental waveforms with FRT control at Psref2 = 80%, Qsref2 = 0% before, while, and
after a single-phase voltage sag with a depth of 60% and a duration time of 200 ms occurred in Grid 2

60% and a duration time of 200 ms occurred in Grid 2. Moreover, the experimental parameters
including Vsd1, Vsq1, Vsd2, Vsq2, id1, iq1, id2, and iq2 represent the dq-components of the voltage
and current at VSC1 as well as VSC2, and are recorded and plotted in Fig. 9(a) and Fig. 9(b)
when we carry on with this case. These experimental parameters show that the VSC-HVDC can
completely ride through the single-phase voltage sag.
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According to the analysis of the experimental results mentioned above, the requirement is
applied to evaluate the FRT capability of the VSC-HVDC transmission system. Hence, the d-
components of the voltages at VSC2 in three case studies are plotted on the FRT profile, as
shown in Fig. 10. As in the previous section, three voltage sag events of three case studies have
a same depth of 60% and a same duration time of 200 ms. However, the three-phase voltage sag
for Case 1, the two-phase voltage sag for Case 2, and the single-phase voltage sag for Case 3
are carried out. Therefore, the d-components of these voltage sag events after using the Park
transformation will vary, as shown clearly in Fig. 10. From these experimental results, it can
be seen that the VSC-HVDC transmission system can overcome three faults in order to stay
connected.

0 500 1000 1500 2000 2500 3000
0

0.2

0.4

0.6

0.8

1

1.2

LVRT profile
Three-phase voltage sag

Two-phase voltage sag
Single-phase voltage sag

0 100 200 300 400
0.2

0.4

0.6

0.8

1

1.2

Fig. 10. The comparision between the experimental results and FRT requirement

4. Conclusions

A practical method has been developed in this research work for investigating the FRT
capability of the VSC-HVDC transmission system in a laboratory environment. The effectiveness
of this method is to show clearly the operation status of the VSC-HVDC in real time and all
recorded data can also be used to compare with the FRT requirement. The symmetrical and
asymmetrical voltage sag events are generated by using the dynamic grid fault simulator to
verify the control performance of the converter systems. Three case studies including three-phase
voltage sag, two-phase voltage sag, and single-phase voltage sag have been extensively carried out
to record the voltage and current waveforms at the converter systems. The experimental results of
each case study are compared with the FRT requirement of the VSC-HVDC system to evaluate
its FRT capability. The experimental results show the FRT capability and its performance during
a network fault and they are thoroughly addressed in this paper.
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Future works will be undertaken on the following aspects: (i) New control methods of VSCs
will be studied to update the hardware units of the experimental setup; (ii) The integration of
the experimental module of a doubly-fed induction generator (DFIG) wind turbine using the
VSC-HVDC system will be also investigated.
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