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Abstract— The recent developments in semiconductors and
control equipment have made the voltage source converter based
high voltage direct current (VSC-HVDC) feasible. Due to the use
of VSC technology and pulse width modulation (PWM) the VSC-
HVDC has a number of potential advantages as compared with
classic HVDC, such as short circuit current reduction, rapid and
independent control of active and reactive power, etc. This paper
proposes a modified current limit strategy (MCLS) and a
frequency hysteresis control (FHC) for improving the
disturbance ride-through capability of a VSC-HVDC link
supplying passive industrial installations. Since industrial loads
are more sensitive to voltage drops than frequency deviations, it’s
essential to guarantee the stability of voltage during severe
faults.

The development of the control methods includes three
steps. First, the main factor that affects the ac voltage in the
passive industrial system is analyzed in order to enhance the
voltage stability more effectively. Secondly, according to the
analytical results, the MCLS is proposed to increase the ac
voltage in transient conditions. Thirdly, in order to make the
MCLS have a better control result, the FHC is added to the VSC
controller with the MCLS, which can also further enhance the
ac voltage of the passive system. The simulation tests under
metallic single-phase and three-phase faults are done in
MATLAB/SIMULINK, and the results verify thevalidity of the
control methods.

Index Terms— passive industrial installations, voltage stability,
Voltage Source Converter (VSC), modified current limit strategy,
frequency hysteresis control.

I. INTRODUCTION

The ability of the multiterminal VSC-HVDC system to
improve power quality and how to deal with DC overvoltages
during loss of a converter in the multiterminal VSC-HVDC system
is investigated. The protection of multiterminal VSC-HVDCs
against DC faults is also studied. Over the last years, a series of
research efforts have been made to improve the voltage stability of
passive industrial loads. A new VSC controller supplying passive
industrial plants is proposed, where the VSC-HVDC uses the ac
voltage and frequency controller. The idea of the designed strategy
is to give priority to keeping up the ac voltage and slightly
decrease the frequency during disturbances[14].

In the electric power industry, alternating-current (AC)
systems have been overwhelminglydominant over the direct-
current (DC) option for a long time. However, this scenario is
changing inrecent years with DC systems playing an ever
increasing role in the overall power systems due toseveral

potential benefits: long distance water crossing, lower losses,
controllability, limit short circuitcurrents, lesser corona loss, and
the fact they requires less insulation. Voltage source
converter(VSC)-based high voltage direct current (HVDC)
transmission is increasing research interest in thestudy of the smart
grid in [8]. The topologies of two converters in the VSC-HVDC
system have been studied[10-13].

Compared to the classic line commutated converter
HVDC (LCC-HVDC), the former hasseveral potential benefits
such as self-regulating control of active and reactive power,
increased powerquality, comfortable integration of large-scale
wind farm, and easy operation with weak AC grids, noreactive
power demand, and less operational cost.However, despite the
numerous advantages, VSC-HVDC systems face difficulties in
dealingwith different grid faults. Fault ride-through (FRT)
capability enhancement[17] is one of the mainrequirements for
wind farm-integrated VSC-HVDC systems. During system faults,
bulk powerinterruptions must be avoided by keeping the HVDC
system energized, otherwise, the system mayface serious
instability due to this bulk power interruption. Modular multilevel
converter-basedVSC-HVDC system topologies can provide
enhanced fault ride-through capability. In FRT capability as well
as transient stability improvement has been reported by applying
variousVSC control techniques.

This paper proposes novel control strategies for a VSC-
HVDC link to improve the fault ride-through capability of passive
industrial installations. The new VSC controller based on the
conventional ac voltage control (CAVC) consists of a modified
current limit strategy (MCLS) and a frequency hysteresis control
(FHC). The control strategies are designed to enhance the voltage
stability of passive industrial systems. Impacts of metallic single-
phase and three-phase faults in the sending side of the VSC-
HVDC  system are  simulated and analyzed in
MATLAB/SIMULINK to test the proposed approaches.

I1. SYSTEM MODELING
During grid disturbances, voltage dips typically lead to

WPP disconnections that willcreate even worse system conditions
which can cause instability and even yield toblackouts. To avoid
these problems, the grid codes require WPPs to continueoperation
even if the voltage dip reaches very low levels, support the
voltagerecovery by injecting reactive current and restore active
power after the faultclearance with limited ramp values[6]. All
these features are defined as FRT capabilityof the wind turbine in
the following way:

» FRT in terms of minimum and maximum voltage ride through
(low and highVRT) and recovery slope for symmetrical and
asymmetrical faults that WPPsmust be able to withstand
without disconnection from the grid,
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» Active power and reactive power limitation during faults and

recovery,

» Reactive current injection for voltage support during fault and
recovery,

» Restoration of active power with limited ramp after fault
clearance.

The VSC-HVDC is a new DC transmission system
technology. The valves are built by IGBTs and PWM is used to
create the desired voltage waveform. With PWM it is possible to
create any waveform, any phase angle and magnitude of the
fundamental frequency component. This high controllability
allows for a wide range of applications. A typical VSC-HVDC
system, shown in Fig. 1, consists of AC filters, transformers,
converters, phase reactors, DC capacitors and DC cables.
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Fig.L A VSC-HVDC system.
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The main operation difference between classic HVDC
and VSC-HVDC is the higher controllability of the latter. This
leads to a number of potential advantages and applications, where
some are given below:

1) Independent control of active and reactive power without extra
compensating equipment. With the use of PWM, the VSC-HVDC
can control both active and reactive power independently. While
the transmitted active power is kept constant the AC voltage
controller can control the voltage in the AC network. Reactive
power generation and consumption of a VSC-HVDC converter can
be used for voltage control to compensate the needs of the
connected network within the rating of a converter.

2) Mitigation of power quality disturbances. The reactive power
capabilities of the VSC-HVDC can be used to control the AC
network voltage and thereby contribute to an enhanced power
quality. Furthermore, the faster response, due to increased
switching frequency (PWM), offers new levels of performance
regarding power quality control such as flickers and harmonics.
Power quality problems are issues of priority for owners of
industrial plants, grid operators and for the public.

3)Reduced risk of commutation failures. Disturbances in the AC
system may lead to commutation failures in a classic HVDC
system. As the VSC-HVDC uses self-commutating semi-
conductor devices, it is no longer necessary to present a
sufficiently high AC voltage. This significantly reduces the risk of
commutation failures and extends the application of the VSC-
HVDC for stability control.

4) Communication not needed. As the control systems on the
rectifier and inverter sides operate independently, they do not
depend on a telecommunication connection, which in turn
improves the speed and the reliability of the controller.

5) Feeding islands and passive AC networks. The VSC converter
is able to create its own AC voltage at any predetermined
frequency without the presence of rotating machines. Therefore, it
may be used to supply industrial installations or to connect large
wind farms.

6) multiterminal DC grid. The VSC converters are suitable for
creating a DC grid witha number of converters since little
coordination is needed between the VSC-HVDCconverters. One
potential application of multiterminal DC grids is to provide
powersupply to city centers.

It is depicted in Fig. 2 that the power is delivered from the
main grid to the passive industrial system by a VSC-HVDC
transmission system. Since induction motors are considered as the
dominant load in industrial systems, the analysis of this paper is
mainly for induction motors. Variable frequency drives and
protective functions are not included in this paper by assuming
they are a small part of the passive load.
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Fig. 2 The topology of the studied system.

The control of the VSC-HVDC is based on the inner and
outer control loop. The main function of the VSC inner control
loop is to make dg-axis current components (i.e., isdand isq)
follow references generated from the outer control loop. In order
to suppress negative sequence currents during unbalanced
faults[25], When a VSC-HVDC system feeds power into a passive
network; the outer control loop of the rectifier station operates on
the dc voltage control mode and the ac voltage or reactive power
control mode. At the grid side, VSC can achieve synchronization
with the main grid using the Phase Locked Loop (PLL). The
control scheme of the rectifier station is shown in Fig. 3, where Q
is the reactive power transferred from ac grid to the rectifier
station, Usl is the amplitude of the voltage of the ac grid (see Fig.
2),
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Fig. 3 The outer control loop of the rectifier station with current
limiting strategy

The VSC in the receiving side operates on the voltage
control mode, which is designed to control the ac voltage at the
PCC. The control scheme is illustrated in Fig. 4. Under dg-axis
form, the active and reactive power, transferring from the VSC
inverter. In order to enhance the voltage stability of the passive
industrial system, this section presents two ride-through methods,
which consist of a modified current limit strategy (MCL) and a
frequency hysteresis control (FHC). Both of them are based on the
conventional ac voltage control (CAVC) adopted by the VSC at
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the receiving side. The ac voltages are closely connected, mainly
because of the inductive characteristics of high voltage
transmission lines[13],[24]. The change of reactive power in the
system may have a large impact on the ac voltage of the power
grid. When a VSC-HVDC is supplying passive industrial
installations, the rectifier station operates on the dc voltage control
mode. In case of faults in the sending side, there is an ac voltage
drop in the grid and the current of the VSC rectifier reaches the
limit. As a result, the VSC at the grid side is unable to maintain the
dc voltage. The variation of the active power may cause the
fluctuation of the dc voltage, resulting in a disturbance of the ac
voltage at the PCC, since the ac voltage in the passive system is
modulated from the dc voltage of the VSC-HVDCJ26]. Therefore,
during severe faults, the active power will have an impact on the
ac voltage of the passive industrial installations.
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Fig. 4 Block diagram of proposed frequency hysteresis control
method of the VSC-HVDC at the receiving side.

On the other hand, the reactive poweris still critical for
the voltage stability of the passive system.Thus, an analysis should
be done to investigate that the mainfactor affecting the ac voltage
at the receiving side is whetherthe active power or the reactive
power. In the system shown in Fig. 2, a metallic three-phase fault
issimulated at the sending side of the VSC-HVDC. The fault
isapplied at 0.5 s and is cleared at 0.6 s.

1. SIMULATION RESULTS

According to the topology in Fig. 2, the paperuses the test
system in matlab/simulink to verify the validity of the control
strategies proposed above. In the simulation, the VSC at the
sending side operates on the dc voltage control mode and the
reactive power control mode. An ac voltage controller is used on
the inverter of the VSC-HVDC system.

Fig:5(a) AC voltage at the PCC

Fig:5(b) DC voltage of the rectifier VSC

Fig:5(c) DC voltage of the inverter VSC

Fig:5(d) Frequency of the passive system

Fig:5(e) VSC current

Fig:5(f) The g axis component of voltage at the PCC
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Fig:5(g) The g axis current component of VSC

Fig:5(i) IM active power

Fig:5(k) IM speed

Fig:5System responses of the metallic single-phase fault with
different control methods. (a) ac voltage at the PCC. (b) dc voltage
of the rectifier VSC. (c) dcvoltage of the inverter VSC. (d)
frequency of the passive system. (e) VSC current. (f) the g axis
component of voltage at the PCC. (g) the g axis current component
of VSC. (h) reactive power transferred from the VSC inverter. (i)
IM active power. (j) IM reactive power. (k) IM speed.

Among all AC faults, single-phase ground fault is the
most common fault. To test the fault ride-through capability of the
control strategies, a single-phase fault is applied to the sending

side of the VSC-HVDC at 0.5 s, when the system is under the
steady state. After 0.1 s, the fault is cleared. The simulations have
been done under different control strategies used on the inverter of
the VSC-HVDC system, i.e., the conventional ac voltage control
(CAVC), the CAVC with the MCLS and the CAVC with the
MCLS and FHC. The simulation results are shown in Fig.5.

Fig:6(a) AC voltage at the PCC

Fig:6(b) DC voltage of the inverter VSC

Fig:6(c) Frequency of the passive system

Fig:6(d) VSC current
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Fig:6(e) The g axis component of voltage at the PCC
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Fig:6(f) The g axis current component of VSC
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Fig:6(g) Reactive power transferred from the VSC inverter
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Fig:6(h) Consumed active power

Fig:6(i) Consumed reactive power

Fig:6(j) IM speed

Fig:6 System responses of the metallic three-phase fault with and
without the FHC. (a) ac voltage at the PCC. (b) dc voltage of the
inverter VSC. (c) frequency of the passive system. (d) VSC
current. (e) the g axis component of voltage at the PCC. (f) the q
axis current component of VSC. (g) reactive power transferred
from the VSC inverter. (h) consumed active power. (i) consumed
reactive power. (j) IM speed.

The most severe fault in power systems, metallic three-
phase fault,[6] has also been simulated at the sending side of the
VSC-HVDC. A metallic three-phase fault is applied at 0.5 s at the
grid side and is cleared after five cycles. It is derived from the
previous section that with the CAVC, the passive industrial system
is unable to ride through severe faults[6-8]. Therefore, in this
section, the simulations have been done only under two control
strategies, i.e., the CAVC with the MCLS and the CAVC with the
MCLS and FHC. The simulation results are shown in Figs.6.

IV. CONCLUSION

This paper aimed at designing control strategies to
enhance the voltage stability of the passive industrial installations
supplied by the VSC-HVDC. Based on the analytical result that
the main factor affecting the ac voltage of the passive system is the
reactive power, the control methods that consist of the modified
current limit strategy and the frequency hysteresis control are
proposed. The reason of choosing the MCLS s that in steady and
transient conditions, the reactive power transferred from the
inverter of the VSC-HVDC is mainly decided by isq, the q axis
component of the VSC current. When the MCLS is added to the
outer control loop of the inverter station, the setting of isq can be
met preferentially in order to increase reactive power output from
the VSC. On the basis of the MCLS, an additional frequency
control is proposed. The idea of the FHC is to decrease the set
frequency of the VSC at the receiving side according to the
measurement of the ac voltage in the passive industrial system. By
this means, the control effect of the MCLS can be improved.
What’s more, the reduction of the set frequency can lead to an
increase of the isg, which further increases the reactive power
output. The simulation verifications were respectively carried out
during a metallic single-phase fault and a metallic three-phase
fault.
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