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Abstract

VSC-HVDC systems are widely used to integrate wind farms, asynchronous
generations and networks operating at different frequencies. The Multi-
terminal (MT) and multi-fed (MF) HVDC’s are the system mainly constituted
of VSC’s, to integrate renewable sources and transmitting bulk power to
conventional AC grids. A sudden change in the steady state even in adjacent
networks may create severe disturbances in the operation of such HVDC
systems. The disturbances in AC or DC networks directly influence the
performance of systems, particularly in MT-HVDC and MF-HVDC systems.
However, the HVDC systems are known for their intelligent control in
modulating operational states as and when required. This paper presents the
dynamic analysis of MF-HVDC system due to load changes, faults and other
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disturbances in the adjacent AC networks. The result indicates that VSC-
HVDC provides decoupled control of active and reactive power with capa-
bility in adjusting operational mode during various minor and major distur-
bances. Based on the results obtained, the paper proposed a novel sensitivity
factor indicating percentage coupling among various line parameters during
disturbances. Furthermore, the VSC’s injects harmonic signals on both AC
and DC sides of HVDC system. These harmonics voltage or currents signals
may get amplified to a dangerously high magnitude at resonance frequencies.
Thus, the frequency characteristics of different subsystems are also analyzed
using FFT. A £100 kV, 200 MW bipolar MF VSC-HVDC test systems is
used to simulated the results in MATLAB/Simulink software.

Keywords: Voltage source converters, HVDC line, multi-terminal HVDC,
multi-fed HVDC, vector control, protection system, faults, frequency
response, transient voltage regulation, efficiency, wind farm.

1 Introduction

High voltage direct current (HVDC) transmission systems are nowadays pop-
ular for the integration of renewable together with bulk power transmission.
The foremost commercial HVDC was established in 1954. It was used to
transmit electricity from the Swedish mainland to the island Gotland. The
Gotland HVDC link includes converters of rating 20 MW, 100 kV, and
a submarine cable of 96 miles [1]. Traditionally, the HVDC is used for
point-to-point transmission using cables whenever it is difficult to construct
overhead transmission lines. However, these days HVDC is popularly used
for long and short-distance and single and multi-in-feed transmissions. The
attraction of using HVDC is zero transmission line charging currents, lower
losses, reduced right of way (RoW), and the ability to connect asynchronous
systems. The ability to control power flow, blocking faults from propagation,
and no radio interference are the additional features of power transmission
using HVDC systems [2—4]. Earlier, the current source converter (CSC) based
HVDC was in use. The CSCs are thyristor-based converters of larger power
rating and lower losses. However, the thyristor is a semi-controlled switch
that can only be turned on with no turn-off capability. Thus, the fault currents
cannot be controlled to interrupt the faults. Simultaneously, a CSC HVDC has
large filter requirements, resulting in higher transmission cost and increase in
vulnerability to AC side faults, and thus commutation failures. Hence, voltage
source converter (VSC) based HVDC that uses fully controlled switches such
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as IGBT and GTO, are in trend. Typically, series-connected GTOs or IGBTs
with anti-parallel diodes exhibit four-quadrant operation and higher blocking
voltage [5].

A VSC-HVDC based on IGBT or GTO can operate with weak AC
networks such as onshore and offshore wind farms [6]. This is possible
due to fast and robust VSC control. The 2 x 250 MW, +200 kV Maritime
Link is the world’s first bipolar VSC HVDC with an overhead line [7]. The
VSC-HVDC can maintain a constant DC voltage under reversed power flow
and avoid load shedding under critical network contingencies. Furthermore,
the VSCs in HVDC transmission can be further classified into two and three-
level [8, 9]. The modular multilevel converters (MMC) are the next major
breakthough in VSC-HVDC technology, minimizing the losses in two and
three-level converters. In [10], proposed a hybrid five level converter topol-
ogy (H5LC) having additional low cost flying capacitors (FC’s). The FC’s
provides addition voltage level and in H5LC the switching losses reduces
significantly compared to PWM, two and three-level converters.

In VSC, the fast and independent control of active and reactive power
is achieved using the pulse width modulation (PWM) technique [11, 12].
The principle characteristics of VSC-HVDC are decoupled control of active
and reactive power flows [13]. The point-to-point VSC-HVDC has two
converter stations, i.e., rectifier and inverter stations. The rectifier controls
DC link voltage to maintain the input power factor nearly at unity [4].
However, in comparison to the CSC-HVDC, VSC-HVDC is more vulnerable
to short circuit faults. The CSC-HVDC can limit the fault current due to the
presence of smoothing reactors at both ends. However, the presence of shunt
capacitance on each terminal in VSC-HVDC leads to severe faults. Therefore,
HV cables are frequently used with VSC-HVDC applications.

The protection of the VSC-HVDC system is challenging due to small line
impedance, high current during faults, limited overload capacity of IGBT
diodes, and absence of natural zero crossing points in DC fault currents.
The delay in fault detection, isolation of faulty sections using DC break-
ers, and controlling fault current may result in poor stability and dynamic
performance. Thus, high-speed fault detection, classification, and isolation
techniques are essential [14]. The converters are the source of harmonics and
inject small signals of harmonic frequencies into the AC and DC systems.
Due to AC-DC system interaction at PCC, a disturbance on either AC or
DC network causes harmonic current or voltage of fundamental or second
harmonic injected into the DC lines. Thus, a DC circuit of resonant frequency
at fundamental or second harmonics results in amplified oscillation in those
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harmonic currents or voltages. This may lead to the damage of substation
equipment. Reference [15] analyzed the resonant characteristics of the DC
network and studied the effect of short circuit ratio (SCR), firing angle, filter
type, smoothing inductance, transmitted power, and DC loop impedance.
The aim was to shift the natural resonant frequency of DC circuit away
from second and fundamental frequencies. And hence, avoids the damage of
equipments from amplified oscillations of harmonics signals. The integration
of large scale renewable using VSC and large number of power electronics
devices may cause a risk of different type of oscillations. In [16], analyzed
the risk of various types of oscillations and dynamic characteristics using
Zhangbei MT VSC-HVDC system in Northern China power grid operation.
And studied the response of AC/DC during fault and recovery process.
The small signal dynamics in DC lines also cause stability problems. Ref-
erence [17] develops the linear state time domain model of small signal
dynamics in an HVDC system. The signals of 2-200 Hz on the DC side
are identified to detect the stability problems and can suggest designing
faster control to overcome the stability threats. In [18], studies the sub-
synchronous oscillation due to small parametric disturbance in VSC-HVDC
system using participation factors instability phenomena. Finally, damping
controller design and optimal location are analyzed for minimizing the sub-
synchronous oscillations. Reference [19] shows the transfer functions of
subsystems with frequency dependence of subsystem impedance. These sub-
systems are converters of HVDC, AC network, and DC network including or
excluding filters, smoothing reactors, etc. In [20], the authors performed the
linear and non-linear frequency response analysis of DC circuits to determine
the dominant resonance frequencies and the amplification factor. The voltage
or current at frequencies similar to the resonant frequency of a DC circuit
encounters severe amplification. This may lead to the damage of station
equipment during a disturbance in AC/DC networks. The effect of control
and network impedance on modulating amplification factors at resonance
frequencies are also analysed in [20]. At the end, the time response analysis
of DC circuit for voltage and current during disturbance at frequencies close
to natural frequency of oscillation is performed. The pole-to-ground (P-G)
fault on one pole causes transient overvoltage on the other healthy pole of
the bipolar HVDC line. Such overvoltage is of high magnitude, up to 2.2
times of rated voltage, and causes flashover and damages the insulation of
the healthy phase. Thus, a P-G fault will be converted into a double-pole
fault. The DC line termination elements and multiple reflections of positive
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and zero sequence travelling waves are the main cause of these over-voltages.
Reference [21] investigates such transient over-voltages on healthy poles.
This may cause unnecessary tripping due to dv/dt protection of the healthy
pole. The nature of fault current or overvoltage may vary with different line
boundary conditions, such as lines terminated with smoothing reactors or
tuned filters, resistors, capacitors, or a combination of these. Hence, a close
synchronization of filters, lightning arresters, and line isolation with dv/dt
protection are essential. In [22], develops an effective DC fault identification
algorithm with coordinated control and protection of radial HVDC grid based
on analyzing the phase of input impedance during fault conditions. The
scheme reported to have improved sensitivity and reliability compared to
convention schemes for MMC.

This paper investigates the dynamics of VSC-HVDC systems fed from
multiple sources to develop a compromising state between the protection,
design, and control of VSC-HVDC systems. Initially, the disturbance in
adjacent AC networks connected to the HVDC system is considered. Later on
the work can be extended by considering disturbance on the DC line section
and converters section as well. The remaining sections of this paper are
arranged as follows: section II covers the multi-feed VSC-HVDC test system
description. Section III explains the control arrangement of the VSC-HVDC
system. Section IV analyzes the dynamics and sensitivity of the VSC-HVDC
system during the various disturbances. Section V consists of the simulation
results and discussion and section VI concludes the work.

2 Multi-fed VSC-HVDC Test System Description

A multi-fed VSC-HVDC test system of 200 MW, +100 kV supplied from
230kV, 50 Hz grid (G1) of capacity 2000 MVA and wind farm of the capacity
of 10 MW is used for analysis which is shown in Figure 1. The power is
delivered by transmission cable of length 75 km to another grid G5, operating
at 230 kV, 50 Hz. The length of cable connecting the wind farm to G is
50 km. The other specifications and ratings of the test system are given
in Appendix A. In general, the sending- and receiving-end AC circuits are
modelled using the damped inductive (R-L) circuits of fundamental frequency
50 Hz. The star grounded or delta configuration of the converter transformer
is used to block triplen harmonics. The reactors connected at VSC provide
the desired phase shift. However, the transformer leakage reactance causes a
change in the amplitude of voltage waves.
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Figure 1 Multi-fed configuration of VSC-HVDC test system.

3 Control Strategies for VSC-HVDC Systems

The controllers at the rectifier end and inverter end control the voltage and
active power flow of the HVDC system, respectively. Unlike the classical
HVDC system, VSC-HVDC is capable to control both active and reactive
power independently. The reactive power is controlled independently at both
converters by adjusting AC voltage without altering voltage at the DC link.
The control for active power flow is obtained by adjusting the voltage on
the DC side or altering the frequency on the AC system. Thus, the desired
operating mode can be achieved by controlling the flow of active power,
reactive power, DC voltage, AC side voltage, frequency or combination of
these [23]. The VSC operates with the self-commutated sinusoidal pulse
width modulation (SPWM) technique. This produces an output DC voltage
independent of the AC system. The average output voltage of VSC can be
controlled within a short period using SPWM. The change in phase angle of
fundamental voltage across the series reactor controls the active power flow.
However, the change in voltage across the series reactor controls the reactive
power of each converter as shown in Figure 2. Thus, the PWM provides the
four-quadrant operation of each VSC with DC voltage maintained constant.
The reactive power at each station is controlled by regulating AC voltage
irrespective of transmitted power or converter ratings.

The power angle or voltage angle control, vector control, and power
synchronization control are the different control strategies of VSC-HVDC
systems. However, vector control is widely used in most VSC-HVDC
systems [24].



Dynamic Analysis of VSC-HVDC System with Disturbances 1409

3.1 Power-angle or Voltage Angle Control

The equations for power flow between two nodes of the electrical network,
given in (1) and (2), are used to develop the principle of power or voltage
angle control [5].

P, = % sin d (1)
E,
Qac = Y(Eg — Vicos ) )

where P, and Q. are the active and reactive power between the two nodes
having voltage magnitudes £, and V; at node 1 and node 2, respectively.
Here, X is the line reactance between nodes and ¢ is the phase difference
between them. Equations (1) and (2) indicate that the active power is more
concerned with angle §, while the reactive power is more dependent on the
difference in voltage magnitude between the nodes. Hence, the concept of
power or voltage angle control can be explained. Figure 2(a), (b), and (c)
shows the equivalent circuit, phasor, and typical P-Q diagram of HVDC
connected to the grid. Based on Figure 2(b), the three operational modes
of VSC-HVDC connected to the grid are, a) Rectification mode for positive
phase difference i.e. (0 > 0), terminal voltage V; leading grid voltage F,,
and thus, P,. will be greater than zero (F,. > 0), (b) Inversion mode for
power angle to be negative (6 < 0), the bus voltage V; lags behind grid
voltage (E,), and thus, Py less than zero (F,. < 0) and (¢) STATCOM
mode obtained for zero difference in power angle () = 0) causes zero
active power exchange i.e. (P, = 0). The designing and implementation of
voltage or power angle control is simple but has never been practically used
for VSC-HVDC systems. This is due to its limitation in damping resonance
present at grid frequency. The lower controller bandwidth and reluctance in
controlling the valve current during DC line faults are the other limitations of
power-angle control.

The dynamic response of VSC-HVDC depends on the adjacent AC
network, DC network, and their controllers’ characteristics. The DC control
activates within 10 ms to influence the dynamics of the HVDC system.
However, AC machines respond slowly in the range of 100 ms to influence the
system dynamics. The AC system, DC converters, and DC networks are the
elements of concern during transient conditions of the AC-DC system. The
converter behaves as a source of harmonics and injects current and voltage
harmonics into the networks connected to both sides of the converter station.
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Figure 2(a) Equivalent circuit of grid-connected VSC-HVDC system [25].
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9

Figure 2(b) Phasor diagram.
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Figure 2(¢) Typical P-Q diagram.

It also acts as a harmonic modulator for the DC and AC networks connected
to the VSC stations. Similarly, the AC system acts as a source/sink for reactive
power, active power, and harmonics — having frequency-dependent variable
impedance. However, the DC circuit acts as sink or source of active power and
sink of harmonics, with variable impedance dependent on frequency [25].

Hence, a fair representation of the AC system connected to the VSC
controlled by SPWM is given by (3). The SPWM provides independent con-
trol for the magnitude, phase, and frequency of AC voltage on the terminals
of VSC.

h
. Vi .
ve(t) = Vysin(wt + 6) + Z; ;t sin(nwt + 6y,) 3)
n=
where n is the order of harmonics and / is the highest order of harmonics
injected into the AC system. The V; and § are the amplitude and phase of
fundamental voltage at the terminals of the converter transformer on the AC



Dynamic Analysis of VSC-HVDC System with Disturbances 1411

side. Similarly, J,, represents the phase for the n” harmonic component of
the HVDC transmission system.

3.2 Vector or Indirect Control

The VSC in HVDC system is equivalent to an ideal voltage source connected
to the grid after the AC filters. Their control freely decides the frequency,
phase, and magnitude of the voltage wave produces. The rated capacity of
VSC is limited by stability issues and control design criterions of HVDC sys-
tems [23]. The vector control consisting of decoupled inner and outer control
loops for modulating power and DC link capacitor voltage, respectively. The
inner loop controls the real and reactive power independently using phase
locked loop (PLL) and abc-to-dg transformation of voltage or current at
PCC [26]. During transformation, the d-axis of the rotating d-g frame of
reference is assumed to be aligned with the rotating AC voltage vector V; at
PCC. It determines the frequency (w) and phase angle (§) for vector control
using PLL [27-29]. Thus, the PLL synchronizes the d-axis with voltage (V;)
at PCC or filter bus with the phase AC system. The outer loop shows sluggish
nature in modulating the voltage across the DC link capacitor. However, inner
loop exhibits a faster response compared to that of the outer loop. Both of the
outer and inner control loops are implemented using a proportional-integral
(PI) controller. Figure 3 indicates the complete implantation of vector control
for the VSC-HVDC system.

The vector or indirect control has been successfully implemented in many
VSC-HVDC systems. However, the vector control has an inherent drawback
of poor performance during VSC-HVDC connected to the weak AC system.
In literatures proposed a novel power synchronizing control techniques for
VSC-HVDC systems. This method is based on the combination of vector
control and power angle control methods and overcomes drawbacks of vector
control.

Hence, the fundamental control system of VSCs has a cascaded structure
as shown in Figure 3. External controllers for the converter are frequently
based on vector control. These are in charge of managing the converter’s
DC/AC input/output variables (DC or AC voltage and active or reactive
power). This control level can be two-level, three-level, or multilayer, depend-
ing on the VSC technology used. On the network side, the converter’s outer
controllers are in charge of completing local tasks like control of the voltage
at the DC terminals (V.), balanced active power input and output (F,.), con-
trol of reactive power (Qq.), or support of AC voltage (V,.) at the common
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Figure 3 Vector control arrangement for VSC-HVDC system [27-29].

coupling point (PCC). The other control schemes proposed based on outer
and inner control loops are direct control, resonant regulator, etc. However,
the performance of vector control is superior in terms of steady-state and
phase error and provides decoupled control [30].

The inner and outer control of VSC senses the abrupt changes in param-
eters at PCC, and DC sides of the converter terminal and controls VSC’s
operations as desired. An abrupt variation in parameters due to disturbance in
grid sides is dealt with by varying the reactive power flow and active power
flow or reactive power flow at PCC and DC pole-to-pole voltage both. The
PI controllers in inner and outer control loops as shown in Figure 3 is used
to regulate the amplitude and phase of modulating signal at VSC using PWM
techniques. An overview of various controls for different configurations of
VSC is summarized in Table 1.

4 Dynamic Modelling, Sensitivity and Frequency
Response Analysis

4.1 Dynamic Modelling

The HVDC system enters into the dynamic state due to minor or major dis-
turbances occurs in the AC or DC side of the VSC station. In (4), represents
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Table 1 Control overview of VSC-HVDC for different configurations [30]
Control Level Sub-control Control Bandwidth

Converter control PWM, nearest level control
(NLC)

Valve control (switching)
Valve protection

Capacitor voltage balancing
control for MMC

Circulating current
suppression control for MMC

Primary control (external converter inner control loop (current 10 Hz to several
control) based on vector control control) 100 hertz 1 Hz to
Outer control loop (voltage 10 hertz

and power control), PLL,
power synchronization
control

Secondary control (system level Converter coordination 0.1Hzto 1 Hz
control used in MTDC) Droop control

Set of operation and control
modes

Start and shut down the
converter

the AC side voltage for all the three phases during dynamic conditions of

VSC-HVDC system. The expression related to the same is given as (4), (5),

(6), and (7) [31].

diabc
dt

where E ;. and i, are the three-phase grid voltage and current, respectively.
And vy, is the voltage at the AC terminals of VSC connected to the grid.
The per-phase equivalent resistance and inductance between grid and VSC
terminals are given as R and L, respectively.

After transforming the three phase quantities from abc-to-dq rotating
reference frame, the (4) is given by (5). Where w is the angular frequency
in radian per second [13].

Ey . d i 0 —1] |4 Ud id
pi R A R R

Eupe =L + Vape + Rigpe “4)
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By using (5), the decoupled d-axis and g-axis voltage of the AC network
is given as (6) and (7), respectively However, the only coupling imaginary
elements present in (6) and (7) are wLig and wLig4, respectively.

.

l%:Lé%—qu+Rw+vq ©6)
dig R

Eq = LE - (A)L'ld + qu + Vq (7)

The active power exchange of the AC system into the d-g rotating
reference frame is given in (8).

3 . 3 .
5Vata + 3 Valq 8)
During steady state operation, the power exchange within the AC and DC

sides will remain identical and given as (9).
Py = qu = Vaelge )

where V. and ;. are the rated DC link voltage and current. During steady
state operation, the /. can be given by (10).

3 [ Vgiq + Vgiq
g = 2 (Y44 T Yalq 10
dc 9 ( Vi (10)

To analyze the severity of disturbance causing dynamics in HVDC sys-
tem, a concept of evaluating transient voltage regulation (TVR) and efficiency
(n) is proposed. The TVR and efficiency during dynamic operating state can
be giving as (11) and (12), respectively.

. (AVdc)max _ ‘Vdc’ - H/tmax’

Pyy =

= 100 11

% © Vdc Vdc x ( )
Pye

%n = —% % 100 (12)
Pag

where V42 1s the maximum or minimum voltage during dynamic condition.
The (AVj.)maz is the magnitude of maximum change in voltage appears on
the DC side of VSC-HVDC system.

4.2 Sensitivity Factors

The paper also proposed the estimation of a novel sensitivity factor based
on different quantities measured at PCC. The three distinct critical cases are
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considered to analyze the VSC-HVDC performance and sensitivity estima-
tion. Where Case-1 deals with perturbation in the rectifier side AC network
due to a change in voltage or rated loading condition. The case-I (C-I) is
further subdivided into C-I(a), C-I(b), and C-I(c) to consider the dynamics
generated due to voltage sag, change in real or reactive power at PCC-1,
respectively. Similarly, Case II and Case III are comprised of momentary
three-phase short circuits at £ and Fb, respectively.

The VSC-HVDC system is designed to decouple the control of real
and reactive power and minimize the propagation of critical disturbances
from one network to another. Such critical disturbances may be the drop in
voltage, power, or frequency due to various reasons. The sensitivity factor
proposed, check the percentage of decoupling of one measured parameters
to the others at PCC. The higher the sensitivity magnitude, the lower will
be decoupling effect. To define the sensitivity factor, one of the measured
parameters at PCC i.e., source voltage, active power, or reactive power is
considered to be input quantity while the others are the consequence or
output. In generally, the sensitivity factor is defined as the ratio of output
to input parameters as given in (13). The factors K, K}‘.f, and Kg are
the dynamic sensitivity factors of voltage, real power, and reactive power
with respect to changes in voltage, respectively. Similarly, K 5 , K 5 , K 5 and

K 8 s Kg, and K 8 , are the sensitivity factors for voltage, real power, and
reactive power with respect to the changes in real and reactive powers, respec-
tively. Thus, the proposed sensitive factors can be expressed as (14), (15),
and (16).

Change in output

Sensitivity (K) (13)

B Change in input quantity
The sensitivity factors due to voltage sag at PCC of sending end station
(G are given in (14).

(v . AVPCC’ or AVM

K
v AV

KV _ AQpcc or AQy
g =

AV
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Similarly, the sensitivity factors due to change in active power delivery at
sending or receiving end station are given by (15).

_ AVpcc or AVy

KL =
v AP
APpcc or APy
KPP — 15
p Ap (15)
KP _ AQpcc or AQwm
(@ AP

And, the sensitivity factors due to the change in reactive power injection
at PCC of sending or receiving end stations are given by (16).

AVPCC or AVM

Q _
KV = AQ
AP or AP,
Q PCC M
Kg = AQ (16)
K9 _ AQpcc or AQw
Q AQ

where AVpoeo, APpoc, and AQ poc and AVyy, APy, and AQ ), are the
maximum deviation in voltage, real power, and reactive power, measured at
PCC and terminals M of the test system, respectively.

4.3 Frequency Response Characterization

The nonlinear converter switching causes multiple harmonic frequencies in
line current and voltage on both sides of converter station. It is important to
analyze the frequency transformation on DC and AC sides due to following
reasons: (a) oscillation initiated by the AC source may be propagated on the
DC side and (b) existence of multiple resonance frequencies on the two sides
of the system. Thus, results in harmonic instability due to amplification of
voltage and current signal having frequency similar to resonance frequency
of the circuit resonant. These amplified signals of voltage or current at the
resonant frequency are sufficient to damage the equipment connected at
the sending or receiving end station. The Fast Fourier transform (FFT) or
modulation theorem can be used to obtain the harmonic inject on the DC
or AC sides of VSC. The frequency response of each sub-circuit of HVDC
system helps to identify circuit resonance frequency. Thus, the filters can be
installed to avoid the amplification harmonics.
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4.4 Stability Assessment for Change in Cable Length of
VSC-HVDC Transmission

Despite its many advantages, VSC converters impair the electrical system’s
power quality on both ends of the HVDC link. The HVDC system is made
up of intricate components including cables and overhead wires with various
resonance properties exists. Its time constant is on par with the converter
connecting the grid in terms of order. Investigations are necessary to ensure a
safe connection of various parts inside the HVDC grid since their interactions
might occasionally result in harmful behavior. The resonance behavior of
cables used for HVDC systems with variations in cable length was examined
by the authors in [26]. The outcome demonstrates that for cables with shorter
lengths, the increase in power transmission becomes unstable. For a longer
length of HVDC cable, the same increase in power transmission becomes
steady, though.

5 Result and Discussion

5.1 Case I: Minor Disturbance at Sending End (G,)

5.1.1 Unexpected load change causing voltage dip at PCC

A minor disturbance simulated at sending end PCC by reducing three phase
voltage up to 0.1 p.u. occurs at 1.5 s in the simulation time frame of 2 s.
The simulation result indicated in Figure 4, shows the dynamics in real

3
=~ &
> -8
- R , Pac
: : 0.8 : :
1.4 1.6 1.8 2 1.4 1.6 1.8 2
(a) Time (s) (b) Time (s)
0. — -
1 et \
/:'? : . VPN
é;‘ 0o A >‘8 o ERERRREE ERRTRENE
o . v
Obec R a8
04 : f : :
1.4 1.6 1.8 2 14 1.6 1.8 2
(c) Time (s) (d) Time (s)

Figure 4 VSC-HVDC dynamics due to partial drop in three-phase voltage at G';.
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Table 2 Line parameters at PCC-1 and terminal M with different operating states

Operating Maximum Change in Line Parameters (p.u.)

States VL Ppcc Py Qpcc (Vdu ) maz % & % n
SS 1 1 0.95 0 1.2 0 95
C-I(a) 0.90 091 0.87 —0.18 1.17 2.5 95.6
C-I(b) 1.0 0.88  0.84 0.01 1.18 1.6 95.4
C-I(c) 1 0.98 094 —0.13 1.26 —5.0 95.9
C-I1 0 0 0 —1.12 0.81 325 -
C-1II 1 0 0 0.18 1.59 -325 -

power, reactive power and DC pole voltage measured at PCC and terminal
M, respectively. Ideally, the VSC is designed to maintain a stable operation
during perturbation in the associated AC networks. However, in practice, a
140 ms sag in three phase voltages causes a momentarily drop in real power
(Ppcc and Py.) by 10%. Here, the Ppoc and Pg. are the active power
delivered from sending end at PCC and terminal M of positive DC pole,
respectively. Conversely, the control action of VSC re-stabilizes the steady-
state power delivery within 30 ms after disturbance initiated. However, the
disturbance exists for duration of 140 ms. In similar way, the DC pole to
neutral voltages (Vpx and Vi) at terminal M, remains intact with negligible
fluctuations exists for 50 ms after disturbance initiated. Here, the Vpy and
Vi is the positive and negative pole to neutral voltage of the HVDC system,
respectively. Similarly, the 0.15 p.u. demand in reactive power at PCC of
station G; generated due to disturbance and exists for 300 ms. This unbalance
is due to a mismatch in the supplyand demand of reactive powerat PCC-1.
The transient voltage regulation (¢) and efficiency () during voltage sag are
important, to verify the performance of HVDC systems. Table 2, indicates
the TVR (¢) of 2.5% during voltage sag, which is within the acceptable limit.
The simulation results, are obtained using variable step size and sampling
frequency of 13.5 kHz.

5.1.2 Sudden load change causing a change in active power
loading at PCC

The other minor perturbation frequently appears during the operation of the
HVDC system is the sudden change in loading causing change in active
power delivery at sending end PCC. Since, the VSC-HVDC is becoming
the trend for exporting offshore wind power, which is random in nature.
Thus, the performance of VSC during step drop in active power at PCC-
1 is simulated at ¢ = 1.5 s. The results shown in Figure 5 indicates the
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Figure S Response due to drop in active power at G1.

response of power (P,., P,.), three phase voltages (V,.), reactive power
(Qpcc), and pole to the neutral voltage (Vpy, Vyy) at measured at PCC
and terminal M, respectively. The response of active power delivered (FPy,) is
critically damped with settling time of 100 ms. However, the other parameters
measured at PCC remain changed.

5.1.3 Sudden load change causing increase in reactive power at
PCC
The disturbance due to a 10 p.u. change in reactive power injection at sending
end PCC-1 is simulated at 1.5 s. The result in Figure 6 indicates that an
undershoot in real power (Ppcc, Pg.) by 2% and exists for a duration of
70 ms. The vector control of VSC-HVDC system at the rectifier manage
to cope-up the deviation within 4 cycles of a fundamental frequency. As
per simulation results the and reactive power are controlled, independently.
Similarly, the three-phase and DC pole-to-neutral voltages (V. and Vpy
or Vyy) remain unaffected by the permanent increase in demend ofreactive
power at PCC-1. This is possible due to independent control of reactive power
via inner and outer control loops of VSC-HVDC system. Thus, the VSC-
HVDC operation is immune to changes in reactive power settings at sending
end station.
The results shown in Figures 4, 5, and 6 indicates the ability of indepen-
dent and flexible power flow control of VSCs during sudden and unexpected
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Figure 6 Response due to change in reactive power at G .

load changes. The dynamic changes in grid or converter sides and restoration
during black-start are the major concerns with the VSC-HVDC system.
In VSC control, the three sinusoidal modulating signals (V,p.) serve as a
reference for the bridge phase voltages, which are produced by the discrete
control of VSC to cope with the dynamics generated due to disturbance.
The amplitude and phase of modulating signal are adjusted to control the
reactive power flow at PCC, and actual AC power flow or the reactive power
flow at the PCC and the pole-to-pole DC voltage both. Thus, model of the
VSC-HVDC system selected is accurate enough to handle the often occurring
sudden and unaccepted changes in loads in a practical sense.

5.2 Case lI: Disturbance Due to a Three-phase Short Circuit at
Sending end (G;)

A temporary three-phase short circuit at F; is considered to simulate the most
severe disturbances that can occur on the AC system. The simulation result in
Figure 7, indicating that the complete interruption of power flow via HVDC
link occurs till the fault exists. Simultaneously, a peak demand in reactive
power appears during recovery period in post fault condition. The DC pole-to-
neutral voltage (Vpn, Vnn) decreases instantaneously and than recovers with
high ripple factor and transients oscillations during fault. The VSC-HVDC
manages to limit the dip in DC line voltage upto 0.4 p.u from steady state
voltage of 0.67 p.u. and recovers to a rated value within 30 — 35 ms. This is
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Figure 7 Results during 3-phase short circuit at PCC of sending end.

due to the ability of VSC to control active and reactive power independently.
Also, due to VSC capacitance which was charge upto rated value during pre-
faults stage. Once external fault occurs, the VSC converter remain charge and
flexible control ability of active and reactive power flow The maxima in TVR
reach up to 40% with the high mismatch in reactive power supply and demand
at PCC. The result shows the zero demand in reactive power from grid during
pre-fault conditions. This is because the demand of reactive power by VSC is
taken care by filters and capacitor banks installed near PCC. However, during
fault (£7) obviously all of theses parameter i.e. AC voltage, real power and
reactive power at PCC flowing towards VSC would be zero. The recovery in
post-fault voltage and power flow at PCC causes a sharp demand in reactive
power from grid. This demand in reactive power from grid at PCC decreases
slowly as the voltage across the filters and capacitor banks recovers to its
rated value. At receiving end the TVR in AC system is unaffected from fault
F1 and appears to be zero in magnitude.

5.3 Case llI: Three-phase Short Circuit at Receiving End G-

A transient three-phase short circuit (£3) is subjected to the receiving end
station G2 of the test system. The simulation results shown in Figure 8 are
for pre, post and during fault conditions. During fault the power transfer
via HVDC gets completely interrupted, causing a transient rise in DC pole
voltages (Vpy, Van). However, the HVDC control block the DC link current
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Figure 8 HVDC system response during three-phase short-circuit (F2) at Ga.

and limit the excessive charging of the DC link capacitor. The TVR during
F5 is limited up to 32 — 33% on the DC side of HVDC system measured
at terminal M. The recovery in voltage and rated power supply is restored
within a 3 — 4 cycles after fault. However, the TVR measured at the terminal
M of the sending end due to fault F5 same as that of pre-fault conditions
i.e. nearly zero. For reactive power measured at PCC of sending end deviates
from its pre-fault level. A + 0.15 p.u. or less fluctuates in magnitude with an
oscillating frequency of 10 Hz appears for 300 — 400 ms after fault.

The Figure 9 indicates the variation voltage at PCC and terminal M of DC
poles, real power and reactive power flow via HVDC link during minor and
major disturbances. The variation in power shows decoupled control ability
of VSC-HVDC system during disturbance.

The sensitivity factors estimated for various type of disturbance in HVDC
system are tabulated in Tables 3—7. The curve for sensitivity with respect
different dynamic conditions and location of measurements are plotted in
Figure 10. It represents the maximum deviation of measured quantities during
various disturbances.

5.4 Impedance-Frequency Analysis for VSC-HVDC Test System

The impedance-frequency response of various subsystems of the HVDC
system is obtained to analyze resonance characteristics of each section. If
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Figure 9 Variation of line parameters due to critical network disturbances.

Table 3  Sensitivity factors due to dip in voltage at G
Sensitivity Factors ~Measurement at PCC-1  Measurement at DC Line Terminal S

KY 1 0.3
KY 0.9 0.8
K§ 1.8 0

Table 4 Sensitivity factors, due to change in active power supply
Sensitivity Factors At PCC-1 At DC Line Terminal S

K¥ 0 0.15
KE 1.2 1.1
Kb —0.16 0

Table 5  Sensitivity factors due to drop in reactive power
Sensitivity Factors AtPCC-1 At DC Line Terminal S

K¢ 0 —0.6

K¢ 0.2 0.1
Q

K2 1.3 0

the harmonics injected on both side of rectifier or inverter station matches
with the resonance frequency, may get amplified. The amplified signal during
resonance may damage the equipments connected to that subsystem. Thus,
by analyzing the frequency characteristics the necessary modification can
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Table 6 Sensitivity factors due to three-phase short circuit at I
Sensitivity Factors  Measurement at PCC-1 ~ Measurement at DC Line Terminal S

KY 1 0.385
KY 1 0.95
K§ 1.12 0

Table 7 Sensitivity factors due to three-phase short circuit at F»
Sensitivity Factors Measurement at PCC;  Measurement at DC Line Terminal “S”

KY 0 —0.39
KY 1 0.95
Ky —0.17 0
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Figure 10 Sensitivity curve during minor and major disturbances in test system.
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Figure 11 Instability points due to resonance characteristics of DC-link.

be suggested in design or control, so that the subsequent resonance can
be avoided. The Figure 11 shows the impedance-frequency characteristics
of DC line section. The result indicates the impedance characteristics with
and without third harmonic filter, and smoothing reactor. A multiple parallel
resonant frequencies of 125, 160 and 190 Hz appear without filter and reactor
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Figure 13 Impact of cable length on DC link resonance characteristics.

of HVDC line. However, the line section encounters experiencing series
resonance at 150 Hz. The lines terminated with DC filter, and smoothing
reactor possessed the parallel resonance at the 125 Hz. Thus, by plotting
impedance-frequency characteristics, the resonance frequency that may cre-
ate harmonic instability in HVDC system are identified. The instability points
on the AC circuits of HVDC system is shown in Figure 12. The result
indicates a series resonance at 100 and 350 Hz, while the parallel resonance
appears at 225 Hz.

5.5 Impact of Cable Length on VSC-HVDC System Operation

For a given system setup, the power transfer must be limited to avoid instabil-
ities originating from the dc-network dynamics. The instability phenomenon
is related to the DC side resonance and hence to the length of the cable
as one factor in the HVDC link. If the resonance originated from the DC
link coincides with the non-passive behavior of one of the VSCs, it causes
instability. It can be seen from Figure 13 that as the dc cable length increases,
there is a decrement in resonance frequency. At the decreasing resonance
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frequency of the dc cable, the VSC conductance becomes less negative, thus
reducing the risk of instability. In [27, 32], the dynamic analysis of two
terminal VSC-HVDC is performed using eigen value analysis. The analysis
reveals that unstable oscillations arise when power transfer exceeds a certain
value. The increase of the dc cable length improves the dynamic performance
of the system since it makes the eigen values move toward the stable region
as the length increases.

6 Conclusion

A VSC-HVDC system is capable to restore the power supply once small or
large disturbance dies out. The vector control technique in the VSC-HVDC
system was analyzed and performance was estimated. The TVR and effi-
ciency mentioned in Table 2 indicate the performance during every stage
of disturbances. The vector control provided the decoupled control of real
and reactive powers in the HVDC system. The proposed sensitivity factors
indicate the percentage dependency of a line parameter over the other and
also, describes the performance of VSC-HVDC by vector control strategy.
The relatively low value of sensitivity indicates the subsequently stable
and continuous operation of VSC-HVDC during the disturbance. However,
the sensitivity above the set threshold (K, = 0.5) indicates disturbance-
influenced network conditions and the power supply gets interrupted. The
drop in AC voltage causes a momentary transient in real power transferred
over the HVDC system. However, the fast and flexible control of VSC
stabilizes the dynamics within a few cycles of the fundamental frequency. The
analysis regarding frequency transformation and resonance characteristics
gives the information about small signals that may cause instability. If the
harmonic voltage or current signal matches with the resonance frequency
of the circuit, it may cause amplification of signals and subsequently, this
amplified signal may damage the equipment.
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