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ABSTRACT Droop control is widely adopted to control Multi-Terminal high-voltage Direct Cur-
rent (MTDC) systems with offshore wind farms. During permanent faults, the faulty line should be isolated
promptly to preserve a high reliability of the MTDC system. This paper examines the MTDC system
performance following a faulty line outage. This study aims to identify the outage types that may lead to
a complete loss of system voltage stability and the outages that may have a secondary effect on the system.
Moreover, strategies for dealing with outages that may lead to a complete shutdown of the system are also
presented. Furthermore, the ranges of droop gains’ values that can be employed following fault occurrence
to preserve system transient stability are studied. Different scenarios are explored during faulty conditions
such as surplus and sparsity of wind power, line overcurrent, outage of lines connected to wind farms, and
outage of lines connected to AC grids to validate this study. MATLAB/Simulink platform has been employed

to elucidate the presented concept.

INDEX TERMS Droop control, HVDC, MTDC, stability, wind energy.

I. INTRODUCTION

Offshore wind farms’ share in the worldwide power gener-
ation is estimated to increase due to their richness in clean
power [1], [2]. Therefore, special consideration is given to
wind energy as a primary power source in the European super
grid [1], [3]. Voltage source converter-based Multi-terminal
high-voltage Direct Current (MTDC) grids are the main
platform to collect generated wind energy [1]-[3]. They
link offshore wind farms with different AC grids via
both overhead lines and submarine cables. Voltage source
converter-based MTDC systems have several advantages,
such as low power losses, the ability to include long DC
cables, and the capability to connect asynchronous systems.
Nevertheless, MTDC network faults may severely affect con-
verters’ semiconductor devices due to the fast rise of fault
current to high levels [3]-[6]. Accordingly, DC faults should
be detected, and the faulty line should be isolated in a few
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milliseconds to protect the converter semiconductor devices.
Fast line isolation can be achieved via high-speed electronic
circuit breakers [5], [7]. However, the faulty line’s isolation
should be followed by a suitable adjustment in the control
system to maintain stability and safe operation of the MTDC
system. Otherwise, the system may experience severe over-
voltage, overcurrent, excess power losses, or surplus wind
power. Moreover, a complete system loss may occur if cor-
rective actions are not taken [8], [9].

Droop control is an effective technique to control MTDC
systems [1], [10]-[12]. Power-sharing can be controlled,
employing droop gains, which are always selected to pre-
serve safe power flow. Moreover, a better droop con-
trol design leads to optimal power flow in the MTDC
system [8], [13]-[16]. Nevertheless, in fault conditions,
the droop gains should be updated during outages to
ensure a safe power-sharing among different terminals/
lines [8], [9], [17]. While the droop gains’ adaptation
can avoid voltage and current violations, the MTDC sys-
tem’s stability needs to be studied to assure that the
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system restores its stable operating state during post-fault
adjustments.

Droop control adjustment during converter outage is high-
lighted in [9]. The needed droop control design for opti-
mum operation during line and converter outages is presented
in [8]. However, the MTDC system voltage stability after
modifying the droop gains lacks a comprehensive investi-
gation. Moreover, in case of system instability, the needed
corrective action to restore the system to its normal oper-
ation state was not discussed. Furthermore, the risky and
non-risky outages are not identified. The AC side’s frequency
stability following an outage in MTDC networks is stud-
ied in [18]-[20]. Nonetheless, this research studied the AC
side stability, while the DC side’s voltage stability has not
been investigated. Small signal stability analysis of DC side
of MTDC system is investigated in [21]-[24] with varying
control parameters, operating conditions, line resistance, and
inductance of current limiting reactor. However, these studies
are focused on healthy condition only. The voltage stabil-
ity of the DC network following a faulty condition is not
studied. The DC side stability is studied in [11] and [25]
under AC fault conditions. Nevertheless, the effect of DC
faults is not studied despite its notable effect on the MTDC
network stability and power balance. Moreover, the AC side
fault effect on the MTDC network is not high enough due
to the power converter’s control and protection. Evaluation
of power reserves of MTDC converters to overcome power
mismatch during converter outages is investigated in [26].
However, introducing a power reserve in a converter increases
its rating, which is not an economic solution to overcome
DC voltage fluctuation due to power mismatch. AC damping
torque analysis method is applied in [27] to test the DC
voltage oscillations in MTDC networks. However, the voltage
oscillations represent a real problem in AC networks. How-
ever, the DC voltage oscillations is not a common problem in
MTDC networks.

This paper presents a DC side stability study following a
faulty condition in MTDC systems with offshore wind farms.
This paper’s first objective is to identify the risky outage
types that may lead to a complete breakdown of the system
and the non-risky outages that have a secondary effect on
the system. Besides, strategies for dealing with risky outages
are also presented. The second objective is to identify the
safe range of the droop gain values that can be used in
the reconfigured system for different outage conditions due
to different faults. Different power mismatch scenarios are
addressed in this study, such as surplus and sparsity of wind
power injections. Moreover, different types of line outages
leading to different post-fault configurations are considered.
The main contributions in this paper can be bulleted as
follows:

e The MTDC system performance following the discon-
nection of a line due to DC fault is investigated to study
power, voltage, or current violations.

o The risky and non-risky outage types inside the MTDC
system are differentiated.
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FIGURE 1. MTDC model.

o The required subsequent corrective actions to maintain
system voltage stability and optimum operation due to
any risky outages are presented.

o The safe range of droop gains to guarantee safe tran-
sient response of the reconfigured MTDC system dur-
ing outage conditions under minor disturbances is also
assessed. Eigenvalues are evaluated with a wide range
of droop gains for the reconfigured system after the
faulty line’s disconnection. This safe range represents
the allowable droop gains range to keep reconfigured
system transient stability under marginal operational
condition changes.

Il. MTDC POWER SYSTEM MODEL
In this section, the MTDC power system model is intro-

duced. Without loss of generality, a radial MTDC example
is considered for clarification. Fig. 1 shows a typical 6-bus,
500 kV(£250 kV), bipolar MTDC system with two offshore
wind farms [8]. In this system, the wind farms’ electrical
power is transmitted to shore via two submarine cables (cable
1-3 and cable 2-4). The wind power is then transmitted to two
AC grids using three overhead lines (lines 3-4, 3-5, and 4-6).
All lines are conventional bipolar HVDC lines. The rated
power of the wind farms and the AC grids, the line param-
eters, and the line lengths are depicted in Fig. 1. The rated
power levels of the wind stations are 400 MVA and 496 MVA,
respectively. The two AC grids’ powers are 450 MVA. There-
fore, in normal operation, the AC grids can receive the total
injected wind power at rated conditions. The power-sharing
in all lines is governed utilizing adaptive droop control. The
current capacities for submarine cables 1-3 and 2-4 are 800A
and 1000A, respectively. All overhead lines have the same
current capacity, which is 900A. These line capacities ensure
no overcurrent during normal operation. Line parameters are
indicated in Fig. 1.

A simulation model is built using MATLAB/SIMULINK
under the Sim Power Systems toolbox to carry out the
intended stability study. The built-in line and cable mod-
els are employed in this simulation model. To avoid long
simulation time, an average modeling approach has been
employed to simulate the power converter. The grid-side
converters are controlled using DC voltage controllers under
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FIGURE 3. Equivalent DC circuit of the MTDC model.

power-sharing [28], where each converter is controlled using
two nested control loops. The inner loop controls the dq cur-
rent components of the AC line currents, where the quadrature
current component controls the reactive power components
injected into the grid, while the reference direct current com-
ponent is found based on an outer control loop that controls
the DC-link voltage magnitude, as shown in Fig. 2. The
required voltage decoupling terms are calculated based on
the grid angular frequency w and the grid interfacing induc-
tance Lg. The wind-side converters are simply simulated by
dependent current sources based on the desired injected wind
power.

lll. OPTIMAL DROOP GAINS FOR MTDC SYSTEM

Optimal droop control showed success in controlling MTDC
systems during different operational modes [8], [13]-[16].
In optimal droop control, the gains are calculated based on
the system configuration and operational conditions. To eval-
uate the droop gains, the system equivalent circuit should
be obtained. Fig. 3 shows the DC equivalent circuit for the
system shown in Fig. 1.

A droop gain of a grid-side converter can be represented
by a virtual resistance K. The general relation between the
converter terminal voltage and input current can be calculated
as follows based on the showed current directions

Vo = Vgi - Kiigi (1)

where,
V,: the system base voltage (1 pu);
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Vit the i grid-side converter terminal voltage;

ig;: the i grid-side converter current.

In optimal droop control, the gains should be re-calculated
for any change in the wind power injection to ensure global
optimum operation. To calculate the optimal droop gains,
bus voltages are maximized, within the allowable limits,
to reduce the line currents and accordingly reduce power
losses. An optimization function is used to solve for optimal
droop gains [16], [19]. Other research work developed dif-
ferent methods to obtain the optimum droop gains without
solving the optimization problems [8], [14], [15], [29].

In case of a fault in the MTDC system, the faulty line
should be isolated to keep the system operational. Follow-
ing the faulty line’s disconnection, the grid-side converters’
optimal droop gains should be re-calculated according to
the new reconfigured system [8]. In this regard, optimum
droop gains are calculated for every change in the injected
wind power, considering the system’s new configuration as
explained in [8]. In this paper, the optimal gains for the recon-
figured system after faulty line disconnection are calculated
according to the technique developed in [8]. However, even if
the optimal droop gains are re-adjusted according to the new
system configuration, the system stability may be affected
due to other reasons, including the following:

o The calculated optimum droop gains may be outside the
safe droop gains range to guarantee the reconfigured
system’s transient stability under small disturbances.
In order to check the transient stability of the reconfig-
ured system under small disturbances, eigenvalues study
should be done.

« Asignificant power mismatch between the injected wind
power and the consumed AC side power is likely to
create voltage instability.

Two stability studies are needed in this regard. The first is
the droop gains’ safe margins allowed for the reconfigured
MTDC system after the disconnection of the faulty line.
The second is the voltage stability of the reconfigured sys-
tem. The safe range maintains the system transient stability
under small operational disturbances like changes of wind
power injection. Any change of injected wind power requires
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a change in the droop gains, which should be inside the
safe range to operate safely and optimally if possible. If the
updated droop gains are outside the predetermined safe range,
the system may suffer from transient instability, or large
oscillations, which may lead to another outage. Studying the
system eigenvalues will lead directly to these safe margins
that maintain the transient system stability during the period
of droop gains change. This study depends only on system
configuration and parameters. The eigenvalues analysis is
illustrated in section IV.

The usage of the droop gain’s safe margins does not guar-
antee system voltage stability under outage conditions. The
safe range of droop gains has nothing to do if the power
mismatch due to the outage is large, or if the wind power
should be dropped to zero due to wind line outage. The type
of the outage, the system loading condition, and level of
wind power injections may lead to loss of system voltage
stability even if the used droop gains are within the safe limit.
Accordingly, the second study is the system voltage stability
following various outages under different loading conditions
and wind power injections. Section V includes this study.
Moreover, the risky and non-risky outage types of the MTDC
will be identified. Accordingly, in order to have a complete
stability study of the DC side of the MTDC under anomalous
conditions, the reconfigured system needs to first overcome
the power mismatch of the injected /consumed power due to
the outage to ensure voltage stability. After overcoming this
issue, the droop gains should be within the safe limit indicated
to guarantee the reconfigured system’s stable operation under
small disturbances.

In this work, the line connected to any wind farm is called
the wind farm line. Line 1-3 and line 2-4 in the MTDC model
are examples of wind farm lines. The line connected to a
grid-side converter, such as line 3-5 and line 4-6, is termed
a grid line. Any other line is designated as an interconnecting
line.

IV. SYSTEM TRANSIENT STABILITY

A. ANALYSIS OF SYSTEM EIGENVALUES

Voltage Source Converters (VSCs) as two-level convert-
ers and Modular Multilevel Converters (MMCs) can be
employed in MTDC systems. In this paper, the two-level VSC
is assumed to simplify the simulation model for such a large
system. However, in converters such as MMCs, the dynamics
of the internal state variables can be neglected assuming
well-regulated MMC, where the order of the MMC model
can be reduced to first-order similar to that in [30]. The
time constant of this reduced-order model can be assumed
small (namely, the current control loop); hence the presented
concept can be employed.

Typically, the VSC dynamics can be approximated where
the fast transient of the VSC sub-systems VSC can be
neglected through setting several assumptions such as the
converter harmonics are negligible, the inner current con-
trol loop is much faster than the outer control loops, VSC
losses are neglected. Nevertheless, it can be assumed that the
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FIGURE 4. The currents at an arbitrary node k in the MTDC system.

outer control loop (either active power control or dc voltage
control) has a long time constant that is considered long
to affect the presented system model transient. Therefore,
the model dynamics of the VSC can be neglected in this
study.

The MTDC system typically consists of several nodes and
branches (irrelevant of the connection type). There are three
types of nodes; power input nodes, power output nodes, and
intermediate nodes. Please consider a general node shown
in Fig. 4. Generally, the currents at any node k can be
expressed, using KCL, as follows:

J=lk
Crér = agijpnk — Briok + Z Vikijk 2
j=1

where;

Cy: is the total effective capacitance at this node (that
considers the cable(s) model and the converter capacitors).

ex: is the voltage at node k.

o and By are constants that take the values 1 and 0, respec-
tively, at power input nodes (i;,; for the wind-side converter),
and take 0 and 1, respectively, at power output nodes (i, for
the grid-side converter).

Lj;.: is the total number of branches at this node.

Yjk: is a constant that takes 1 and —1 when the current
direction is into and out of node k, respectively.

The voltage across a branch j can be expressed as follows:
ijLZ—Jf = (¢ — ex) — Rl 3)
where i is the current through a branch jk (between nodes j
and k) with an equivalent inductance of Lj; and resistance of
Rj.

ej and ey are the voltages at nodes j and k, respectively.

In the case of n-terminal HVC network with /; branches,
the state-space model can be expressed as follows:

X = AX + BU + MW

Y =CX 4)
where X is the system states X = [X]XQ]T, X =
let, ... en]T, and Xo = [ep1 415 - - - » €nlpman3s i1y - -+ 11T
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np is the number of output nodes, n is the number of input
nodes, and n3 is the number of intermediate nodes.

. . T . . T
U=ligyovigm] . W=[in. o i ] and
Yy =[x; 0.

[0 Ap B o
A_|:A21 A22:|’ B_|:O ], M—|:M2:|,and
c=[1 0]

where / is the identity matrix, and A2, A21, A2z, By, and
M, are obtained from the MTDC network similar to that
in [6].

To design the droop control gains at the grid-side convert-
ers (output nodes), stability should be ensured. The droop
control gains’ main objective is to maintain the DC volt-
age constant irrespective of system disturbances (e.g., wind
power changes, wind-side converter(s) outage) throughout
output feedback control. The droop control gains can be
obtained through the following relation.

U=—KX 5)

where K is a diagonal matrix of n x n, therefore, the
state-space model can be expressed as follows:

X = (A-BK)X + MW (6)
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System stability can be studied throughout the eigenvalues
of the system, which can be expressed as follows:

det(s/ — (A-BK)) =0 @)

The state-space model for the MTDC network shown
in Fig. 1 is elucidated in Appendix A. Based on system
parameters given in Fig. 1, the variation of the system eigen-
values as a function of the gain matrix K calculated based
on (7) are given in Fig. 5, where the gains K; and K> are varied
up to 10 Q. Fig. 5 shows that the eigenvalues may attain a
positive real part in case of having a low value of K or Kj.
This is clear in eigenvalues 5, 6, and 7 in Fig. 5. In case of
proper selection of Kj and K> (taking into consideration the
resistance of the grid lines), system eigenvalues with a nega-
tive real part will be guaranteed therefore ensuring system sta-
bility over the relevant range of the droop gains K. Based on
Fig. 5, the droop gains can be changed safely. Nevertheless,
attaining low values for the droop gains might affect system
stability. Furthermore, the droop gains’ safe range is affected
by the resistances of the connected grid lines. In Appendix A,
the droop gains’ safe range that maintains system stability is
illustrated under different grid lines’ resistances. The values
of R35 and Ry¢ have been increased by a factor of 10 then
decreased by factor 10 to study the effect of gridline resis-
tance on the safe and stable range of the droop gains. Based
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FIGURE 6. Relation between droop gain values and real parts of the system eigenvalues after disconnection of line 1-3.

on this study, for higher grid line resistances, the lowest
values of droop gains that ensure proper dynamic stability
are higher, and vice versa. For the studied system, it was
found that a droop gain larger than unity is not likely to
yield any positive eigenvalues, which means a stable system
operation. This range is for the studied system mainly. The
droop gains’ safe range may be affected by MTDC system
parameters and topology. The aforementioned general steps
can be used to find the droop gain safe ranges for different
topologies.

B. SAFE RANGE OF DROOP GAINS UNDER

FAULTY CONDITIONS

This section provides a safe range of droop gains under
different fault conditions to maintain the system transient
stability. The presented study here depends on the system
configuration after isolating the faulty line. In fault condi-
tions, isolation of the faulty line reconfigures the MTDC
system. Considering a fault in each MTDC line, the droop
gains’ safe range will be studied separately. Figs. 6 to 9 show
the effect of variation of the droop gains on the eigenvalues
under different reconfigurations due to a permanent fault
in one of the lines. Fig. 6 elucidates the system stability
through the relationship between the droop gains and the
eigenvalues’ real parts, considering the MTDC system with
line 1-3 disconnected due to a fault. The system state-space
model can be derived directly from Appendix A by removing
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rows 3 and 7, and columns 3 and 7 from matrix A, then
rearranging accordingly matrices B, C, and D.

The effect of disconnecting line 2-4 has been similarly
addressed in Fig. 7. It can be noticed from Figs. 6 and 7 that
the stability of the MTDC system is maintained throughout
the entire range except at low values of droop gains (typically
less than one). The disconnection effect of line 3-5 is investi-
gated in Fig. 8, where the relationship between droop gain
K> and real parts of the eigenvalues is depicted. It can be
noticed that the system stability is maintained at a droop gain
of 20 or higher. Fig. 9 portrays the effect of line 4-6 discon-
nection. It can be concluded that the real parts of the eigen-
values are maintained negative for a droop gain larger than
unity.

V. SYSTEM VOLTAGE STABILITY DURING
FAULTY CONDITIONS
The safe limits of the droop gains for transient stability were
introduced in the previous section. Although from the con-
nectivity point of view, the used droop gains range is safe,
the system loading and wind injection may lead to system
voltage instability. This section discusses the voltage stability
of the MTDC system during and after a faulty condition under
different operating scenarios.

The outage of a wind farm line, grid line, and intercon-
nection line are tested under different wind power injections.
The necessary actions needed to maintain the system stability
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after faulty conditions are investigated. The optimal droop
gains before and after fault are calculated according to [8].
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The system dynamic performance is investigated using a
MATLAB/SIMULINK model with the system parameters
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shown in Fig. 1. The wind farm is modeled using
a current-controlled current source. Each wind farm is
equipped with a shunt Chopper-Controlled-Resistor (CCR).
CCR is automatically activated in emergencies to avoid steep
voltage rise under sudden significant power imbalance [31].

In the next subsections, the system dynamic performance is
studied for disconnection of the grid line 3-5 under different
wind power injections, disconnection of wind farm line 1-3,
and disconnection of interconnection line 3-4. The maximum
permissible voltage is taken as 1.05 pu (the base voltage is
500 kV) [8], [14]. The maximum permissible line current is
equal to its respective rating, as shown in Fig. 1.

A. OUTAGE OF GRID LINE WITH LOW WIND
POWER INJECTION
This section studies the effect of grid line outage. In this case
study, line 3-5 outage is used to represent this type of outage.
A permanent fault is simulated in line 3-5. The pre-fault
wind powers P, and P,, are assumed as 207 MW and
115 MW, respectively. Accordingly, the total generated wind
power is much lower than the wind farms’ total rated power.
It is also much lower than the total power of the AC grids’
converters. A step increase in Py, and P, is assumed at 1s,
as shown in Fig. 10. Under these wind injections, the two
grid-side converters’ optimum droop gains to minimize sys-
tem losses are found to be K; = 61.6 and K, = 57.8,
respectively [8]. According to the eigenvalues study, these
values will not initiate transient stability problems. Con-
sequently, the optimum pre-fault wind farm voltage Vi
becomes 1.05pu, the maximum permissible voltage, whereas
V.2 stabilizes at 1.047 pu, as shown in Fig. 10 (c). Wind
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farm 1 has the highest wind power injection; accordingly,
it is logical to have the highest voltage, which leads to
lower current and power losses. More information about
the optimum operation of the MTDC systems can be found
in [8], [14], [15], [29]. Terminal currents before fault incep-
tion are shown in Fig. 10(a) and (b). Fig. 10(b) is a zoomed
view of Fig. 10(a). The pre and post-fault bus voltages are
shown in Fig. 10(c). It can be noticed that the pre-fault termi-
nal currents and voltages are below the maximum allowable
values, which are the current rating for each line and 1.05 pu
for voltage.

A permanent fault is simulated in line 3-5 at 3s. Then 4 ms
after fault inception, the fault is cleared by the protection
system (1 ms for relay decision and 3 ms for complete iso-
lation) [32]. Fig. 10(a) shows that terminal currents during
fault conditions jumped abruptly to high levels due to the
discharge of converters’ smoothing capacitors [33]. The cur-
rents fall to new values after clearance of the faulty section.
It can be noted from the zoomed view in Fig. 10(b) that grid
1 current falls to zero due to isolation of the faulty line 3-5.
The remaining terminal currents fall to new values due to
the change in the system configuration. The new values of the
currents are below the maximum capacity of their respective
lines. Accordingly, the line currents are not expected to affect
the system.

After the disconnection of line 3-5, while the same droop
gains are maintained at their pre-fault values, and the same
injected power is preserved, the injected wind power is
transmitted totally to the grid through line 4-6. Since the
droop gains do not change after disconnecting the faulty
line, the 1.05pu voltage constraint is violated, as shown
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FIGURE 10. Dynamic study during disconnection of line 3-5 at low wind
power injection (a) terminal currents, (b) zoom on terminal currents
(c) bus voltages.

in Fig. 10 (c), which entails reducing the grid-side converter’s
droop gain connected to line 4-6 to avoid system overvoltage.
For the same injected power and applying the presented
technique in [8], the new value of the optimum droop gain
at grid-side converter 2 is Ky = 19.65. Since this value is
smaller than the safe value for transient stability, which is 20,
K3 is updated to 20.

At 5 s, Ky is changed to 20; hence, all bus voltages are
reduced. The bus voltage with the highest magnitude, V1,
is reduced to its maximum value near 1.05pu because K2 is
not exactly at the optimum value (19.65). The line currents are
slightly increased due to voltage reduction. The bus voltage,
Vi1, ceases to 1pu, which represents the system voltage under
no-load.
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FIGURE 11. Dynamic study during disconnection of line 3-5 at high wind
power injection with no CCR system (a) terminal currents (b) terminal
voltages.

The presented study shows the challenge of maintaining
the droop gains without change after system reconfiguration
due to faulty conditions. As depicted in Fig. 10(c), the healthy
converters’ voltages have been changed to high levels after
line disconnection. These voltage values may severely affect
the MTDC if not reduced to safer values. Moreover, the volt-
age protection system may disconnect the system unneces-
sarily to avoid this overvoltage. The MTDC system stabilizes
typically following the faulty line disconnection and droop
gain change for this operational scenario. Although system
voltage increases to a maximum of nearly 1.09 pu after a
faulty line disconnection, it is restored to its safe limits again
after adjusting the droop gain Kj to its new safe value. This
slight overvoltage cannot be assumed loss of stable system
operation. Accordingly, no extra elements, circuit, or control
system is needed to retain the system’s dynamic stability.

B. OUTAGE OF GRID LINE WITH HIGH WIND

POWER INJECTION

A permanent fault is again simulated in grid line 3-5. How-
ever, the pre-fault wind power injections are assumed to be of
higher values: Py = 144MW and Py» = 496 MW. At 1 s,
a step increase in wind power is assumed for wind farms 1 and
2, as shown in Fig. 11. The optimum droop gains employed
in this case are K; = 23.74 and K, = 17.05. According to
the eigenvalues study, these values maintain healthy system
transient stability. At 3 s, a fault is simulated in line 3-5;
accordingly, the line is disconnected using fast-acting circuit
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breakers after 4 ms like the previous case. Since the capacity
of the line connected to grid 2 (line 4-6) is now violated,
the power unbalance drives the system voltages to increase;
accordingly, the whole system becomes unstable. Moreover,
the value of K, is lower than the safe range to guarantee
transient stability for this fault (K2 is needed to be larger
than 20). To avoid this problem, the total injected wind power
should be reduced to preserve the power balance between
wind farms and grid 2. Calculations based on [8] show that
system power balance can be restored, and optimal operation
can be obtained if the input wind powers Py, and Py, are
reduced to 94.5 MW and 378 MW, respectively. The optimum
droop gain for the second grid-side converter is calculated as
K> = 10.86. However, this droop gain cannot guarantee the
system’s transient stability after the faulty line’s disconnec-
tion. Therefore, the droop gain should be increased to 20 to
maintain transient stability.

The power reduction of the wind turbines is carried out
through pitch control. Since this control technique is rela-
tively slow because it includes mechanical actions, the huge
unbalance between the high input wind power and grid
2 power capability will increase system voltages to high
unstable values, as shown in Fig. 11(b). Accordingly, the
whole MTDC system is lost even with reducing the injected
wind power to the system. Even with the change of droop gain
to the updated safe value at 3s, the system voltage continues
to run away, and system stability is entirely lost, as shown
in Fig. 11 (b). It is worth mentioning that the overvoltage
protection of the MTDC system trips the whole system before
reaching these high voltage values.

In this case, a chopper-Controlled-Resistance (CCR)
[34], [35] system is essential to avoid wind turbine discon-
nection during a fault condition. The CCR is inserted across
the converter DC link for a short period until the pitch control
is activated. The shunt CCR is a constant resistor connected
in series with a chopper circuit to control the average current
in the constant resistor; hence the average dissipated power
can be varied. Therefore, after line 3-5 disconnection during
high wind power injection, both pitch control and CCR sys-
tems are immediately enabled. The pitch control reduces the
power to the updated safe value. At the same time, the CCR
systems are enabled for both wind farms to facilitate safe line
currents and regulated terminal voltages at 1.05pu, as shown
in Fig. 12(a) and Fig. 12(b). It is assumed that the pitch
control takes a 2s period to reduce the injected wind power to
the new desired levels. The CCR systems are automatically
disconnected after a full reduction of the wind power to the
updated safe values. It is worth mentioning that the added
CCR during the transient period changes the system topology
during this transient period. The CCR resistors add more
transient stability to the system. Accordingly, the safe range
of the droop gains changes to be any value larger than unity.
At 5 s, the droop gain K, is updated to its optimal value
(10.86) to ensure optimum power transmission. This optimal
droop gain does not cause any transient problem, although
it is less than 20. The reason for that is the existence of
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FIGURE 12. Dynamic study during the disconnection of line 3-5 at high
wind power injection with CCR system (a) terminal currents (b) terminal
voltages.

the CCR in the transient period. The CCR is disconnected
after the transient period. The CCR circuits are disconnected
due to reduced injected wind power and DC link voltage.
The droop gain value of 10.86 will not create a transient
instability problem after CCR disconnection. This is because
the transient instability problem arises at the time of change
in the droop gain; however, in this case, the droop gain was
already updated to 10.86 before CCR disconnection.

Fig. 12(a) shows that the line currents did not violate
the maximum capacities after fault occurrence. However,
the current values are not optimal. Following a change of the
droop gain K, to its updated optimal value, the optimum
wind farms’ currents become 180A and 720 A, respectively,
which summed up to 900A in grid line 2-4. These currents
ensure the system’s optimum operation as they are inversely
proportional to the lines’ resistances [14], [15]. Fig. 12(b)
shows that the wind farm voltages are controlled to a safe
level of 1.05pu after fault condition due to the existence of
CCR. Following a change of the droop gain K> _both voltages
of wind farms are continued at 1.05 pu due to operation with
optimum droop gains. The operating voltage of grid 1 is 1 pu
due to the disconnection of power injection to the grid-side
converter. Additionally, the grid 2 voltage is within the safe
limit.

Based on the abovementioned study, the system’s stability,
in this case, is not guaranteed by just isolating the faulty
line and changing the droop gains. The wind farm control
should reduce the wind power injections to lower values
that guarantee safe and optimal operation. The high wind
power injections cause dangerous voltage instability, and the
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FIGURE 13. Dynamic study due to disconnection of line 1-3 without CCR
system (a) terminal currents (b) terminal voltages.

probability of losing the whole system increases. However,
the CCR system is intended to absorb the excess wind power
after faulty line isolation. The CCR system limits the voltage
to a safe value of 1.05 pu during the faulty period. It is
disconnected from the system after the reduction of wind
power to the new optimal safe values.

C. OUTAGE OF WIND FARM LINE
In this case study, line 1-3 outage is used as an example to
illustrate wind farm line outage. A fault is simulated in the
wind farm line 1-3. Subsequently, the line is disconnected
after 4 ms by the protection system. For high or low power
injection, if the injected power Py, is maintained at the same
pre-fault level, V| starts to increase dramatically. There-
fore, the CCR protective system should be enabled to limit
the voltage increase by bypassing this surging power until
the turbine pitch control reduces the wind power to zero. The
power injected by the second wind turbine through line 2-4 is
transmitted to the grid and shared by the grid lines 3-5 and
4-6. The pre-fault wind farm injected powers are assumed to
be Py,; =400MW and Py, = 349 MW. The optimal pre-fault
droop gains are K; = 15.26 and K, = 13.58. Since these
values are higher than unity, the system transient stability
is preserved. The pre-fault line currents and bus voltages
are shown in Fig. 13. It can be noticed that the system was
working optimally and stably before the fault.

Following the faulty line disconnection, wind farm 1 is
suddenly exposed to the no-load condition. Accordingly,
the wind power injection of farm 1 should be reduced to zero
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FIGURE 14. Dynamic study during the disconnection of line 1-3 with the
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using the pitch control. The same situation as the previous
sub-sections appears here. The control system takes some
time to reduce the blade angle to ensure no wind power
injection. Consequently, the wind farm voltage jumps to an
extremely high level, as shown in Fig. 13(b). Even if the droop
gains are changed, the voltage increases to a high unstable
value if no CCR system exists. If the wind farm voltage is
not controlled during this period, the wind farm should be
tripped out of service to avoid damage. To control the wind
farm voltage increase following the faulty line’s isolation,
the same CCR system should be activated to provide a path
for the wind power until the reduction of injected power to
zero. Therefore, the wind farm bus voltage does not exceed
the maximum allowable voltage (1.05 pu).

The terminal current distribution and bus voltages are
shown in Fig. 14 with the CCR system. It is clear from
Fig. 14(a) that the terminal currents are below the line current
capacity even after faulty line isolation. However, the line
currents are not optimized until the droop gains are optimized
based on the new system configuration. The bus voltages are
in the safe range after a faulty line disconnection. The bus
voltage of wind farm 1 is limited to 1.05 pu after faulty line
disconnection with the aid of the CCR system, as shown in
Fig. 14(b). After 2 s from the line disconnection, the CCR
system is disconnected, and the droop gains are adjusted to
their new optimized values to ensure optimal operation of the
new reconfigured system. The new droop gains are found to
be 67.51 and 42.2, respectively. As illustrated in Fig. 6, these
values do not cause any transient instability.

Fig. 14(b) indicates that the bus voltage of wind farm
2 increases to 1.05 after droop gain adjustment, reflecting the
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system’s optimal operation due to reducing the line currents
and transmission losses. The bus voltage of wind farm 1 is
kept at 1.05 pu using the CCR system. After the CCR sys-
tem’s disconnection, the voltage is still at 1.05 pu, the no-load
voltage.

In the case of low wind injection, the same approach is
followed because the grid-side converters can absorb the wind
power at any level. Moreover, the problem of increased wind
farm voltage exists for any value of wind injection. Therefore,
the CCR system should be activated upon wind farm line
fault until the wind arm power is reduced to zero. The droop
gains should also be re-adjusted after reducing wind farm
power to maintain optimum operation and avoid any line
overload.

D. OUTAGE OF AN INTERCONNECTING LINE

The system voltage stability due to an outage of an intercon-
necting line is studied in this section. A fault is simulated in
line 3-4 at 3 s. The pre-fault wind powers are assumed as
follows: Py = 56 MW and Py, = 496 MW. Fig. 15 shows
terminal voltages and line currents before and after the
outage.

The system was working optimally before fault at droop
gains of K; = 31.5 and K, = 21. Transient stability is
preserved using these values. The outage of line 3-4 splits
the MTDC system into two separate sub-systems. The post
fault line currents are still within safe limits, as shown
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in Fig. 15 (a). Moreover, the grid and wind line currents
become identical due to the outage of the interconnecting
line. Fig. 15 (b) indicates that the Vy,; and Vg are within
safe limits. However, Vy2 and Vg violate the maximum
permissible voltage. The sudden increase in I4¢ due to the
outage of line 3-4 together with the high wind power injection
of the second wind farm leads to an increase of Vy, and
Vg to 1.1 and 1.07 pu, respectively. To restore the safe
operation of wind farm 2, its power should be reduced to
472.5 MW to keep the line current at a rated value of 900A
with Vy, at a maximum value of 1.05 pu. The optimum
droop gain Kj, in this case, is 10.38. Fig. 15 shows the
voltage and current of wind farm 2 and grid 2 after adjust-
ing the power and droop gain at 5 s. Although the system
connecting wind farm 1 by grid 1 is safely operated; how-
ever, it is not optimal. At 5 s, the droop gain K; should be
changed to 212.71 to restore the optimal operation of wind
farm 1. After the droop gain change, the wind farm voltage
is maximized to 1.05 pu, and the line currents are minimized,
as shown in Fig. 15(b). After the outage of line3-4, the system
is divided into two two-terminal simple systems. The safe
droop gain range of each of them is above unity. The used
drop gains values are completely safe since it is larger than
unity.

Unlike the outage of the wind farm line or outage of the
grid line at high wind power injection, the outage of an
interconnecting line is not likely to create severe instability
conditions. The reason is that the wind farm lines and grid
lines are designed to carry the system current at any wind
power injection, even during the outage of any interconnect-
ing line. Moreover, the outage of an interconnecting line does
not cause any converter isolation, which is the main reason
for the uncontrolled increase in system voltage. Therefore,
the interconnecting line’s outage may create disturbances in
voltages and currents; however, these disturbances can be
disconnected with droop control adjustment.

A comparison between the main outage scenarios for the
studied system is depicted in Table 1. This table summarizes
the droop gains ranges for all types of outages. It is worth
mentioning that these values are based on the used MTDC
model. For any other system, the safe ranges of droop gains
under different outage conditions could be found using the
systematic steps explained in the Appendix. From the table,
it can be concluded that high wind power injection is one
of the main reasons for hazardous outages. The outage of
a wind farm line or a grid line under high wind penetration
is likely problematic. Moreover, the wind farm line’s outage
is more likely to create a loss of voltage stability. The least
problematic outage is the outage of the interconnecting line.
The outage that produces the disconnection of a converter is
likely to produce a voltage instability problem. To avoid the
voltage instability problem, a CCR should be installed in the
wind farm converters. Since the fault type may be any kind,
a CCR should always be installed in the wind farm converters
to consume any extra wind power during fault and limit the
voltage to a maximum of 1.05 pu.
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TABLE 1. Comparison between different outage cases for the studied system.

Outage type

System status after an
outage

‘Wind farm line

Injected wind power < AC
grid absorption capability

Grid line with low
wind power injection

Injected wind power < AC
grid absorption capability

Grid line with high
wind power injection

Injected wind power > grid
absorption capability

Interconnecting line

Injected wind power ~= AC

Transient stability study Voltage stability study
. . Mi .
Droop gain range for transient tnor Major voltage Need
stability operational | T, o bitity | 1O
problems CCR

Any value >1 Not likely Yes Yes
- Any value >20 for an outage of line 1- | possible No No
3
- Any value >1 for an outage of line 4-6
- Any value >20 for an outage of line 1- | Not likely Yes Yes
3
- Any value >1 for an outage of line 4-6
Any value >1 possible Not likely No

grid absorption capability

VI. CONCLUSION

The stability of MTDC systems under abnormal conditions
was studied. A typical six-bus MTDC model is used to facil-
itate this study. The following points can be concluded from
the study.

1. The safe range of droop control gains can be changed
when the system configuration changes due to a faulty
line’s disconnection. The safe range of droop gains
guarantees system transient stability during the change
of droop gains process under marginal operational dis-
turbances. The system eigenvalues analysis is used to
identify this range. It was found that transient instabil-
ity is likely to occur for low values of droop gains. How-
ever, The correct safe range of droop gains to maintain
transient stability can vary from a system to another;

therefore, each system should be studied separately to
evaluate these safe ranges.

2. In the case of grid line outage during low wind power
injection, the droop gains should be re-adjusted to the
optimal values to ensure safe and optimal operation
of the MTDC system. No severe voltage instability
condition is expected for this outage type.

3. Wind power should be reduced for grid line outage
during high wind power injection to cope with the
new MTDC grid power capability. An unstable increase
in the systems voltage is expected after removing the
faulty line. A CCR circuit, connected in parallel with
the DC capacitor of the wind farm converter, should
be activated to avoid an uncontrolled increase of the
system voltage during the outage. The CCR system
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stabilizes the system DC voltage to the permissible
value during the power reduction transition period by
the pitch control system. The CCR system is discon-
nected when wind power is reduced to the new desired
values. The droop gain of the healthy grid should be
adjusted to sustain the optimal operation.

Wind line outage increases the wind farm converter
voltage to high values due to a sudden imbalance
between the wind power input and the converter DC
power output. This voltage instability may lead to los-
ing the whole system. A CCR circuit should also be
activated to control the system voltage after the faulty
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