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ABSTRACT This paper compares the performance of unified power flow controllers (UPFCs), static
var compensators (SVCs), and static compensators (STATCOMs) in commutation failure immunity (CFI)
improvement of line-commutated converter-based high-voltage direct-current transmission (LCC-HVDC)
systems. Theoretical analysis is presented to investigate the capacity requirements of SVCs, STATCOMs,
and UPFCs to maintain the inverter-side ac voltage in the cases where three-phase faults occur on the
receiving-end ac grids with different short-circuit ratio (SCR). Simulation studies were undertaken to validate
the CFI improving performance achieved by UPFCs in comparison to SVCs and STATCOMs. Results of
three-phase and single-phase fault tests manifest the superior CFI of LCC-HVDC systems having UPFCs
installed.

INDEX TERMS Commutation failure immunity, FACTS, LCC-HVDC, UPFC.

I. INTRODUCTION
LCC-HVDC systems are widely used in the cases of
long-distance and large-capacity transmission due to its rel-
ative low cost and mature operating and manufacturing
techniques [1], [2]. Due the line voltage-based commutat-
ing of the thyristor converters, commutation failures (CFs),
caused by voltage distortions and voltage magnitude drops
of receiving-end ac power grids, are the most challenging
problem of concern in LCC-HVDC systems [3]–[5]. Along
with the rapid development of distributed energy generations,
the receiving-end ac power grids are facedwithmore random-
ness and uncertainties [6]–[8]. The variation of wind and solar
power leads to more fluctuation in the phase and magnitude
of ac voltages [9]–[12], which increases the possibility of CFs
in LCC-HVDC inverter stations.

FACTS devices, such as SVCs and STATCOMs, have
been widely used in weak ac grids supplied by LCC-HVDC
systems to improve the CFI of LCC-HVDC systems [13].

The associate editor coordinating the review of this manuscript and

approving it for publication was Huai-Zhi Wang .

Reference [14] investigated the coordination between
LCC-HVDC systems and STATCOMs for CFI improvement.
Reference [15] compared the CFI improvement achieved
by SVCs, synchronous compensators, and fixed capacitors
in LCC-HVDC systems. Results of [15] showed that SVCs
have the fastest response for load rejection type over-voltage,
but can cause serious problems during the recovery of
under-voltage caused by single-phase faults. Reference [16]
investigated the CFI of LCC-HVDC systems having SVCs
and STATCOMs implemented, respectively, results of which
suggested that STATCOMs have superior CFI improving
performance than SVCs due to their higher response speed.
Reference [17] proposed a reactive compensation method
for CFI improvement by connecting inductive filters to the
windings of converter transformers of LCC-HVDC systems.

Besides the above reactive power compensation-based
strategies, CFI improvement of LCC-HVDC systems was
also realized with the combination of novel direct-current
controllers and CF detection algorithms [18]–[20]. The
key idea of the novel control-based methods presented
in [18]–[20] is reducing the dc-current order of the
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FIGURE 1. The single line circuit diagram of the LCC-HVDC system studied.

LCC-HVDC system once a single-phase or a three-phase
fault, whichmay cause CFs on the inverter station, is detected.
Therefore, CFI improvement realized by novel control-based
methods [18]–[20] is at the cost of decreasing the power
transmission capability of the LCC-HVDC system during
the fault process. The advantage of this kind of methods
is that they do not require additional hardware investment.
Reference [21] investigated the CFI improvement achieved
by UPFCs in LCC-HVDC systems, and detailed comparisons
between the UPFC-based CFI improving strategy and the
novel control-based CFI improving strategies were presented
therein. The results of [21] showed that the UPFC-based strat-
egy has superior CFI improving performance than the novel
control-based methods in both single-phase and three-phase
fault tests.

To provide a comprehensive evaluation of the performance
of UPFCs in improving the CFI of LCC-HVDC systems,
this paper is dedicated to comparing UPFCs, SVCs and
STATCOMs in aspects of capacity requirements and CFI
improving performance, respectively. Overall, this paper is
organized as follows. Section II introduces the LCC-HVDC
system studied in this paper and the control system of
an UPFC, which realizes series voltage injection for CFI
improvement with the UPFC. Section III evaluates the capac-
ity requirements of SVCs, STATCOMs, and UPFCs in the
cases of the receiving-end ac grid with different strength
and different kinds of external faults. In Section IV, simu-
lation studies were undertaken on the system introduced in
Section II-A and cases of single-phase and three-phase faults
were studied. Based on the simulation results, conclusions are
presented in Section V.

II. LCC-HVDC SYSTEM STUDIED AND SERIES VOLTAGE
INJECTION CONTROL SYSTEM OF UPFCs
A. DESCRIPTION OF THE LCC-HVDC SYSTEM STUDIED
The LCC-HVDC system studied in this paper is as illustrated
in Fig. 1. A 1000 MW (500 kV, 2 kA) LCC-HVDC system
is utilized to transmit power from a 500 kV, 60 Hz grid to
a 345 kV, 50 Hz grid. The rectifier and inverter stations of
the LCC-HVDC system are 12-pulse thyristor-based bridges,
which are made up of two 6-pulse bridges in Y-connection
and 1-connection, respectively, and thus referred to as

FIGURE 2. The layout of the inverter-side circuit of a LCC-HVDC system.

bridge-Y and bridge-1, respectively. Parameters of the sys-
tem are presented in Fig. 1. To reduce the frequency of CFs
on the inverter station, SVCs and STATCOMs are conven-
tionally connected on the inverter-side ac bus to regulated
the bus voltage as shown in Fig. 1. The UPFC was nor-
mally employed for power flow control of transmission lines.
According to the investigation of [21], the UPFCwith a novel
control system can be employed to inject three-phase voltages
in series with the receiving-end ac grid. By implementing
an UPFC outside the inverter bus as presented in Fig. 1,
the distortion of voltage waveforms of the receiving-end ac
grid can be compensated by the three-phase voltages injected
by the series converter (SEC) of the UPFC. Then the mag-
nitude drop and distortion of the inverter-side ac voltage
can be mitigated in the cases where external disturbances
occur in the receiving-end ac grid. The schematic of the
series voltage injection control system of the UPFC designed
in [21] is as illustrated in Fig. 5. To help understanding,
a brief introduction to the control system is presented in the
following.

B. MECHANISM OF COMMUTATION FAILURE OF
LCC-HVDC SYSTEMS
CFs normally happen on the inverter station of a LCC-HVDC
system [22]. The basic module of the inverter station is the
thyristor valve-based three-phase full-wave bridge illustrated
in Fig. 2. Fig. 3 presents the dc voltage wave shapes and
the valve conduction periods of the full-wave bridge, where
α denotes the ignition delay angle, β represents the igni-
tion advance angle, µ is the overlap, and γ denotes the
extinction advance angle. The transfer of current from one
valve to another in the same row of the bridge is referred
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FIGURE 3. Dc voltage wave shapes and valve conduction periods of an
inverter station.

FIGURE 4. Illustration of the mechanism of voltage waveform
compensation realized with an UPFC.

to as commutation. Commutation can be accomplished suc-
cessfully on condition that the changeover from the outgoing
valve to the incoming valve is complete before the commu-
tating voltage becomes negative. As pointed out by many
existing studies [22], CFsmay occur owing to increased direct
current, late ignition, or low ac voltage. Among these causes,
direct current and ignition of valves are controllable in most
cases. In contrast, CFs caused by low ac voltage have not been
effectively regulated in practice.

Taking the commutation from valve 1© to valve 3© as an
example, the commutation starts from ωt = α as shown
in Fig. 3. Due to the inductance Lc of the ac source, there
exists an overlap angle µ and the commutation is finished
at ωt = α + µ. For the de-ionization of valves, there
is a minimum extinction advance angle limit γmin on γ .
Therefore, any magnitude decrease or waveform distortion
of va, which makes commutation voltage vba negative on the
interval ωt ∈ [α, α + µ + γmin] as marked by the red line
in Fig. 3, may lead to a CF of valve 1©.With respect to the case
of upper row valves, taking the commutation from valve 6© to
valve 2© as an instance, the magnitude decrease or waveform
distortion of vb which makes the commutation voltage vcb
positive may result in a CF of valve 6© as marked by the red
line in Fig. 3. Therefore, system disturbances, whichmake the
commutation voltage negative for lower row valves or posi-
tive for upper row valves, may result in CFs on the inverter
station.

For disturbed three-phase voltages va, vb, and vc measured
at the inverter-side ac bus presented in Fig. 4 (a),
if three-phase voltages1va,1vb, and1vc shown in Fig. 4 (b)
are injected in series with va, vb, and vc, then the drop of va,

vb, and vc can be compensated and three-phase voltages like
v′a, v

′

b, and v
′
c presented in Fig. 4 are provided for the inverter

station. In this way, the magnitude decrease and waveform
distortion of the inverter-side ac voltages caused by external
disturbances, such as phase-to-ground faults, generation trips,
and load switches, are effectively compensated and the CFI
of the LCC-HVDC system is improved. In order to inject
separate three-phase voltages 1va, 1vb, and 1vc in series
with the receiving-end ac source, an UPFC is employed and
connected outside the inverter station of the LCC-HVDC
system.

C. SERIES VOLTAGE INJECTION CONTROL
SYSTEM OF UPFCs
The desirable three-phase voltages v′a2, v

′

b2, and v
′

c2 for the
inverter station are

v′a2 = V2_refsin(ωt)
v′b2 = V2_refsin(ωt − 2π

3 )
v′c2 = V2_refsin(ωt + 2π

3 )

(1)

where V2_ref is the magnitude reference of the inverter-side
ac voltage, ωt is the phase angle of va1 measured with
a phase-locked loop (PLL), and va1, vb1, and vc1 are the
three-phase voltages measured at the grid-side terminal of the
shunt transformer (SHT) of the UPFC as shown in Fig. 5.
The reference1va,1vb, and1vc of the three-phase voltages
injected by the SEC through the series transformer (SET) is

1va = v′a2 − va1
1vb = v′b2 − vb1
1vc = v′c2 − vc1

(2)

After an abc-dq transformation, the d-axis component 1vd
and q-axis component 1vq of 1va, 1vb, and 1vc are
obtained. With 1V =

√
1v2d +1v

2
q

α = arctan
(
1vq
1vd

) (3)

and

σ = 2arcsin

[
8
√
2π1VVdcV1_LL
√
3

]
(4)

all four parameters σ , α, ωt , and 1α required by the firing
pulses generator (FPG) are obtained.

Then the firing pulsesQ1,Q2,Q3, andQ4 generated for the
bridge arm of phase A are

Q2 = Mod[0.5(π − σ )+ ωt + α +1α, 2π ] ≥ 0 (5)

∧ Mod[0.5(π−σ )+ωt+α+1α, 2π ]<2π−σ (6)

Q3 = Mod[ωt + α −1α − 0.5(π + σ ), 2π ] ≥ 0 (7)

∧ Mod[ωt+α−1α−0.5(π+σ ), 2π ]<2π−σ (8)

Q1 = NOT(Q3), Q4 = NOT(Q2) (9)

where ∧ is logic operator ‘‘and’’, and 1α = 0. Firing pulses
are generated for phase B and phase C with (5) by replacing
ωt with ωt − 2π

3 and ωt + 2π
3 , respectively.
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FIGURE 5. The series voltage injection control system of UPFCs.

Pulses generated by the FPG are sent to GTO-based
48-pulse three-level bridges of the SEC as illustrated in Fig. 5.
V1_LL is the line-to-line voltage calculated with va1, vb1, and
vc1, and Vdc is the dc-link voltage of the UPFC.

III. CAPACITY REQUIREMENTS OF UPFCs, SVCs,
AND STATCOMs FOR CFI IMPROVEMENT OF
LCC-HVDC SYSTEMS
In this section, the capacity requirements of UPFCs, SVCs,
and STATCOMs are compared in the scenario of maintaining
the inverter-side ac voltage of a LCC-HVDC system when
three-phase-to-ground faults occur on the receiving-end ac
grid. For the simplicity of analysis, the ac filters connected on
the inverter bus are not considered. Moreover, only the most
severe disturbance, i.e., three-phase-to-ground faults out of
the inverter bus, is considered.

A. POWER FLOW ANALYSIS OF UPFCs
FOR CFI IMPROVEMENT
An UPFC achieves CF attenuation by injecting three-phase
voltages in series with the receiving-end ac power source
such that the magnitude drop and waveform distortion of the
receiving-end ac voltage are compensated and the inverter
station of the LCC-HVDC system is provided with satisfac-
tory three-phase sinusoidal voltage waveforms. Concerning
the LCC-HVDC system is able to control the current injected
into the receiving-end ac grid, the inverter station of the
LCC-HVDC system can be modelled with a current source.
The single line diagram of the LCC-HVDC system having
an UPFC installed is as illustrated in Fig. 6, where

−→
I i is

the equivalent current source representing the inverter station

FIGURE 6. The single line circuit diagram of a LCC-HVDC system having an
UPFC installed for CF attenuation.

of the LCC-HVDC system, XT1 denotes the impedance of
the inverter transformer,

−→
V inj represents the voltage vector

injected by the SEC of the UPFC, XT2 is the impedance of
the SHT of the UPFC,

−→
V sh denotes the voltage output of

the shunt converter (SHC) of the UPFC, Xl represents the
leakage impedance of the SET of the UPFC, XL denotes the
impedance of transmission line, Xr represents the equivalent
internal impedance of the receiving-end ac grid,

−→
V r is the

voltage of the receiving-end ac grid, and Xf denotes the
three-phase-to-ground fault impedance.

In the cases where no fault occurs in the LCC-HVDC
system, i.e., Xf presented in Fig. 6 does not exist, the SEC
of the UPFC does not inject voltage into the system and
−→
V inj = 0. Moreover,

−→
V sh =

−→
V 2 holds, where

−→
V 2 denotes

the voltage of node 2 and
−→
V i(i = 1, 3, 4) denote the voltage

of node 1, 3, and 4, respectively. Therefore, it can be obtained
that {−→

V 2 =
−→
V r + j(XL + Xr)

−→
I i

−→
V 4 =

−→
V r + j(XL + Xr + Xl)

−→
I i

(10)
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When a three-phase-to-ground fault with a fault impedance
Xf occurs on the receiving-end ac grid as indicated in Fig. 6,
it can be obtained that

1
jXT1

−→
V 1 −

1
jXT1

−→
V 4 =

−→
I i

−
1

jXT1

−→
V 1 +

(
1

jXT1
+

1
jXl

)
−→
V 4 =

−→
V inj +

−→
V 2

jXl(
1

jXT2
+

1
jXf
+

1
jXL

)
−→
V 2−

1
jXL

−→
V 3 =

−→
I i+

−→
V sh

jXT2

−
1
jXL

−→
V 2 +

(
1
jXL
+

1
jXr

)
−→
V 3 =

−→
V r

jXr

(11)

Solving (11), it can be obtained that

−→
V 2 =

jXeq2
−→
I i + XLXf(XL + Xr + XT2)

−→
V r

Xeq1
(12)

where Xeq1 = (XL + Xr)(XfXL + XT2Xf + XT2XL)− XT2XfXr
and Xeq2 = XLXf

[
XT2(XL + Xr)+ (XL + Xr)2

]
. If the volt-

age provided to the inverter station of the LCC-HVDC system
is regulated at its pre-fault value despite of the fault, then the
voltage

−→
V inj injected by the UPFC should satisfy

−→
V inj =

−→
V 40−

−→
V 2, where

−→
V 40 is the pre-fault value of

−→
V 4 denoted

in (10), then it can be obtained that
−→
V inj =

−→
V r+j(XL+Xr+Xl)

−→
I i−
−→
V 2 =

−→
V 20+Xl

−→
I i−
−→
V 2

(13)

where
−→
V 20 is the pre-fault value of V2. The power flowing

through the SET of the UPFC is

Sse =
−→
V inj

(
−→
I i

)∗
(14)

The SHC of the UPFC is designed to maintain the dc-link
voltage of the UPFC and the ac grid voltage. The active
power flowing through the SHC equals the active power
output of the SEC, and the reactive power flowing through
the SHC depends on its reactive power control loop. Then
the voltage output of the SHC maintains at its pre-fault value,
i.e.,
−→
V sh =

−→
V 20. Thus the power flowing through the SHT

equals

Ssh =
−→
V 20

(−→
V 20 −

−→
V 2

jXT2

)∗
(15)

In the worst case, where the three-phase-to-ground fault is a
metallic ground fault, i.e. Xf ≈ 0, then it has

lim
Xf→0

Sse =
−→
V 20

(
−→
I i

)∗
lim
Xf→0

Ssh = j
|
−→
V 20|

2

XT2

(16)

According to (16), the power flowing through the SET is
finite even the inverter-side ac voltage is required to be con-
trolled at its pre-fault value in the worst case where metallic
three-phase-to-ground fault occurs. (16) indicates the capac-
ity requirement of the UPFC for CFI improvement of the
LCC-HVDC system.

B. POWER FLOW ANALYSIS OF SVCs AND
STATCOMs FOR CFI IMPROVEMENT
A SVC is composed of a coupling transformer,
thyristor-controlled reactor banks (TCR), and
thyristor-switched capacitor banks (TSC) [23]. The phase
control of TCR offers a continuous variation of inductive
reactive power output, and the switching of TSC allows
a discrete variation of the capacitive reactive power out-
put of the SVC. Essentially, the SVC regulates its reac-
tive power input to the external power grid by varying its
equivalent admittance [24]. The single line circuit diagram
of a LCC-HVDC system having a SVC implemented for
CF attenuation is illustrated in Fig. 6, where XT2 is the
impedance of the coupling transformer of the SVC and Xsvc
denotes the equivalent impedance of the SVC. Before the
three-phase-to-ground fault is applied to the system, the
voltage of node 2 is the same as that presented in (10).

For the case of SVC, if
−→
V 2 was required to be regulated at

its pre-fault value
−→
V 20 by the SVC, then it can be obtained

that

Xsvc = −Xf − XT2 (17)

Then the power flowing through the coupling transformer of
the SVC is

Ssvc =
−→
V 20

[ −→
V 20

j(XT2 + Xsvc)

]∗

= j
|
−→
V 20|

2

Xf
(18)

In the extreme case where the applied fault is a metallic
ground fault, it has

lim
Xf→0

Ssvc = ∞ (19)

Therefore, the reactive power required is infinite if
−→
V 2 was

required to be regulated at its pre-fault value with the SVC
when a metallic fault occurs in the LCC-HVDC system.

A STATCOM is a voltage source converter connected to
power grids through a coupling transformer [25], [26]. The
active power and reactive power generated by a STATCOM
can be regulated by adjusting the phase and magnitude
of its voltage, respectively. The single line diagram of a
LCC-HVDC system having a STATCOM implemented out-
side the inverter transformer is as shown in Fig. 6, where
XT2 denotes the impedance of the coupling transformer of
the STATCOM and

−→
V stat represents the voltage output of the

STATCOM. Under normal operating conditions, the voltage
of node 2 is the same as that denoted in (10).

For the case of STATCOM, if
−→
V 2 was required to be

regulated at its pre-fault value
−→
V 20, then the voltage output

of the STATCOM should be

−→
V stat =

(Xeq1 − XT2XfXL)
−→
V 20

XfXL(XL + Xr)
(20)
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Then the power flowing through the coupling transformer of
the STATCOM is

Sstat = j
Xeq3|
−→
V 20|

2

XT2X2
f X

2
L(XL + Xr)

2
(21)

where Xeq3 = (Xeq1 − XT2XfXL)[Xeq1 − XT2XfXL − XfXL
(XL + Xr)]. In the extreme case where the applied
three-phase-to-ground fault is a metallic fault, i.e., Xf ≈ 0,
it has

lim
Xf→0

Sstat = ∞ (22)

Therefore, the power flowing through the coupling trans-
former of the STATCOM is infinite in the case where V2
was required to be controlled at its pre-fault value when a
three-phase metallic ground fault occurs on the receiving-end
ac system. Ssat indicates the capacity requirement of the
STATCOM for CFI improvement of the LCC-HVDC system.

C. COMPARISON OF CAPACITY REQUIREMENTS OF
UPFCs, SVCs, AND STATCOMs FOR CFI IMPROVEMENT
OF LCC-HVDC SYSTEMS
With the parameters of the LCC-HVDC system presented
in Section II and neglecting impedances of ac filters con-
nected on the inverter bus, it has XT1 = 0.02 p.u.,
Xl = 0.05 p.u.,XL = 0.0074 p.u. For the UPFC,
XT2 = 0.1 p.u. For the SVC, XT2 = 0.045 p.u. For
the STATCOM, XT2 = 0.1 p.u. Let node 3 be the refer-
ence bus, then

−→
V r = 16 0◦ denotes the nominal value of

the receiving-end ac grid voltage. In the steady state, the
LCC-HVDC system transmits 985 MW active power and
50 Mvar reactive power to the receiving-end ac power grid.
Therefore, the current source denoting the inverter station can
be written as

−→
I i = 9.866 − 2.9◦. Xr describes the strength

of the receiving-end ac grid, and it can be calculated with
Xr =

V 2
r

Pn∗SCR
, where SCR is the short-circuit ratio of the

receiving-end ac grid and Pn denotes the nominal dc power
transmitted by the LCC-HVDC system.

According to (14), (15), (18), and (21), to maintain the
post-fault voltage of node 4 for UPFC and that of node 2 for
SVC and STATCOM, the power flowing though coupling
transformers of the SET and the SHT of UPFCs, SVCs,
and STATCOMs are shown in Fig. 7 (a), 7 (c), and 7 (e),
respectively. It can be seen that the capacity requirement (CR)
of the UPFC is the lowest, and the CR of the STATCOM is
the highest to achieve the same level of V2 at different fault
levels. When the fault impedance is Xf = 0.1 p.u., the CR of
the SET of the UPFC is about 3.1 p.u., the CR of the SHT is
about 3.8 p.u., the CR of the SVC reaches 14 p.u., whilst the
CR of the STATCOM is nearly 28 p.u.

Concerning receiving-end ac grids with different strength,
to maintain the inverter-side ac voltage in the cases where a
three-phase-to-ground fault with fault impedance Xf = 0.1
p.u. occurs on the receiving-end ac grid, the power flowing
through coupling transformers of SETs, SHTs, SVCs, and
STATCOMs calculated with (14), (15), (18), and (21) are

FIGURE 7. Capacity requirements of UPFCs, SVCs, and STATCOMs to
maintain V2 at its pre-fault value in the cases of different Xf and
receiving-end ac grids with different SCR.

shown in Fig. 7 (b), 7 (d), and 7 (f), respectively. It can be
found that the CR of UPFCs, SVCs, and STATCOMs reduces
as the increase of the SCR of the receiving-end ac grid. For
the case of SCR=1, the CR of the SET of the UPFC is about
12.5 p.u., and the CR of the SHT is about 19 p.u. In terms of
SVC, the CR reaches about 225 p.u. STATCOM shows the
highest CR, which reaches 2500 p.u.

IV. SIMULATION STUDIES
Simulation studies were undertaken on the test system
introduced in Section II-A. The commutation failure preven-
tion algorithm introduced in [20] was implemented in the test
system. Three-phase and single-phase fault tests were car-
ried out to evaluate the CFI of LCC-HVDC systems having
an UPFC, a SVC, and a STATCOM installed, respectively.
In LCC-HVDC systems having a SVC installed, additional
ac filters were implemented to filter the harmonics introduced
by the SVC. The commutation failure immunity index (CFII)
proposed in [27] was employed to present a qualitative eval-
uation of the CFI of LCC-HVDC systems. The higher CFII
implies the stronger CFI of the LCC-HVDC system.

A. THREE-PHASE-TO-GROUND FAULT TESTS
Three-phase-to-ground faults at the receiving-end ac power
grid is a direct cause of the CFs of LCC-HVDC systems.
Hence, the CF sensitivity of the test system with and without
UPFC implemented respectively was evaluated in the cases of
three-phase-to-ground faults. Three-phase-to-ground faults
were applied at the fault location indicated in Fig. 1 with fault
inductances varied from 0.18 H to 0.39 H in one operation

VOLUME 8, 2020 135303



Y. Lei et al.: Comparison of UPFC, SVC, and STATCOM in Improving CFI of LCC-HVDC Systems

TABLE 1. Commutation failure sensitivity of the test system with and without UPFC implemented in the cases where three-phase-to-ground faults
occurred on the system.

cycle from 0.900 s to 0.919 s. The obtained test results are
presented in Table 1. It can be seen that the lowest endurable
fault inductance (EFI) achieved by the system without UPFC
was 0.37H, in contrast, the lowest EFI achieved by the system
with UPFC was 0.19 H. Meanwhile, at all tested fault time
points, the LCC-HVDC system having UPFC implemented
showed lower EFI than that without UPFC.

The dynamics of the test LCC-HVDC system, obtained
in the case where a three-phase-to-ground fault was applied
through a fault inductance L = 0.13 H at t = 1 s on the
receiving-end ac grid with SCR=8.5, are illustrated in Fig. 8.
Owning to the three-phase fault, inverter bus ac voltage
presented severe magnitude drops in the test LCC-HVDC
systems having a 200MVA SVC and a 300 MVA STATCOM
installed, respectively, as illustrated in Fig. 8 (a) and 8 (c).
As a consequence, CFs were observed on inverter valves,
which is manifested in Fig. 8 (b) and 8 (d). In contrast,
attributed to the voltage injected by the UPFC as presented
in Fig. 8 (f), the inverter bus ac voltage showed little mag-
nitude drop in the test system having a 100 MVA UPFC
implemented, which is depicted in Fig. 8 (e). As such, no CFs
were found in the test LCC-HVDC system having the UPFC
installed.

B. SINGLE-PHASE-TO-GROUND FAULT TESTS
CFI of the test LCC-HVDC system having different kinds
of FACTS devices installed was also evaluated in the
cases where single-phase-to-ground faults occurred on the
receiving-end ac grid with different SCR at the fault loca-
tion indicated in Fig. 1. According to the results presented
in Fig. 9 (a), the CFI improving performance of SVCs was
not satisfactory. Actually, in some cases, the implementation
of SVCs made the test system more susceptible to CFs with
respect to single-phase faults, such as the cases of SCR=6 and
SCR=7 presented in Fig. 9 (a). A 100 MVA UPFC was
implemented and the CFII of the test system are illustrated
in Fig. 9 (b). It can be seen that the implementation of the

FIGURE 8. Dynamics of the test LCC-HVDC system having a 200 MVA SVC,
a 300 MVA STATCOM and a 100 MVA UPFC implemented, respectively,
obtained in the case where a three-phase-to-ground fault occurred at
t = 1 s on the receiving-end ac grid with SCR=8.5 through a fault
inductance L = 0.13 H ((a) Inverter bus three-phase voltages of the test
system having a 200 MVA SVC installed (b) Current of valve 4 of bridge-Y
of the inverter station obtained in the test system having a 200 MVA SVC
installed (c) Inverter bus three-phase voltages of the test system having a
300 MVA STATCOM installed (d) Current of valve 5 of bridge-Y of the
inverter station obtained in the test system having a 300 MVA STATCOM
installed (e) Inverter bus three-phase voltages of the test system having a
100 MVA UPFC installed (f) Three-phase voltages injected by the 100 MVA
UPFC).

100 MVA UPFC had improved the CFI of the test system
dramatically with respect to single-phase faults. Referring
to Fig. 9 (c), the implementation of STATCOMs did not
help to enhance the CFI of the test system in most cases.
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FIGURE 9. CFII of the test LCC-HVDC system obtained in the cases where
single-phase-to-ground faults occurred on the receiving-end ac grid with
different SCR and single-phase-to-ground faults occurred at different
time points on the receiving-end ac grid with SCR=5 ((a) CFII of the test
system having a 100 MVA SVC, a 200 MVA SVC, a 300 MVA SVC, and no
FACTS device installed, respectively, (b) CFII of the test system having a
100 MVA SVC, a 200 MVA SVC, a 300 MVA SVC, a 100 MVA UPFC, and no
FACTS device installed, respectively, (c) CFII of the test system having a
100 MVA STATCOM, a 200 MVA STATCOM, a 300 MVA STATCOM, and no
FACTS device installed, respectively, (d) CFII of the test system having a
100 MVA STATCOM, a 200 MVA STATCOM, a 300 MVA STATCOM, a 100 MVA
UPFC, and no FACTS device installed, respectively, (e) CFII of the test
system having a 100 MVA UPFC and no FACTS device installed respectively
obtained in the cases where single-phase-to-ground faults occurred at
different time points on the receiving-end ac grid with SCR=5).

In contrast, the CFII of the test system having a 100 MVA
UPFC installed was significantly higher than those of the test

FIGURE 10. Dynamics of the test LCC-HVDC system having a 300 MVA
SVC, a 300 MVA STATCOM, and a 100 MVA UPFC implemented,
respectively, obtained in the case where a single-phase-to-ground fault
occurred at t = 1 s on the receiving-end ac grid with SCR=8.5 through a
fault inductance L = 0.06 H ((a) Inverter bus three-phase voltages of the
test system having a 300 MVA SVC installed (b) Current of valve 4 of
bridge-Y of the inverter station obtained in the test system having a
300 MVA SVC installed (c) Inverter bus three-phase voltages of the test
system having a 300 MVA STATCOM installed (d) Current of valve 1 of
bridge-Y of the inverter station obtained in the test system having a
300 MVA STATCOM installed (e) Inverter bus three-phase voltages of the
test system having a 100 MVA UPFC installed (f) Three-phase voltages
injected by the 100 MVA UPFC).

system having no FACTS or STATCOMs installed, which is
manifested by Fig. 9 (d). From the above, it can be found that
the test system having no FACTS installed showed superior
CFI than those having SVCs or STATCOMs implemented in
the cases of single-phase faults. To further evaluate the CFI
of the test system with an UPFC installed in single-phase
fault tests, the CFII of the test system having a 100 MVA
UPFC implemented is presented in Fig. 9 (e) in compar-
ison to the system with no FACTS installed. The results
depicted in Fig. 9 (e) were obtained in the cases where
single-phase-to-ground faults were applied at different time
points from t = 1 s to t = 1.009 s on the receiving-end ac
grid with SCR=8.5. It can be seen that the 100 MVA UPFC
improved the CFI of the test system at all tested fault time
points.

The dynamics of the test system, obtained in the case where
a single-phase-to-ground fault occurred at t = 1 s on the
receiving-end ac grid with SCR=8.5 through an inductance
L = 0.06H, is illustrated in Fig. 10. As depicted in Fig. 10 (a),
phaseA voltagemeasured at the inverter bus of the test system
having a 300 MVA SVC installed showed severe magnitude
drop. Consecutive CFs were observed on valve 4 of bridge-Y
of the inverter station of the LCC-HVDC system as illustrated
in Fig. 10 (b). For the test LCC-HVDC system having a
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300 MVA STATCOM implemented, severe magnitude drop
and distortion were also found in the voltage of phase A as
presented in Fig. 10 (c). CFs were observed on valve 1 of
bridge-Y of the inverter station of the test system, which is
shown in Fig. 10 (d). In comparison, the voltage distortion of
phase Awas effectively compensated by three-phase voltages
injected by a 100 MVA UPFC as manifested in Fig. 10 (e).
The three-phase voltages injected by the UPFCwere depicted
in Fig. 10 (f), in which the voltage magnitude of phase A
was higher than those of phase B and phase C. As such,
the distortion of the receiving-end ac voltage was properly
compensated in the test system having a 100 MVA UPFC
implemented. As such, no CFs were found in the system.

V. CONCLUSION
This paper has compared the CFI improvement of
LCC-HVDC systems having SVCs, STATCOMs, andUPFCs
installed, respectively.

According to the analysis of the capacity requirements
of different kinds of FACTS devices, to maintain the
inverter-side ac voltage, the required capacities of SVCs,
STATCOMs, and UPFCs increase as the SCR of the
receiving-end ac grid and the fault inductance Xf decrease,
respectively. In the cases where the SCR of the receiving-end
ac grid approaches zero, namely, the receiving-end ac grid
is a passive network, the required capacities of SVCs
and STATCOMs, which were expected to maintain the
inverter-side ac voltage, increase to infinity. In the cases
where the three-phase fault inductance Xf ≈ 0, namely,
the three-phase fault is a metallic fault, the required capacities
of SVCs and STATCOMs, which were expected to maintain
the inverter-side ac voltage of LCC-HVDC systems, are infin-
ity. By contrast, the capacity requirements of UPFCs in the
above two cases are finite. For receiving-end ac grids with
the same SCR and three-phase faults with the same fault
impedance Xf, the capacity requirement of UPFCs is much
lower than those of SVCs and STATCOMs.

In the three-phase fault tests, simulation results suggested
that implementing SVCs in the receiving-end ac grids helped
to improve the CFI of the test LCC-HVDC systems. With
respect to STATCOMs, they improved the CFI of the test
LCC-HVDC systems in all the cases tested. Therefore,
STATCOMs showed better CFI improving performance than
SVCs. In comparison, UPFCs were able to offer better CFI
improving performance than both SVCs and STATCOMs
in the cases where three-phase faults occurred on the
receiving-end ac grids. Moreover, the test LCC-HVDC sys-
tem with a 100 MVA UPFC showed much higher CFII than
those having a 200 MVA SVC and a 300 MVA STATCOM
implemented, respectively, in the cases where the fault time
varied between 1 s and 1.009 s.

Analogously, in the single-phase fault tests, UPFCs
presented much better CFI improving performance than
SVCs and STATCOMs. Moreover, the implementation
of SVCs and STATCOMs actually have adverse effects
on the successful commutation of inverter stations in

the cases where single-phase-to-ground faults occurred
on receiving-end ac grids. Referring to the dynamics
of inverter-side ac voltage and valve currents in both
single-phase and three-phase fault tests, the three-phase volt-
ages injected by the UPFC properly compensated the dis-
tortion and magnitude drop of the inverter-side ac voltage.
Consequently, the frequency of CFs was significantly
reduced in the LCC-HVDC systems having UPFCs installed.
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