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A DC Chopper Topology to Mitigate Commutation
Failure of Line Commutated Converter Based
High Voltage Direct Current Transmission

Chunyi Guo, Bo Liu, and Chengyong Zhao

Abstract—To reduce the probability of commutation failure
(CF) of a line commutated converter based high-voltage direct
current (LCC-HVDC) transmission, a DC chopper topology
composed of power consumption sub-modules based on thyris-
tor full-bridge module (TFB-PCSM) is proposed. Firstly, the
mechanism of the proposed topology to mitigate CF is analyzed,
and the working modes of TFB-PCSM in different operation
states are introduced. Secondly, the coordinated control strategy
between the proposed DC chopper and LCC-HVDC is de-
signed, and the voltage-current stresses of the TFB-PCSMs are
investigated. Finally, the ability to mitigate the CF issues and
the fault recovery performance of LCC-HVDC system are stud-
ied in PSCAD/EMTDC. The results show that the probability
of CF of LCC-HVDC is significantly reduced, and the perfor-
mances of fault recovery are effectively improved by the pro-
posed DC chopper.

Index Terms—Line commutated converter based high-voltage
direct current (LCC-HVDC) transmission, DC chopper, power
consumption sub-module based on thyristor full-bridge module
(TFB-PCSM), commutation failure (CF), fault recovery capabili-

ty.

1. INTRODUCTION

INE commutated converter based high-voltage direct

current (LCC-HVDC) transmission is widely utilized
for bulk-power and long-distance transmission [1]. However,
due to the utilization of the thyristors, commutation failure
(CF) may occur when the AC busbar voltage drops due to
disturbances, which will deteriorate the system transient sta-
bility, increase the DC current, reduce the operation life of
the converter valve and bring risks to the normal operation
of the system [2], [3].

Currently, the solutions to mitigate CF can generally be
classified into three categories: (D the improvement of con-
trol system; (2 the utilization of reactive power compensa-
tors to regulate the AC bus voltage; (3 the enhancement of
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the converter topology.

As for control system improvement, [4] presents a DC pre-
dictive control strategy to mitigate CF. Reference [5] uses
the abc-of transformation and zero-sequence voltage for de-
tection of three-phase and single-phase faults. In [6], by ad-
vancing the firing angle at the inverter after detection of AC
voltage disturbance, a larger commutation margin can be pro-
vided. However, the advancement of the firing angle will in-
crease reactive power consumption. Another commonly used
method is the voltage dependent DC order limiter (VDCOL).
However, the change of current order is restricted by com-
munication delay. Reference [7] presents an improved cur-
rent order limiter control and a power-component detection
(PCD) method to mitigate CF, but it is difficult to select the
introduced parameters.

The utilization of reactive power compensators to regulate
the AC bus voltage can deduce the CF probabilities of LCC-
HVDC systems. In China Southern Power Grid, the static
synchronous compensator (STATCOM) devices have been in-
stalled close to LCC-HVDC links to regulate the AC voltage
and improve the CF immunity. In State Grid Corporation of
China, the transmission operators adopt synchronous con-
denser (SC) devices to mitigate the CF probability for sever-
al LCC-HVDC projects. References [8] and [9] study the CF
mitigation effects by static var compensator (SVC), STAT-
COM and SC. However, it will increase the capital cost by
installing additional reactive power compensators.

Some enhanced converter topologies with additions of ca-
pacitive component electronic devices are also proposed to
mitigate CF [10]-[13]. A capacitor commutated converter
(CCC) can offer an improved power factor and lower CF
probability [10]. However, the voltage stress of the converter
valve will increase because of the inserted capacitors. Refer-
ence [11] studies the controlled series capacitor converter
(CSCC), which connects the capacitors in series between the
AC bus and the converter transformer. However, the harmon-
ic characteristics of this topology are complex. In [12], a
LCC-HVDC system with controllable capacitors is proposed.
But there is a power rating mismatch issue between insulat-
ed gate bipolar transistors (IGBTs) in the controllable capaci-
tors and thyristors in the converter valve. Recently, an
evolved capacitor commutated converter (ECCC) embedded
with an anti-parallel thyristor based dual-directional full-
bridge module (APT-DFBM) is proposed in [13], which can
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effectively reduce CF risks of LCC-HVDC and improve the
dynamic responses of CCC-HVDC, but the coordinated con-
trol becomes more complex.

In [14], a DC chopper is used to suppress the DC-side
over-voltage by consuming the power transmitted from the
rectifier. Similarly, DC current can also be reduced by the
utilization of a DC chopper to consume the real power under
fault conditions, which could be an option to reduce the CF
probability. In this paper, a DC chopper topology composed
of power consumption sub-modules based on thyristor full-
bridge module (TFB-PCSM) is proposed, which is installed
at the DC terminal of the inverter station, and can reduce the
DC current and enhance the CF immunity of a LCC-HVDC
system. Then, the coordinated control strategy between the
proposed DC chopper and LCC-HVDC is presented and the
voltage-current stresses of the TFB-PCSMs are investigated.
Finally, the effectiveness of the proposed DC chopper is vali-
dated by various simulations in PSCAD/EMTDC. By com-
paring the dynamic responses of LCC-HVDC, CCC-HVDC
and the proposed method under fault conditions, it can be
concluded that the probability of CF is significantly reduced,
and the fault recovery performances are effectively improved
by the proposed DC chopper.

The rest of the paper is organized as follows. Section II
presents the DC chopper topology composed of TFB-PCSM.
Section III presents the coordinated control strategy and in-
troduces the working modes of TFB-PCSM in different oper-
ation states. Section IV presents the parameter selection ap-
proach of TFB-PCSM. Section V investigates the dynamic
performances of LCC-HVDC with the proposed DC chopper
topology. Section VI concludes the paper.

II. CIRCUIT CONFIGURATION OF DC CHOPPER

A. Proposed Configuration of DC Chopper
Figure 1(a) shows the structure of the LCC-HVDC system.
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Fig. 1. System configuration. (a) LCC-HVDC. (b) TFB-PCSM.

In Fig. 1(a), S, and S, are the equivalent sources for AC
systems; Z,, Z,, Z, Z,, are the equivalent impedances for AC
systems and filters, respectively; and T, and T, are the trans-

formers. The DC chopper is connected in parallel with the
DC terminal of the inverter, consisting of a certain number
of TFB-PCSMs. Figure 1(b) shows the configuration of one
TFB-PCSM module. In Fig. 1(b), C is the capacitor; R is the
resistor; SMn is the sub-module; and each thyristor element
VTi (=1, 2, 3, 4) can also be a unit with a certain number
of series-connected thyristors.

B. Mechanism of DC Chopper to Mitigate CF

In an LCC-HVDC system, according to Kirchhoff’s volt-
age law and Kirchhoff’s current law, the commutation pro-
cess can be written as:

diop (t) dicl (t) .
- = 1
L, P L, o V2 U, sinwt (1)
iup (t)+ ic] (t):]d (2)

where i,(f) and i,(7) are the on-going current and off-going
current of the valve, respectively; U, is the root-mean-square
(RMS) value of commutation voltage; L, is the commutation
inductor; w is the angular frequency; and /; is the DC cur-
rent.

From (1) and (2), /; and y can be obtained as:

1= 20 3

1= T (7= co5h) 3)
2wL.1,

y=arccos +cosf 4)
2U,

where y is the extinction angle; and £ is the advanced firing
angle. As can be seen from (4), the extinction angle is influ-
enced by the AC voltage, the DC current, the commutation
reactor and the firing angle. When the AC voltage of the sys-
tem descends, the DC current rises or the firing angle de-
creases, y will decrease, which may cause CF of the inverter.
When a fault occurs, the DC chopper can be put into use to
reduce the DC current, which can increase an extra margin
for the extinction angle, thus reducing the probability of CF.

When the system operates normally, the thyristors in the
DC chopper are all in the off-state, and there is no current
passing through the resistor. When a fault occurs, the thyris-
tors in the DC chopper can be controlled following the strat-
egy in Section III, and the current will flow through the re-
sistor, which can reduce the DC current by consuming pow-
er and improve the CF immunity.

III. COORDINATED CONTROL STRATEGY OF DC CHOPPER

The core of the control strategy in the DC chopper is as
follows. When the system operates normally, the thyristors
in TFB-PCSM are all turned off, the resistor is not put into
operation and the capacitor is bypassed. When a fault is de-
tected, the resistor in TFB-PCSM will be put into operation,
thus the DC current during the fault can be reduced to a cer-
tain extent through power consumption. Therefore, the proba-
bility of CF of the inverter can be reduced. The approaches
for fault detection can adopt the methods in [5] such as the
abc-af transformation for three-phase fault detection and the
zero-sequence voltage for single-phase fault detection. Fig-
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ure 2 shows the current paths of TFB-PCSM by the arrow
and the bold thyristors in 6 different modes, when the cur-
rent flows through the TFB-PCSM. The other modes without
current flow, i.e., all the thyristors of TFB-PCSMs are in the
off-state, are not shown. Table I shows the working state of
the four groups of thyristors in TFB-PCSM, where “1”
means the valve is in the on-state and “0” means the valve
is in the off-state. The polarities of the capacitors in modes
1, 2, 3 and modes 4, 5, 6 are opposite. When the TFB-PC-
SM works in modes 1 and 4, the capacitor voltage is
charged; when in modes 2 and 5, the system operates nor-
mally; when in modes 3 and 6, the DC chopper is consum-
ing power. In the following section, the control strategy is in-
troduced for modes 1, 2 and 3. Similar analysis can also be
readily obtained for modes 4, 5 and 6.

VT1 VT1 " N/ VT3
L‘ }0—7
VT2 VT2 </ VT4
R

VT1 VT3

VT2 VT2 VT4

Fig. 2. Current path of TFB-PCSM. (a) Mode 1. (b) Mode 2. (¢c) Mode 3.
(d) Mode 4. (e) Mode 5. (f) Mode 6.

TABLE I
CONDUCTION MODE OF TFB-FBSM

Mode VTl VT2 VT3 VT4 Working state
1 0 0 1 Charging state
2 0 0 0 0 Normal operation
3 1 1 0 0 Power consumption
4 0 1 1 0 Charging state
5 0 0 0 0 Normal operation
6 0 0 1 1 Power consumption

The coordinated control approach of TFB-PCSMs in the
DC chopper and converter arms includes: (D charging con-
trol of TFB-PCSMs; (2 normal operation control under a
steady-state condition; (3) power consumption control under
fault conditions. The detailed coordinated control approach
is illustrated as follows.

A. Charging Control of TFB-PCSMs

During the start-up process of the LCC-HVDC system,
the capacitors of TFB-PCSMs are required to be pre-
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charged. As shown in Fig. 2(a), by triggering VT1 and VT4,
the capacitor is charged, and TFB-PCSM works in mode 1.
During this process, the current flows through VTI, the ca-
pacitor, and VT4. The resistor capacitor voltage is positive.
When the sum of the capacitor voltages in all the TFB-PC-
SMs of the DC chopper is equal to the DC voltage, the
charging process will be completed and the current will no
longer flow through the capacitor. VT1 and VT4 will be
turned off due to no current passing through the loop.

B. Normal Operation Control Under Steady-state Condition

When the system operates normally, VT1-VT4 are all in
the off-state and TFB-PCSM works in mode 2, as shown in
Fig. 2(b). No current is flowing through the resistor, thus the
DC chopper will not consume the real power.

C. Power Consumption Control of TFB-PCSMs

When the AC fault occurs at the inverter side, the resistor
is required to consume power to reduce the DC current, and
the power consumption control can be activated by an AC
fault detect [5]. As shown in Fig. 2(c), VT1 and VT2 are
triggered and the TFB-PCSM works in mode 3. Then, the
current flows through VT1, VT2 and the resistor in turn.
Due to the power consumption, the DC current is reduced,
thus the CF probability is also reduced. In this working
state, the capacitor is bypassed.

Note that three factors need to be considered when block-
ing the power consumption branch: (D since LCC-HVDC
takes a 6-pulse converter as a basic unit and its commutation
period for one 6-pulse unit is one cycle (0.02 s), the DC
chopper power consumption branch plays the most signifi-
cant role in the first cycle after the fault; 2) the DC chopper
should not over-consume DC power and interfere with the
power recovery of the LCC-HVDC system, thus the power
consumption time should not be too long; 3 the main pro-
tection of high-voltage lines generally operates within 20-25
ms to isolate the fault [15], which leaves a feasible time-win-
dow for the DC chopper to be put into use. Considering the
above three factors, the recommended power consumption
time is 0.02 s. As shown in Fig. 2(c), when the power con-
sumption branch is required to be blocked, VT3 is triggered.
When VT3 is turned on, VT1 will be turned off gradually
by the reverse bias voltage of the capacitor. In this stage, the
capacitor of the TFB-PCSM will be charged reversely. Final-
ly, the polarity of the capacitor voltage will be reversed as
shown in Fig. 2(d). When the sum of the capacitor voltages
in all the TFB-PCSMs of the DC chopper is equal to the DC
voltage, the reversed charging process is finished, and VT2
and VT3 are turned off due to no current passing through
the loop. Finally, the system returns to its normal operation
state, i.e., mode 5 as shown in Fig. 2(e).

In addition, due to the symmetrical structure of the TFB-
PCSM, there are two ways (mode 3 or mode 6) to consume
power. The selection of mode 3 or mode 6 is determined by
the capacitor voltage polarity. If the system operates normal-
ly in mode 2 and the polarity of the capacitor voltage is posi-
tive, VTl and VT2 will be triggered and TFB-PCSM works
in mode 3 to consume power. Similarly, if the system oper-
ates normally in mode 5, the polarity of the capacitor volt-
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age is reversed, VT3 and VT4 will be triggered and TFB-PC-
SM works in mode 6 to consume power as expected.

IV. THEORETICAL ANALYSIS AND PARAMETER SELECTION
FOR TFB-PCSM IN DC CHOPPER

The success of the proposed method depends on the selec-
tion of parameters including resistor value, capacitor value
and thyristor types. In this section, the parameter selection
approaches for resistor and capacitor values are given and
the voltage-current stresses are analyzed to select the suit-
able thyristor types.

A. Selection of Resistors in TFB-PCSMs

The resistor R of the TFB-PCSM has a great influence on
the effect of CF mitigation. When R is small, the current
flowing through the resistor is relatively large and may ex-
ceed the current limit of the thyristors. When R is large, the
current flowing through the resistor is relatively small, thus
the amount of power consumption is reduced which weakens
the CF mitigation effect. Therefore, it is quite important to
choose a proper resistor size. An approach to select the resis-
tor is given below.

Assuming a three-phase grounding fault occurs at the AC
busbar at the inverter side, the commutation voltage is re-
duced to U/, the corresponding DC voltage is U,, DC cur-
rent is /§, and the extinction angle changes to y". Considering
that there is a certain delay in the control system, S is kept
constant for a very short time after the fault. The dynamic
equations during this period can be written as:

. V22U ,

1= ol L (cos y'—cos f) 5
1] U/ cosy'—cospf
- = . (6)

I, U, cosy—cosp

Since the transient real power delivered from the rectifier
side during the very short period after fault does not have
big differences compared to that before the fault, the follow-
ing equation can be obtained:

1, U
1 U, @
3v2
U,= %UL (cos y+cos f) (3)
Ui _ U/ cosy'+cosf ©

Ud_ U, cosy+cosp

where U, is the DC voltage of the system.
By solving (5)-(9), the relationship of the DC voltage and
extinction angle can be obtained as:

U [cosy'+cosf cosy—cosf
cosy'—cosff cosy+cosf

U,
When the extinction angle is less than its allowable mini-
mum value of y,., CF will occur. Taking y'=y,., =7° into
(10), the critical DC voltage U when CF occurs can be ob-
tained.
The selection principle of R is:

(10)

— Ud’

- [d” (11)
where /" is the allowable overcurrent for a short period, and
1.5 times of the rated current is adopted for /" in this paper.

Assuming that DC chopper adopts n TFB-PCSMs, by
solving (10) and (11), the resistor in one module can be ob-
tained as:

(12)

l/cosy'+cosﬂcosy—cosﬂ U,
n

R=—
cosy’'—cosff cosy+cosf 1.5,

B. Selection of Capacitors in TFB-PCSMs

The aim of the capacitor in the TFB-PCSM is to force cer-
tain thyristors to turn off reliably during the blocking pro-
cess of the power consumption branch. As shown in Fig. 2(c)
and (d), taking mode 3 and mode 4 as an example, when the
power consumption branch is required to be blocked, VT3 is
triggered. When VT3 is turned on, VT1 will be turned off
gradually by the reverse bias voltage of the capacitor. If the
reverse blocking recovery time of the thyristor is 7, and the
forward blocking recovery time is f,, the total turn-off time
t, of the thyristor is the sum of ¢, and ¢,. The time constant
7 of the capacitor-resistor branch is equal to RC. When the
discharging time ¢ of the capacitor is larger than 4z, it can be
considered that the capacitor voltage roughly drops to 0. As-
sume that when the capacitor voltage drops to 0, VT1 will
be turned off. Given #, and R, the capacitor size C can be ob-
tained as:

t,=t,+t,=4RC (13)

C. Selection of Thyristors in TFB-PCSMs

To select the thyristors in TFB-PCSMs, it is necessary to
analyze the voltage-current stresses of the thyristors in differ-
ent operation states. The parameters of the TFB-PCSM need
to be reasonably designed so that the voltage-current stresses
are within the allowable range.

1) Voltage Stress of TFB-PCSMs

When the TFB-PCSM works in modes 1, 3, 4 and 6,
some thyristors of the TFB-PCSM are turned on, the voltage
of the thyristors in the on-state is 0, and the maximum volt-
age of other sub-module thyristors in the off-state is capaci-
tor voltage u,.

When the TFB-PCSM works in modes 2 and 5, the thyris-
tors of the TFB-PCSM are all turned off. The thyristors will
not only bear the capacitor voltage u,, but also bear the DC
voltage U,. The off-state equivalent circuit of TFB-PCSM is
shown in Fig. 3 where uyy, Uy, Uyrs, Uy, are the voltages
of four groups of thyristors in TFB-PCSMs; r is the voltage-
balance resistor for a thyristor element in TFB-PCSMs; and
m is the number of thyristors in VTi of TFB-PCSMs.

Assuming that the capacitor voltage is kept constant when
the capacitor is bypassed, the voltage of the thyristors can be
written as:

1 mr Uy
o =t = g =
(14)
1 mr Uy
o =it = |
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Fig. 3. Off-state equivalent circuit.

In summary, comparing all different operation modes, the
maximum voltage of the thyristor in the TFB-PCSM is:

mr Ud)}
4 4
R+mr n
2) Current Stress of TFB-PCSMs

Considering all working modes of the TFB-PCSM, the
maximum current flowing through the thyristors in TFB-PC-
SMs is the peak value of the DC current under fault condi-
tions. Therefore, the selection of the thyristor of the TFB-PC-
SM can refer to the design principle of the thyristors in the
converter station.

In conclusion, the parameter design process of TFB-PCSMs
is as follows.

1) Firstly, n TFB-PCSMs in the DC chopper are selected,
and R of one module can be obtained by (12) according to
the values of Uj, I, y, § in a normal operation state.

2) According to n, R, U, and u,, the maximum voltage of
VTi in one TFB-PCSM is calculated by (15), and then the
appropriate thyristor type and the number m of the series-
connected thyristors in each thyristor element are selected to
make sure that the voltage stress of each thyristor in TFB-
PCSMs is within the allowable range.

3) According to ¢, and R, the capacitor size C in each
TFB-PCSM can be obtained by (13).

1
UVTmax :max{uc72(uc (15)

V. SIMULATION STUDIES

A. Test System

Based on the CIGRE benchmark model, a test system ap-
plying the proposed DC chopper of Fig. 1 is developed. The
parameters of LCC-HVDC system are the same as the CI-
GRE benchmark model as shown in Table II. The basic con-
trol is the same as that of the CIGRE benchmark model
[16], where the constant DC control and constant extinction
angle control are utilized for the rectifier and inverter, re-
spectively. In addition, the VDCOL and current error control
(CEC) are also utilized. The coordinated control approach be-
tween the presented DC chopper and LCC-HVDC applies
the control strategy in Section III. The DC chopper is con-
nected to the DC terminal of the inverter and its parameters
are given as follows.
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TABLE 11
PARAMETERS OF LCC SYSTEM

Parameter Rectifier side Inverter side
AC system voltage 345 kV 230 kV
Direct voltage 505 kV 495 kV
Direct current 2 kA 2 kA
Transformer ratio 345 kV/213.5 kV 230 kV/209.2 kV
Leakage inductance 0.18 p.u. 0.18 p.u.

The number of TFB-PCSMs in the DC chopper is related
to many factors such as the thyristor type, the number of se-
ries-connected thyristors, the resistor of the power consump-
tion branch, capacitor voltage, etc. In the tested system, n =
16 is taken as an example for analysis. When the system op-
erates normally, I, = 2 kA, y = 15° and B = 38°. According
to (12), R = 10 Q can be obtained. Since the charged capaci-
tor voltage in one TFB-PCSM is equal to U,/n, and the volt-
age-balance resistor of each thyristor is much larger than the
resistor in the power consumption branch, the Uy, of each
sub-module is calculated as 32 kV from (15). Thus, the thy-
ristor valve VTi in TFB-PCSMs can be composed of 7 thy-
ristors with rated voltage of 7.2 kV and rated current of 4.84
kA in series. In addition, 1200 us is taken as #, for the thyris-
tor, and C = 30 puF can be obtained from (13).

B. Investigation of DC Chopper Under Fault Conditions

In this section, the transient performances under fault con-
ditions and the ability of the proposed DC chopper to miti-
gate the CF are investigated in PSCAD/EMTDC. The CF
probability of the following three cases are compared.

Case 1: LCC-HVDC (CIGRE benchmark model).

Case 2: CCC-HVDC.

Case 3: LCC-HVDC with the proposed DC chopper.

The parameters of LCC-HVDC are shown in Table II.
The CCC-HVDC is also developed by modifying the CI-
GRE benchmark model, in which the capacitor size of 400
puF is selected as given in [13]. The LCC-HVDC system
with the proposed DC chopper model is the same as that in
Section V-A.

1) Single-phase Grounding Fault of a Single-infeed System

This section compares the LCC-HVDC, CCC-HVDC and
LCC-HVDC with DC chopper with a single-phase fault. The
simulation results are given in 2 scenarios.

Scenario 1: single-phase fault with 0.3 H inductance
grounded. LCC-HVDC (Case 1) and CCC-HVDC (Case 2)
systems experience CF but no CF occurs in LCC-HVDC
with DC chopper (Case 3).

Scenario 2: single-phase fault with 0.2 H inductance
grounded. LCC-HVDC, CCC-HVDC and LCC-HVDC with
DC chopper all experience CFs.

1) Dynamic performance comparison

The faults are applied at # = 1.0 s and last for 50 ms. The
dynamic performances in Scenarios 1 and 2 are shown in
Fig. 4 and Fig. 5, respectively.

From Fig. 4, LCC-HVDC and CCC-HVDC systems expe-
rience CF, but the LCC-HVDC with DC chopper (Case 3)
mitigates the CF successfully by reducing DC current during
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the fault. From Fig. 4(a), the DC current in LCC-HVDC ris-
es to 2.53 p.u. and the DC current in CCC-HVDC rises to
1.86 p.u., while the DC current in LCC-HVDC with DC
chopper is lower than the rated value. From Fig. 4(b), the
DC voltage of LCC-HVDC drops to 0 and the DC voltage
of CCC-HVDC drops to 0.23 p.u., while the DC voltage of
LCC-HVDC with DC chopper drops to 0.41 p.u. The maxi-
mum power losses in LCC-HVDC and CCC-HVDC are 0.84
p.u. and 0.77 p.u., respectively, while the maximum power
loss in LCC-HVDC with DC chopper is 0.61 p.u.. If the
fault recovery time is defined as the time taken for the
HVDC link to accomplish 90% of its pre-fault power after
the fault is cleared [13], the fault recovery time for the LCC-
HVDC, CCC-HVDC and LCC-HVDC with DC chopper is
105, 103 and 79 ms, respectively, as can be seen from Fig. 4(c).
It can be seen that the utilization of the proposed DC chop-
per can suppress the over-current, accelerate the recovery
process and improve the dynamic performances of the LCC-
HVDC system under the given fault conditions.
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and 0.85 p.u., respectively, while the maximum power loss
in LCC-HVDC with DC chopper is 0.75 p.u.. After the fault
is cleared, the fault recovery time for the LCC-HVDC, CCC-
HVDC and LCC-HVDC with DC chopper is 106, 120 and
80 ms, respectively, as can be seen from Fig. 5(c). It can be
seen that the utilization of the proposed DC chopper can im-
prove the dynamic performances of the LCC-HVDC system
under the given fault conditions.
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5 1.0 E 0.4}
o 0 . . . . 5 0 . . . .
2 09 10 LI 12 13 XK 09 10 LI 12 13
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a1.2 2Ly
8 0.8f g, 1Ok
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204 = 0.9t
20 ‘ ‘ ‘ 508 ‘ ‘ ‘ ;
£ 09 10 L1 12 13 2 09 10 11 12 13
< (s) (s)
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£ 20k 2 20,
20 B 20 ‘ ‘ ‘ .
£ 09 10 11 12 13 & 09 1.0 1.1 12 13
= () ()
(e) ®
— CCC-HVDC; — LCC-HVDC; — LCC-HVDC with DC chopper
Fig. 4. Transient response comparison of LCC-HVDC, CCC-HVDC and

LCC-HVDC with DC chopper under single-phase grounding fault in Scenar-
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From Fig. 5, when a more severe fault of Scenario 2 oc-
curs, all the three cases experience the CF. From Fig. 5(a),
the DC currents in LCC-HVDC and CCC-HVDC rise to
2.56 p.u. and 2.48 p.u., respectively, while the DC current in
LCC-HVDC with DC chopper only increases to 1.17 p.u..
Compared to LCC-HVDC and CCC-HVDC systems, the
peak value of the DC current in LCC-HVDC with DC chop-
per reduces significantly. From Fig. 5(b), the DC voltages of
LCC-HVDC and CCC-HVDC all drop to 0, while the DC
voltage of LCC-HVDC with DC chopper drops to 0.3 p.u..
The fault causes a large loss of DC power. The maximum
power losses in LCC-HVDC and CCC-HVDC are 0.87 p.u.
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Fig. 5. Transient response comparison of LCC-HVDC, CCC-HVDC and
LCC-HVDC with DC chopper under single-phase grounding fault in Scenar-
io 2. (a) DC current. (b) DC voltage. (c) Active power. (d) AC voltage. (e)
Extinction angle. (f) Firing angle.

2) Investigation of voltage-current stresses

The voltage-current stresses of TFB-PCSMs are given in
Fig. 6 and Fig. 7 for Scenario 1 and Scenario 2, where uy,-
uyr, and iyp-iyy, are voltages and currents of 4 group thyris-
tors in TFB-PCSMs.

In Scenario 1, the system successfully mitigates the CF.
The voltage and current waveforms of thyristor valve VTi
are shown in Fig. 6. According to the simulation results, the
maximum voltage on the thyristor valve is about 30.21 kV,
and the voltage of each thyristor is 30.21 kV/7=4.31 kV.
The maximum current is about 2.86 kA, which is within the
allowable range.

In Scenario 2, the system experiences the CF even with
the DC chopper due to the occurrence of the more severe
fault. The simulation results are shown in Fig. 7. The maxi-
mum voltage across the thyristor valve VTi reaches to 30.23
kV, and the voltage of each thyristor is 4.32 kV. During the
fault period, the peak current is 2.86 kA, which is still with-
in the allowable range.

3) CF immunity comparison

In this section, the CF immunity index (CFII) is used to
evaluate the ability to mitigate the CF of LCC-HVDC [3],
and the expression of CFII is shown as:
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CFII =
wlL

(16)

min® dc

where V. is the AC bus voltage on the inverter side; P, is
the DC power; and L, is the critical inductance which is de-
termined by conducting a sequence of electromagnetic tran-
sients (EMT) simulations. The larger CFII value indicates
the stronger CF immunity of the system.

Single-phase grounding fault with inductance grounded
are applied at # = 1.0 s and last for 50 ms in LCC-HVDC,
CCC-HVDC and LCC-HVDC with DC chopper systems.
Here, the fault angle is defined as the angle interval between
fault occurring time and the reference point (the zero-cross-
ing point from negative to positive of phase A voltage). By
gradually reducing the fault inductance and observing wheth-
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er the CF occurs, the critical inductance at different fault an-
gles can be obtained and the corresponding CFII values can
be calculated, which are shown in Fig. 8.
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Fig. 8. CFII results with single-phase grounding fault.

Figure 8 shows the CFII curves of LCC-HVDC, CCC-
HVDC and LCC-HVDC with DC chopper with single-phase
grounding fault. From Fig. 8§, the CFII curve of Case 3 (with
DC chopper) is higher than those of Case 1 (LCC) and Case
2 (CCC), thus the proposed DC chopper can effectively im-
prove the ability to mitigate the CF. It also can be observed
that, the immunity of the CF in LCC-HVDC with DC chop-
per can be greatly improved at certain fault angles, e. g,
from 108° to 162° in Fig. 8, the similar phenomenon also ap-
pears in [17]. In [17], it is presented that under single-phase
grounding fault conditions, the CFs are determined by the
joint effects of the magnitude drop and the zero-crossing ad-
vancement of the AC voltage, thus the anomalous CF perfor-
mance will occur under single-phase grounding fault.

2) Three-phase Grounding Fault in Single-infeed System

This section compares the LCC-HVDC, CCC-HVDC and
LCC-HVDC with DC chopper under three-phase grounding
fault conditions. The simulation results are provided in 2 sce-
narios.

Scenario 1: three-phase fault with 0.65 H inductance
grounded. LCC-HVDC (Case 1) and CCC-HVDC (Case 2)
systems experience CF but no CF occurs in LCC-HVDC
with DC chopper (Case 3).

Scenario 2: three-phase fault with 0.5 H inductance
grounded. LCC-HVDC, CCC-HVDC and LCC-HVDC with
DC chopper all experience CFs.

1) Comparison of dynamic performances

Both faults are applied at # = 1.0 s and last for 50 ms.
The results of dynamic performances in Scenarios 1 and 2
are shown in Fig. 9 and Fig. 10, respectively.

From Fig. 9, both LCC-HVDC and CCC-HVDC systems
experience CF, however the LCC-HVDC with DC chopper
(Case 3) mitigates the CF successfully by reducing DC dur-
ing the fault. From Fig. 9(a), the DC currents in LCC-
HVDC and CCC-HVDC rise to 2.56 p.u. and 2.31 p.u., re-
spectively, while the DC current in LCC-HVDC with DC
chopper is lower than the rated value. From Fig. 9(b), the
DC voltage of LCC-HVDC and CCC-HVDC all drop to 0,
while the DC voltage of LCC-HVDC with DC chopper
drops to 0.39 p.u.. The maximum power loss in LCC-HVDC
and CCC-HVDC are 0.84 p.u. and 0.81 p.u., respectively,
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while the maximum power loss in LCC-HVDC with DC
chopper is 0.64 p.u.. The fault recovery time for the LCC-
HVDC, CCC-HVDC and LCC-HVDC with DC chopper is
105, 122 and 70 ms, respectively, as can be seen from Fig. 9
(c). Thus, the dynamic performances of the LCC-HVDC link
can be greatly improved by the presented DC chopper.
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tinction angle. (f) Firing angle.

From Fig. 10, when a more severe fault in Scenario 2 oc-
curs, all the three cases experience CFs. From Fig. 10(a), the
DC currents in LCC-HVDC and CCC-HVDC rise to 2.57 p.u.
and 2.28 p.u., respectively, while the DC current in LCC-
HVDC with DC chopper only increases to 1.2 p.u.. Com-
pared to LCC-HVDC and CCC-HVDC, the peak value of
the DC current in LCC-HVDC with DC chopper reduces sig-
nificantly. From Fig. 10(b), the DC voltages of LCC-HVDC
and CCC-HVDC all drop to 0, while the DC voltage of
LCC-HVDC with DC chopper drops to 0.3 p.u.. The fault
causes a large loss of DC power. The maximum power losses
in LCC-HVDC and CCC-HVDC are 0.84 p.u. and 0.82 p.u.,
respectively, while the maximum power loss in LCC-HVDC
with DC chopper is 0.74 p.u.. After the fault is cleared, the
fault recovery time for the LCC-HVDC, CCC-HVDC and
LCC-HVDC with DC chopper is 106, 124 and 76 ms, re-
spectively, as can be seen from Fig. 10(c). It can be seen
that the utilization of the proposed DC chopper can improve
the dynamic characteristics of the LCC-HVDC system, espe-
cially in enabling the whole system to rapidly restore itself
to its normal operation state.

2) Investigation of voltage-current stresses

The voltage-current stresses of TFB-PCSMs under three-
phase fault conditions are given in Figs. 11 and 12 for Sce-
narios 1 and 2, respectively.
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In Scenario 1, the system successfully mitigates the CF.

The voltage and current waveforms of the thyristor valve
VTi in each TFB-PCSM are shown in Fig. 11. According to
the simulation results, the maximum voltage on the thyristor
valve VTi is about 30.18 kV, and thus the voltage of each
thyristor is about 30.18 kV/7=4.31 kV. The maximum cur-
rent is about 2.85 kA, which is within the allowable range.

In Scenario 2, the system fails to mitigate CF. The simula-
tion results are shown in Fig. 12. The maximum voltage on
the thyristor valve VTi in each TFB-PCSM reaches to 30.23
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kV, and the voltage of each thyristor is 4.32 kV. During the
fault, the peak current is 2.86 kA, which is also within the
allowable range.
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Fig. 12.  Voltage-current stresses of TFB-PCSMs with three-phase ground-

ing fault in Scenario 2. (a) Voltage stress. (b) Current stress.

3) CF immunity comparison

Three-phase fault with inductance grounded is applied at
t = 1.0 s and lasts for 50 ms in LCC-HVDC, CCC-HVDC
and LCC-HVDC with DC chopper. Similarly, by gradually
reducing the fault inductance and observing whether the CF
occurs, the critical inductance at different fault angles can be
obtained and the corresponding CFII values can be calculat-
ed, which are shown in Fig. 13.
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Fig. 13. CFII results with three-phase fault.

Figure 13 shows the CFII curves of LCC-HVDC, CCC-
HVDC and LCC-HVDC with DC chopper with three-phase
fault. From Fig. 13, the CFII curve of Case 3 (with DC
chopper) is higher than those of Case 1 (LCC) and Case 2
(CCC), and thus, with three-phase grounding fault, the pro-
posed DC chopper can effectively improve the CF immunity
of LCC-HVDC.

3) CF Probability Investigation in Dual-infeed HVDC System

This section investigates the CF probability of the pro-
posed DC chopper in a dual-infeed system. The probability
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of CF under a given fault condition is calculated as the frac-
tion of faults that resulted in CF of a certain amount N, ap-
plied at different points on the wave within a cycle [13]. In
this paper, the value of N, is selected as 100, and the inter-
val time between two adjacent fault points is 20/100 ms =
200 ps. Based on the CIGRE benchmark model, a dual-in-
feed HVDC model is developed in which LCC-HVDCI and
LCC-HVDC2 are both rated at 500 kV and 1000 MW and
connected by a 100 km transmission line. The parameter of
the transmission lines is (0.028+j0.271) Q/km [7]. Z,, is the
impedance for transmission line; £, and E, are the equiva-
lent sources for AC systems of LCC-HVDCI and LCC-
HVDC2, respectively; Z,, Z,, Z.,, Z., are the equivalent im-
pedances for AC systems and filters of LCC-HVDCI1 and
LCC-HVDC?2, respectively; P, and P, are the DC power of
LCC-HVDCI1 and LCC-HVDC?2, respectively; /;, and I, are
the DC currents of LCC-HVDC1 and LCC-HVDC?2, respec-
tively; Uy, and Uy, are the DC voltages of LCC-HVDCI and
LCC-HVDC?2, respectively; U, and U, are the AC voltages
of LCC-HVDCI1 and LCC-HVDC2, respectively; and z; is
the fault impedance. Here, the CF probability of the follow-
ing two cases is compared.

Case 1: dual-infeed HVDC with two LCC-HVDC links.

Case 2: dual-infeed HVDC, where only LCC-HVDCI in-
stalls the proposed DC chopper at the DC side, as shown in
Fig. 14.

> P, la

LCC-HVDCl1

— Pa,ln LCC-HVDC2

V@

Ua

Fig. 14. Dual-infeed HVDC system.

The inductive fault is applied on the bus of LCC-HVDCI1
and the CF probability curves of LCC-HVDC1 and LCC-
HVDC2 with single-phase and three-phase faults are shown
in Figs. 15 and 16. Figures 15 and 16 show that with the de-
crease of the grounded inductance, the faults are getting
more serious and the CF probability of both HVDC links in-
creases gradually. The curve of higher CF probability indi-
cates that the CF is more likely to occur at the same fault
level. As can be seen, the curves of CF probability of both
LCC-HVDC links in Case 2 (with DC chopper) are lower
than those in Case 1 (without DC chopper) with both single-
phase grounding fault and three-phase grounding fault. Thus,
it can be concluded that the presented DC chopper can great-
ly reduce the probability of CF for both a local HVDC link
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with DC chopper at the DC-side and the adjacent HVDC
link in the dual-infeed HVDC system.
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C. Discussion for Capital Cost of DC Chopper

As described in Section V-A, for one TFB-PCSM, the
maximum voltage for each thyristor unit (each unit can be
composed of a certain number of series-connected thyristors)
in Fig. 1(b) is set as 32 kV in the studied case, which is
about 15.3% of the RMS value or 10.8% of the peak value
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of the line-to-line commutation voltage. The capital costs of
the DC chopper are mainly subject to the four arms, capaci-
tors and resistors of Fig. 1(b). Considering that the number
of series connected thyristors in each arm of the LCC con-
verter is proportional to the peak value of the line-to-line
commutation voltage, the thyristor cost of each TFB-PCSM
is 0.108x4=0.432 based on the thyristor cost in each arm
of the LCC converter. Since LCC-HVDC adopts a 12-pulse
converter which totally has 12 arms, the thyristor cost of
each TFB-PCSM will be 0.432/12=0.036 based on the thy-
ristor cost in a 12-pulse LCC converter. In the studied case,
there are 16 TFB-PCSMs embedded in the presented DC
chopper, so the total thyristor cost is 0.036x 16=0.576 based
on the thyristor cost in a 12-pulse LCC converter. As for the
conventional LCC-HVDC, the thyristor group cost accounts
for about 25% of the total capital cost of the LCC station.
Thus, the total thyristor group cost of the presented DC
chopper is 0.25x0.576=0.144 based on the capital cost of
the LCC station. To simplify the cost calculation, the capaci-
tor and resistor costs in the TFB-PCSM can be conservative-
ly estimated as 5% of the thyristor group cost [18], then the
total capital cost of the DC chopper can be obtained as
0.144 x(1+0.05)=0.151 based on that of the LCC station. It
should be noted that the cost estimation is conservative.
When the maximum withstand voltage of thyristor Uy, 1S
analyzed, the maximum value under fault conditions and nor-
mal operation is taken as the selection criterion, thus a cer-
tain margin is added during the design process. In fact, the
maximum withstand voltage of the thyristor could be slight-
ly smaller than Uy, If 0.9 times of Uy, 1s taken, accord-
ing to the calculation method, the increased converter cost
will be about 13%.

Although the proposed DC chopper will increase the capi-
tal cost to some extent, the CF mitigation effect is quite sig-
nificant, which could also provide some economic benefits.
Firstly, the proposed method improves the availability of the
HVDC system by mitigating the CFs, and the system could
transmit more power under the fault condition which could
provide some economic benefits. Secondly, the proposed
method can suppress the overcurrent issue and thus improve
the fault recovery characteristics for HVDC links. The sup-
pression of the overcurrent means that the service life of the
converter valve can be prolonged, and that the cost of the
converter valve can be saved to some extent. From the
above analysis, the increased capital cost could be reason-
able considering the bought advantages.

The proposed method can greatly reduce the probability
of CF for both the local HVDC link and the adjacent HVDC
link in a dual-infeed HVDC system. With the increasing
number and rating of ultra HVDC systems, the risks of AC
system instability and blackout are also increasing. Consider-
ing the potential huge economic losses caused by these
risks, the savings of the presented method could be signifi-
cant.

VI. CONCLUSION

This paper proposes a DC chopper topology composed of
a TFB-PCSM to mitigate CF of the LCC-HVDC system.
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The operation modes of TFB-PCSMs and the coordinated
control approach of the DC chopper are presented. Then, the
voltage-current stresses of TFB-PCSMs under different con-
ditions are studied, and the parameter selection approach is
provided. Based on the simulation results in PSCAD/EMT-
DC, the following conclusions are obtained.

1) By comparing the transient performances of LCC-
HVDC, CCC-HVDC and LCC-HVDC with DC chopper un-
der fault conditions, it can be concluded that the proposed
DC chopper can effectively reduce the probability of CFs
and improve the fault recovery characteristics for the LCC-
HVDC links.

2) The presented DC chopper can greatly reduce the prob-
ability of CF for both the local HVDC link with DC chop-
per at the DC-side and the adjacent HVDC link in the dual-
infeed HVDC system.

3) By the presented parameter selection approach, the volt-
age-current stresses of TFB-PCSMs could be regulated with-
in the allowable range.

4) The capital cost of the proposed DC chopper is as-
sessed. Considering the greatly improved CF mitigation abili-
ty and favorable option in HVDC areas, the capital cost is
potentially acceptable.
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