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G RT STUDY OF FAULTS ON HVDC TRANSMISSION LINES
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Abstract:-In this paper, study of faults on HVDC transmission line, using Voltage Source Converter -
HVDC scheme, has been carried out. In scheme electrical energy is transmitted through DC transmission
lines with the help of rectifier and inverter operations, as done in LCC-HVDC. A 3-phase, 2-level, 6-
switch VSC is connected to an active but weak AC system at both ends of the HVDC link. This VSC is
controlled by vector control method. In this analysis system was simulated by introducing line-to-ground
fault and line-to-line fault and circuit parameter have been found using VSC-HVDC scheme. A new
approach has been proposed to recover normal condition by removing faults, which include the design of
grounding impedance, adopting of HVDC mono-polar links and reconnecting transformer secondary
winding instar (Yn)typeand etc. Simulation of the system was carried out in Matlab environment.

Keywords:VSC-HVDC, Vector control method, DC transmission line, grounding design, fault
recovery, bipolar transmission system, monopolar transmission system.

1.INTRODUCTION

High-Voltage Direct Current (HVDC) transmission using voltage-source converters (VSCs) came in service for the
first time in Sweden in 1997 with a trial 3 MW scheme [1]. Since then, more VSC transmission schemes are being built and
several are currently in commercial operation. Currently, a 350 MW VSC transmission system is in service. This immense
increase in the power capacity is due to the synchronized development in a number of technical areas, including semiconductor
switches ,dc transmission lines (especially the dc cables), main circuit of converter station and system controls [2]. V. S C -
HVDC is a new power transmission technology based on Voltage Sourced Converter and Selfturn-off devices. VSC-HVDC
provides a new choice for grid inter-connection [3- 6].

VSC-HVDC realizes the power transmission from sending end to receiving end by connecting rectifier and inverter
through DC transmission line. Considering the high fault probability, radio interference and audible noise of overhead line,
most project applications of VSC-HVDC adopt cables as the DC line at present. As the voltage polarity reversal is not needed
for VSC-HVDC, this allows new types of cables, such as extruded XLPE DC cables to be used in long distance VSC
transmission systems.

The situations those the cables cannot be used, the overhead line will be the only choice for DC transmission. Some
special demands should be considered such as DC line fault recovery.

Phase Cable

reactor
Wl

T capacitor
—

Converter

Figure 1: typical VSC-HVDC scheme structures
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A typical scheme structure of VSC-HVDC is shown in Fig.1 which has a bipolar configuration for DC cable system.
As the DC line fault will induce a significant influence on operation of VSC HVDC, therefore the fault characteristics and
mechanism analysis is necessary for reasonable protection design. Especially for overhead line, the problem in recovery
process should be taken into account to ensure that the system can restore rapidly under temporary fault condition.

2. CONTROLOFVSC-HVDC SYSTEM

The control modes are chosen according to the application and requirement of the given power system. The rectifier
and inverter controllers take the control of any two of above mentioned four control strategies according to the system
requirements and operating conditions. VSCI controllers operate on active power and reactive power control whereas VSC2
controllers deal with DC voltage and reactive power control (Fig. 2) [ 7-8].

Figure 2: VSC-HVDC Control System

Two control method:- 1. Direct control method and 2. Vector control method. In this , the vector control method are
implement.

2.1 Vector control method:- The P and Q controlled quantities of VSC-HVDC are coupled to each other such that any change
in one quantity strongly affects the other. The vector control method removes the coupling between these quantities to ensure
the independent control of each quantity. The vector control strategy consists of a cascade control system with faster inner
controllers. The vector controller is accomplished by additional outer current controller which provides the reference values
for inner controller. The outer controllers include active power controller, reactive power controller, AC voltage controller, DC
voltage controller or frequency controller where the implementation of particular control strategy depends on the application
and operating conditions of VSC-HVDC system.

Figure 3: Vector Control System of VSC-HVDC System

The mathematical model presented here, the filter resistances and inductances can be neglected. From the single line
diagram (Fig. 3), the voltage across the transformer, the current to the filter and the voltage across the source impedance can be
obtained in three phase instantaneous form as follows:
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The voltage across the source impedance is
. . d .

Vac(t) abc T VS(t)abc = Rsls(ﬂt)abf: + LS dr IS(t)abc el
The current through the filters is

. . . d

IS(t)abc - ]L(t)abc = C['Evs(t)abc 2
The voltage across the transformer is

. PN d. .
Vs(D)abe = Ve (Dabe = Rli(Dype + L EIL(.t)abf: .3

From (1), (2) and (3), the following differential equations can be derived:

d . Rs. . 1 .

EIS(t)abc = _L_:]S(.t)abf: + L_S{Vabc(t)abc - VS(t)abc - VS(ﬂt)abt:} s
d 1, 1,
Evs(t)abc - C_fls(t)ab-: - C_rlt(t)abc cee S
d . _ R . 1 v v 6
3 tabe = =1 1e(Uabe +7-AVs(Vabe — Ve(Dape}

By using Clark's transformation matrix , quantities from ABC-frame can be converted to ap-reference frame as follows,

_ 2|1 cosy cosly ;‘:a 7
T3 IO siny sin ZVJ ‘xb
<

Xq
Xp

Where y=27/3

Equations (4), (5) and (6) can be converted in to aff frame as follows:

d. Rs, 1 , A

is(Oup = _L_zls(.t)uﬁ + L_S{Vabc(t)uﬁ — Vs(Dap = Vs(Dep) .. 8
4 1 1,

V(Do = C—rls(t)as - C_r_lt(t)a.[i .9
» Re . 1

i‘t(l)aﬁ = _T:'t(Uaﬁ + rT{Vs(L)mg —Ve(Oup} .. 10

By using the transformation angle ? derived from a phase-locked loop (PLL), the above equations are further
transferred to the synchronously rotating dq-reference frame, using Park's transformation, as follows:

Xd cos0  sin 0] [X«
= .11

[Xq] [— sin cosB] [XB
d . _ RS R . 1 r
als(t)dq - _Els(t)dq - ,]mls(t)dq + L_S{Vnhc(t)dq - VS(t)dq - VS(t)dq} .12
d 1. 1. .
EVg(L)dq = C IS(L)dq — C It(L)dq — ](DVs(L)dq .13
1. R, . 1
(Vg = _T.T..‘L(L’uﬁ = jwi(Vgq +TT{VS(L)“B = Ve(Uup} .14
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The AC filter voltage, the current through the transformer and the AC side voltage of VSC can be expressed as:

VS(ﬂt)(lq = _LS E]S(t,)dq - RSIS(t)dq - ]mLS]S(ﬂt)dq + Va('(ﬂt)dq .15

. . d .

it(Daq = 1s(Qaq = Cr g Vs(Daq — 100CiVs(Daq ...16
d ., 3 , .

Ve(Qdq = —Lbr 5 ic(Daq — Rrlt(Daq — jLrwi(Dag + Vs(Dqq 1T

From equation (17), the dg-current component through the transformer can be given as,

d. .. o Vg(Hy—Velr) Rt .
Ly = 0l (0, +%—L—:ll(t)d .. 18

Vy (T;}q -V (t) q

d. . R .
+it(Dg = 0l(Oq + o —ﬁlt(t)q .19

Equations (18) and (19) present the relationship between input reference current and the converter output AC voltage in dq-
reference frame.

Limitation:-

- () - ; y
Qma_x - VCIHm ] Pmax - \/Vglﬁm - Qﬁmx ... 20

Where, | {'}4) is the pre-set maximum reactive reference current.
LM

Outer controller :-The outer controller consists of the DC voltage controller, active power controller and reactive power
controller. The proposed simulation model consists of active power and reactive power controllers at VSC1 and DC voltage
and reactive power controllers at VSC2. The outer controller creates the reference values of the dq-current components for
inner current controllers. The outer controller gains are smaller when compared to the inner controller to ensure the stability of
the complete system.

(a)DC voltage controller:-

- 2 Vpe ( - dVpe )
iy =-—(C I 221
d =57y \"be g Tloc

The d-component of the current derived in the equation (21) gives the reference current for the inner current controller
for DC voltage control.

(b)Active power controller:- For accurate control of the active power, a combination of a feedback loop and an open loop is
used.

1

fans

2 P rer Ki
=3 Vst + (Kl’l + T1) (Prer — Paetuat) e 22

Where, K, and K, are the proportional and integral gains respectively of the active power controller.

© Reactive power controller

-k 2Q Kis
Ig = ;v;:l’ + (KPQ +?I) (Qref - Qactua]) .23
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Where, K, and K, are the proportional and integral gains respectively of the reactive power controller.
Fig.4 shows active and reactive power control system for VSC1. The control block of PLL is shown from which the
synchronization angle ? is derived and fed to the ABC to dq block.

Figure 4: reactive and active power control system

3.FAULTSANALYSISAND RECOVERY PROCESS

Analyzes the mechanism of DC line-to-ground faults and line-to-line faults in HVDC transmission lines by using
VSC-HVDC scheme, and then proposes the recovery demand of temporary faults at overhead line scheme. According to the
characteristics under simulation, the solutions of recovery process are proposed, which include the grounding design, adopting
mono-polar topology and reconnecting transformer secondary winding etc.

Type of fault:

Line -to- ground fault.
Line-to-line fault.

The common fault types for DC transmission line are line-to- ground fault and line-to-line fault, because faults of
cables are usually caused by external mechanical stress. Therefore the faults are generally permanent, for which a lengthy
repair is needed. The converters should be stopped immediately while a cable fault is detected. But for overhead line, the faults
are always caused by lightning strikes and pollution . The faults along the line are likely to be temporary, which demands a fault
restoration after the fault clearance.

In this, focus on the fault analysis of DC line and demonstrates the demand and solution of VSC-HVDC system
restoration after DC temporary faults for overhead line.

3.1 CHARACTERISTICS OF DC LINE FAULT
3.1.1 Line-to-ground fault

As shown in Fig5, the line-to-ground fault means insulation failure between one DC conductor and ground, and for
overhead line, the fault is usually temporary which is caused by lightning strikes and pollution.

The primary fault consequence is the direct discharging of the capacitor on faulty pole. The voltage of the healthy pole
will rise to 2.p.u because of the action of the DC voltage controller. Which will impose an overvoltage on healthy pole capacitor
even if the restriction of DC pole arrestor is considered, for DC cable, the system does not need to be restored due to the
permanence of the fault. But for overhead line the restoration of the system should be considered.
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Figure 6: DC voltage waveform under temporary line-to-ground fault of bipolar system

Considering the line-to-ground fault under bipolar system, the faulty pole capacitor suffers an over current due to the
rapid discharging through fault position. The voltage of DC capacitor will also decrease to a very low level, as shown in Fig6.
The healthy pole capacitor will be charged to 2.p.u because of the DC voltage controller.

3.1.2. Line-to-line fault

The line-to-line fault means insulation failure between the two DC conductors. The capacitor will be rapidly
discharged due to fault. Simultaneously the ac system will be three phases short-circuited through fault point, as shown in Fig7.
Obviously the valve will be over current stressed.

The fault demands that both converters should be blocked. But we should note that, the ac system is still short-
circuited through the VSC Free Wheeling Diodes (FWD). Which means the ac system will continue to feed current into the
fault even if the converter is blocked, to avoid this besides blocking the converters. The DC line is also needed to be isolated
from the ac system by tripping ac breakers to enable the air insulation to de-ionize. Another method is to introduce DC breakers
and open these breakers when a fault is detected.
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Figure7: Discharging path under line-to-line fault of bipolar system

3.2PROTECTIONAND RECOVERY DEMANDS
3.2.1. Line-to-ground fault

The demand for cable faults is to correctly detect the faults and then block and trip the converter for repairing. The
demand for overhead line faults is also to block and trip the converter, but a recovery process should be involved. However, as
the capacitors are difficult to be rebalanced even if the fault is cleared. Therefore the rebalance of capacitors becomes the key
point before system restart. Typically, the capacitor should be discharged and after that a normal start-up of the system should
be performed. If the unbalance of the DC voltage disappears, then the system can be normally restarted. Otherwise the whole
system should be stopped for a fault investigation.

Need to point out that, if there is a convenient method to rebalance the capacitors. The converters do not need to be
stopped, because there is no current entering fault point after faulty pole capacitor is fully discharged. After the fault is cleared,
the capacitors can be rebalanced automatically.

3.2.2. Line-to-line fault

The demand for cable faults is also to correctly detect the faults and then block and trip the converter for repairing. To
avoid the over current stress of FWD after blocking, the DC breakers can be introduced.

Overhead line faults also demand the blocking and trip of the converters after a certain time. The ac circuit breaker
with closing resistor should be closed to charge the DC capacitors, if the DC voltage can be re-established. The converters can
be deblocked for normal operation. Otherwise, the whole system should be stopped for a fault investigation. DC breakers can
also be introduced to avoid the overstress of FWD. But the restarting procedure of the converters should be reconsidered.

3.3. SOLUTIONS FOR FAULT RECOVERY

The main issues about fault recovery are the rebalance of the capacitors and the design of the fast DC breakers 3.3.1to
3.3.3 will discuss the solutions for capacitor rebalance and 3.3.4 will give out the design philosophy of fast DC breakers.

3.3.1. Grounding by high impedance branch
In direct grounding system, the unbalance of capacitor is caused by the discharging of the faulty pole and the DC

voltage controller. In high impedance grounding system, the discharging current is very small so that the voltage of the
capacitor can maintain without any over current stress. The pole -to-ground voltage can be recover after fault as shown in Fig8.
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Figure8: DC voltage waveform under temporary line-to-ground fault of bipolar high
Impedance grounding system
3.3.2. Reconnecting transformer secondary winding to Yn type
By changing the transformer secondary winding to Y n. The unbalance of capacitors will rebalance automatically

through the path shown in Fig9. However, if there is no suppressing method, the balancing current will be too large for
operating securely [9]. According to this, a high resistor can be added to the neutral point of transformer.

Figure9: DC voltage rebalancing path under temporary line-to-ground fault

10(a) Rebalancing waveform under line -to-ground DC voltage
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10(b) AC bus voltage

A+ A A N A A A
T N U O SO A T I A Y
¥ ¥ v v W ey A

10(c) AC terminal current
Figurel0: rebalancing waveforms under temporary line-to-ground fault

3.3.3. Monopolar scheme operation

The common arrangement of monopolar scheme is shown in Figl1. Obviously, the consequences of line-to-ground
fault of monopolar system are similar to line-to-line fault; there is no unbalance during the fault.

Figurell: Arrangement of Monopolar scheme

For overhead line system, adopting of Monopolar scheme has the advantages as follows:

The system can adopt DC current grounding return arrangement for saving investment.
The system is generally grounded by positive pole, so the total corona noise and fault probability can be reduced.

Generally, the Monopolar scheme is better for overhead line system as compared with bipolar scheme.
3.3.4. The design philosophy of fast DC breakers

The basic demand of fast DC breakers is to isolate the DC pole and converter punctually so as to avoid the ac system
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feeding current to DC side by FWD [10]. A representative design is shown in Figure 12.

{ ! ]

I 7 1

T~ T~

I . PR

N LS ' i
e L e -

Figurel3: discharging current direction in fast DC breaker under line-to-line fault
Figurel2: fast DC breaker

By using IGBT with anti-paralleled diode, the normal operating current can pass through IGBT of the sending end and
diode of the receiving end. While the DC line is under fault condition, the discharging current will force the IGBT to turn off
immediately to realize the pole isolation. This can avoid the ac breaker tripping, and then the converter can restart faster.

4. CONCLUSION

The analysis and simulation shows the characteristics of DC line faults of VSC-HVDC system as follows. The line-to-
ground fault leads to the unbalance of DC voltage which is difficult to rebalance. The line-to-line fault leads to the fast
discharging of DC capacitor and AC system is short-circuited by fault point, the current fed by FWD can only be cut off by AC
breaker or DC breaker.

For overhead line temporary line-to-ground faults . The rebalance of capacitors can be realized by:

High impedance grounding.
Reconnecting transformer secondary winding to Yn type.
Operate in Monopolar scheme.
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APPENDIX

Parameter value

Tablel: DC cable RLC-Parameters

Parameters Value per km Total value
Resistance Rpc 0.013 ? /km 1?
Inductance Ly 0.16mH/km 12mH
Capacitance Cpc -- 100uF
Table 2: Parameters of VSC-HDVC simulation model
Parameters Rating
System Power Level 100 MVA
Frequency 60 Hz
Converter Transformer Primary Voltage 230 kV
Converter Transformer Secondary Voltage 49kV
DC Voltage 40 kV
Switching Frequency of PWM 1440 Hz
Source Impedance(Inductance) 176.1? (467mH)
DC Cable length 75km
AC Filter Rating 70MVAR

Table 3:VSC-HVDC PI-controller gains

Controller Outer current controller gain Inner current controller gain

Ky K, Ky K,
Active power(VSC1) 0.15 10 5 75
Reactive power(VSC1) 0.1 10 2 50
DC voltage(VSC2) 1 25 3 35
Reactive power(VSC2) 0.25 20 2 25
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