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Abstract

Because of high reliability and other characteristics, High Voltage Direct Current (HVDC)
Light system had important applications in power transmission system. In order to ensure its
operation safety, the fault diagnosis technologies based on observer were researched. The
model of HVDC light system was introduced, and the types and characteristics of the system
were analyzed. Several common fault diagnosis methods were discusses, including method
based on analytical model, method based on expert system and method based on neural
network. A fault diagnosis observer was designed, the output waveforms of observer were
observed and analyzed when the failure occurred, the type of fault was determined, and
finally, the automatic detection of fault in HVDC system was achieved. The test simulation
results showed that this method detected the occurrence of failures, identified the faults in
characteristics and provided evidence for exclusion and maintenance of fault.
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1. Introduction

Under certain conditions, High Voltage Direct Current transmission, HVYDC, has more
advantages than alternating current transmission and it is especially suitable for long distance
and large capacity transmission. The traditional HVDC uses line commutated current source
converter based on grid-based thyristor switch. The HVDC Light makes the voltage source
converter as core, using turn-off devices such as insulated gate bipolar transistor in hardware
and pulse width modulation technique in controlling so as to achieve the purpose of high and
controllable direct current transmission.

With its unique advantages, HVDC Light will have a place in the next power transmission
system. HVDC systems are often used as the links between major grids. If the system has
malfunction and interruption of power supply, it will enable suspension of production so as to
cause confusion, and may even endanger the safety of people and equipments. Then, the fault
diagnosis is the key factor of HVDC technology, and is the assurance for the reliability of
power supply of HVDC system [1, 2].

The failure of power system may be caused by short circuit, open circuit of some sections
or functional failure if parts of components of the system. When system failure occurs, all or
part of the system parameter variables have different characteristics with the normal states,
this difference can contain a wealth of fault information. The task of fault diagnosis is to
describe the characteristics of system failure and use the description to detect and isolate these
system failures.

This study adopts the method of fault diagnosis observer to research the fault diagnosis of
HVDC Light system. Firstly, fault diagnosis observer is built, and then the residual system is
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established according to the state equations of HVDC light system, finally the HVDC Light
system fault diagnosis is studied based on fault diagnosis observer.

2. HVDC System Model
2.1. Modeling of HVDC System

HVDC Light system consists of two pulse width modulated voltage source inverters (V5¢:,

VSC:), two DC capacitors (Cy, C,), two commutation reactors (L, L,) and DC transmission
lines, usually, Li=L,=L, C;=C,=C. Where, C is to provide voltage supporting and reduce the
harmonics on DC side, L is used to filter the output current harmonics. The losses of current
converter and its line are expressed with resistors R;=R,=R, the loss of DC line is resistor Ry
[3]. Discarding RLC branches and amplifying rectification, inverter and three-phase branches,
the system can be simplified, and the basic structure of HVDC Light is obtained, as shown in
Figure 1.
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Figure 1. The Simplified Structure of HVDC Light System

In order to facilitate the system analysis, according to the system model, when ignoring the
inductance on the line, the dynamic differential equations of three-phase stationary coordinate
system in AC side can be gotten [4], as shown in equation (1).

(LdI“+R| =u u [Ldl“-#Rl =u u

| dt 1 sa1 1 | dt a2 ia2 sa2 (1)
| dl dl

JL 2 RI,, =V —Uy L - RI,, =U,, —U,,

| dt ‘ dt

|LdlCl _ ‘ dl., —

l +RIl,=U_, -U LL +RIlI ,=U,,-U

where, 1 and 1, are the currents of phase A; U, and U _, are the voltages of phase A in

2 a

AC systems 1 and 2. U, and U, are the voltages of phase A in AC side. Similarly,

variables of phases B and C can be defined as equation (1).
According to the low of power balance, the expression can be gotten as equation (2).

<[Pc1:Uia1|a1+uib1|bl+uicllcl:Udllol (2)
[Poo = Uil tU 0, +U L, = U G,

where, P and P_, are respectively the input and output active power in AC sides of vscl'
VSCaiu ., and U, are voltages in DC side; 1,,, 1, are respectively the input and output

current in DC side.
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Supposing that the amplitude of input voltage on the left side is U , and that of output

s1?

voltage on right side is U _, then, the relation can be gotten as shown in equation (3).

s2!

(U, =U_coswt [U,,=U_coso,t 3
lu w1 = U, cos(ot—271/3) JU w2 = U, Co8(w,t —27/3) ( )
[U 1 = U cos(ot+27/3) LU wy =U ,cos(mw,t+271/3)
where, », and e, are respectively the voltage angular frequency of AC systems 1 and 2.

Additionally, it is can be gotten as equation (4).
(U,, = KU, cos(ot+5)) [U.,.,=K,U,,cos(ow,t+5,) (4)
JU w1 = KU cos(ot—27/3+05)) U,,=K,U,,cos(w,t-272/3+75,)
[U 1 = KU cos(ot+27/3+5)) [U w2 = KU, ,cos(w,t+272/3+5,)

. . VSC VSC :

where, K, and K, are modulation ratios of 1, and 2 which values are equal to the

ratios of phase voltage amplitude of AC fundamental of inverter output to the voltages in AC
side. 5, and ¢, are the phase angle differences between phase voltages of AC systems and

VscC vsc,

1, and
U ., equation (1) can be expressed as equation

AC fundamental phase voltages of output of
Eliminatingu ,,Uu_,U_andu_,U

sb ! ib !

dl
‘[L L+ RI, =U _coswt— KU cos(ot+d,)
dt
di,,
L +RIl, =U_cos(o,t-27/3)- KU cos(ot-27/3+7))
} dt (5)
dl
[L dtl+Rlclzuslcos(wlt+2n/3)—KIUdlcos(wlt+27r/3+b‘l)
[ dl., '
‘L +RIl,, =K,U,,cos(w,t+5,)-U_,cosw,t
dt
di,,
L—=+RIl,,=K,U_ ,cos(w,t-27/3+6,)-U_,cos(w,t—2x/3)
‘ dt
[ di,
[L + Rl ,=K,U, ,cos(o,t+27/3+5,)-U_ ,cos(w,t+ 27 /3)
dt

JC " =1, -1, (6)
‘t

where, 1, and 1, are respectively DC currents in rectifier and inverter, which can be gotten

as equation (7).

02

[I01 = K, [cos(w,t+6,)1,, +cos(ow,t-27/3+5)1,,+cos(ot+27x/3+5)1,] (7)

(1, = K,[cos(w,t+5,)1,, +cos(w,t -2z /3+5,)l,,+cos(e,t+27/3+5,)1,]

Substituting 1,, and 1, to equation (6) to get a new expression as equation (8).
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[ duU

c T"l: K,[cos(w,t+8,)1,, +cos(ot-2713+5,)1,, +cos(ot+2x/3+5)1,1-1, (8)
|ch“—| K, [cos(w,t+5,)1 t-27/13+5,)I t+27/3+5,)I
l o =1,-K, o,t+8,)l,,+cos(o,t-27 +0,)1,, +cos(ow,t+2x +0,)1,,1

2.2. State Equations of HVDC Light Mathematic Model

From the equations above, the mathematical model can be modified into two state
equations of rectifier and inverter as equation (9) and equation (10).

R B K, cos(a,t+75,)

r ; 1
- ° ’ ) | ©)
‘(l_“-} } 0 Ry o K, cos(o,t-2713+5,) H Ial—} ‘(cos CO[S(U; /3 Z -:
| Im\:‘ 7|_ B L “ Im\+} (o t-2713) I’—Un-‘
} I'“ } } . . R _K]cos((ojt+2ﬂ/3+§1)}} I, } ‘COS(M,!+27r/3) 01 IL'nJ
lu..] ! L L U, ] ‘L 0 _7J|
}Kicos(w]tJro‘i) K cos(ot-27/3+05,) K, cos(ot+2z/3+5,) 0 ‘ ¢
L c c c J
: S . . e . . . . VSC
where, [I_, I, 1, U, ] isthe state in rectifier side, k, is the modulation ration of L
. ‘( 7% 0 0 chos((Lyzt+<>'2) '} (10)
‘HV“T‘ } R, chos(wzt—za/s”sz)1“321 ‘( - e0s @t M‘
[ 1, || 0 - 0 B ‘} L, |‘ | ~cos(w,t=27/3) 0 Iru,1
|- )= R K s 2 l3ss ‘\I “r\—cos(mzwuls) 0 wl |
[ ez | | 0 0 _2 M\‘ @ | )| o]
]| L L el | 0 —!
- }7chos(mzt+o‘z) K,cos(w,t-27/3+5,) K cos(w,t+27/8+5,) . ‘ L cl
L [ c [ J
e . ] . . . . . VSC
where, 11, 1., 1, U1 isthe state of inverter side, k, is the modulation ration of 2,

Analyzing the DC cable s of HVDC Light system, 1, has the relation as shown in equation
(12).

IR (11)

d d1 d2 d "d

dt

Ignoring the line inductance L , it can be changed as equation (12).

| - —a1” a2 (12)

The states can be simplified as equation (13).

) I: 1 1 ] [ K, cos(ot+5)) - K,cos(ot-2713+4,) - K,cos(ot+2713+7)) | 1 (13)
‘Fudﬂ‘:l R,C R,C l(u‘“l} c a c b c o }
LUGZJ [ 1 B 1 |LU¢2J \7K2005(w21+52)| 7chos(m21—2;r/3+5z)l 7K2005(102t+2;r/3+52)| |
[ R,C R,C L c a2 c b2 c :QJ

Under ordinary conditions, r, = R, = R , it can be gotten as equations (14) and (15).
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[ cos m,t 0 1
Icos(a)it—Z;z/3) 0 I
[cos(wt+2r/3 0 [
: (14)
| |
. | 0 cos m,t ||'Usl'\
X = A(t)x +
: 0 cos(a)zt—ZHIS)”U”J
| 0 cos(w,t+ 27 /3)
| 0
L 0 0 J
f[o o o O 0 O 1 o
Fy, T | (15)
- 1 1 X
Lsz lo o o o o0 o - \
L R,C R,C

To facilitate the expression, the matrix A(t) is divided into blocks in accordance with the
state quantities | and U, namely, it is expressed as equation (16) .

At) = [n U (16)
LUI UUJ

where, I, 1U, Ul, UU are blocking matrixes, they are respectively 6x6, 6x2, 2x6 and 2x2,
their concrete forms are as equations (17) — (20).

R
n=-—E (17)
L
where, E is the identity matrix of order six.
[ K, cos(a,t +&,) 1
e o
| K,cos(o,t-27/3+95)) o I (18)
|~ L |
} K,cos(ot+27/3+35)) o I
w oo L |
} 0 K, cos(w,t+4,) :
\ L |
\ 0 K,cos(w,t—27/3+5,) |
| : |
| K, cos(w,t+2713+5,) |
0 P P P
L L
[K,cos(wt+6,) K cos(wt-27/3+5) K cos(wt+27/3+5,) 0 o 0 1 (19)
m:} L L L }
| o o o 7chos(a>zl+o'z) 7chos(w2172n/3+dz) 7chos(mzt+2/r/3+o\2)‘
L L L L
-—(u)'
[ 1 1 20
TR me (20)
Uuu =
[ 1 1|
L R,C RncJ
where,
X:[Ial L% L LI L L U, Udz]T (21)
T
y= [U o g ] (22)
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Blocking the matrix A(t) can make the relation among I, I, I and Uy clear. The
establishment of state equation is the basis of analyzing state observer.

3. Fault and Diagnostic Methods of HVDC Light System

Fault diagnosis is the core of DC control and protection system. In the DC system, the
failure of any part can affect the safety and reliability of entire HVDC system. Therefore,
fault diagnosis is the key factor of HVDC and the guarantee of power supply reliability.

3.1. Failure Types

The common faults of HVDC systems have the following main categories: single-phase
short circuit of AC system sending end, three-phase short circuit of AC system sending end,
open circuit of DC cable, monopole grounding of DC cable, dual pole grounding of DC cable,
single-phase short circuit of AC system accepting end, three-phase short circuit of AC system
accepting end, and so on.

For the HVDC system, the failures occur mainly in the DC area of converter station,
overhead lines, cables and AC area of converter station. In general, the various types of
failures are indicated in Table 1.

Table 1. The Types and Characteristics of Common Failures of HYDC System

Failure types Failure Characteristics

Bridge short circuit of
rectification side
commutation  failure  of
inverter side

DC transmission line fault DC voltage steeply falls and DC current Steeply rises

AC voltage drops, DC voltage and current may correspondingly
decline, larger non-characteristic harmonics occur in unsymmetrical

AC current increases and DC current drops

DC voltage drops and dc current increases

AC system failure of
rectifier side

fault
AC system failure of inverter | Ac voltage drops, commutation failure may occur, larger non-
side characteristic harmonics occur in unsymmetrical fault

3.1.1. DC Line Failure

The DC line failures are mostly pole-to-ground faults which cut off the power transmission
on that electrode but the rest poles are actually not affected. The DC line faults have less
destructive impact on the AC system connected to this line than those of AC system. Short
circuit will transiently increase the rectifier currents and decrease the inverter currents.

The current control of rectifier is to reduce the DC voltage and return the current to its
normal setting value |,, the current of the inverter becomes smaller than the reference setting
value (I, — Iy,) of current controller. As a result, the operation mode of inverter control is
changed from CEA control to CC control. This change lets the inverter voltage reduce to zero
and changes its polarity. The voltage is equal to the RI voltage drop from each inverter to
failed line. The rectifier current is I,, but the current of inverter is (I, — Iy,) in the opposite
direction. Therefore, the steady-state fault current is equal to the current margin I, which is
only 25% of the rated current [5].
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3.1.2. AC System Failure in Rectifier Side

For the remote three-phase fault, the commutating voltage of rectifier side decreases very
little which causes the decrease of rectifier current and then the drop of current. Current
regulator reduces the angle o of inverter, and restores the current by increasing voltage. When
o reaches the minimum threshold, the rectifier converts to the CIA control mode. This
transfers the current control to the inverter which number of current commands is equal to the
number of current commands of rectifier subtracting current margin.

If the low voltage continues, in order to restore the DC voltage and current to normal
values, the transformer tap will act. According to number of voltage dropping, VDCOL can
adjust the current and power transmission. For the adjacent three-phase fault, the
commutating voltage of rectifier decreases significantly until the system is locked out under
the control of VDCOL and the fault is eliminated.

Theoretically, the DC power can be transmitted at very low voltage of rectifier, which
requires that the inverter reduces its voltage and greatly increases the angle g to set the mode
of current control. Ultimately, the impact increase of reactive power consumption on the AC
system performance is more unfavorable than the DC system is locked out simply.

3.1.3. AC System Failure in Inverter Side

The remote three-phase fault can lead to the decreasing of inverter voltage and increasing
of the DC current. The CC control of rectifier and CEA control of inverter respond to this
change. If the low AC voltage continues, the transformer tap will change to recover the firing
angle of the inverter and the DC voltage.

If the voltage drops significantly, the reducing of commutating voltage may cause
temporary commutating failure of inverter before any action of correction control. When the
inverter is running at y = 18°, the voltage drops from 10% to 15%, it will probably result in
commutating failure.

Then, reducing the DC voltage of rectifier can match with the dropping of inverter DC
voltage which can transfer some power. But, the caused reactive power increasing may be
necessary to reduce the DC current, and VDCOL will generate this current decrease. In the
extreme case of low voltage, repeat commutating failure is inevitable. Therefore, it may be
necessary to lock off or bypass converter valve until the AC voltage is restored.

3.2. Fault Diagnosis Methods

When the failure of ppower system occurs, all or parts of the parameters exhibit different
features which contain certain fault information. Fault diagnosis includes fault feature
extraction, fault valuation, fault decision, and other parts.

Generally, the fault diagnosis methods are divided into two categories: model-based and
non-model-based. They have different research methods, with advantages and disadvantages.
For the HVDC system, the common fault diagnosis methods are as following.

3.2.1. Method based on Analytical Model

This method is used in identification techniques of online system which can establish the
mathematical model for the system in real time. When there is failure, the input-output
relationship of system is changed which will be reflected in the mathematical model. The
method is feasible for particular power system models.
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3.2.2. Method Based on Expert System

Expert system is an intelligent system which uses specialized knowledge of experts in the
research field to reason and solve difficult and practical problems. As the traditional expert
system has some shortcomings, such as knowledge acquisition is difficult, knowledge ken is
narrow, intelligence level is low, and so on, and then, its development has been limited.

3.2.3. Method based on Neural Network

The neural network simulates the learning function of human brain. It can obtain learning
ability through training, resolve some problems those are difficult to handle by mathematical
models or rules. Because neural network has strong nonlinear mapping ability, robustness and
fault tolerance, it shows a certain advantage in fault diagnosis.

Currently, for the method based on analytical model, the fault diagnosis technologies of
dynamic system are focused on the linear systems. There is less research on nonlinear
systems. Because the assumptions on model in theoretical studies are often not met the
practical applications, it has brought difficulties to the practical application of fault diagnosis
technology. The state observer of modern control theory is important in fault diagnosis.

4. Realization of Fault Diagnosis of HVDC Light System

The process of fault diagnosis based on observer method is as follows. Firstly, a fault
diagnosis observer is designed, when the fault occurs, the output waveform of observer is
observed and analyzed, the fault type is determined, lastly, the automatic detection of fault in
HVDC Light power transmission system is realized.

4.1. Design of Fault Diagnosis Observer
To a general linear time varying system, the status equation is as equation (23).

[x(t) = A(t)x(t) + B(t)u(t) (23)
Ly () = c()x()

where, X(0:Y(®, (V) are respectively state vector, measuring output vector and control input
vector.
The observer of fault diagnosis can be constructed as equation (24).

‘“;((t):[A(t)—LC(t)])Q(t)Jr Ly(t) + B (t)u(t) (24)
{1 9(t) = C (t)X(t)
CERTOREIS:

where, %(t) and y(t) are respectively the estimate values of x(t) and y(t), r=y-y is
the residual, L is the gain matrix of observer.
Then, define them as equation (25).

[e(t) = x(t) — R(t) (25)

[r() = y()— y(t)
The relation can be gotten as equation (26).

e(t) = A()x + B(t)u — ([A(t) — LC ()] R+ Ly + B(t)u) (26)
= A(t)x —[A(t) - LC ()[R — LC(t)x

[
|
J
} =[A()—-LC(t)]e(t)
l

r(t) = C(t)e(t)
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When r = 0 , it indicates that the system has failures. Comparing different output
waveforms of different faults can determine the fault type [6, 7].

When fault occurs, taking into account the system noise, the state equation can be
abbreviated to the nonlinear system model, as show in equation (27).

[(X(t) = A(t)x(t) + B()u(t) + f(t) + w(t) (27)
Ly () = cmx

where, f (t)is the fault vector; w(t) is the Gaussian white noise which variance is ¢* and
mean is zero [8].

For example, while u,_, and U, are short-circuiting shown as Figure 1, U _, and U,
change into equation (28).
[ 1
Uie = KU,  c0s(@t =7 /3+5,) (28)
U, - 1K,U,, cos(o,t—x/3+35,)
L 2

Thus, A(t) Transforms into A(t) .
Accordingly, f (t) could be expressed as equation (29).

s o R (29)

f(t) = [A(t) - A(t)] x(t) = LE o J X (t)
where, O is Zero matrix, and F,, F, are shown as equation (30) according to equation (28).

( [o o o© (o} [¢ o] (30)
JlFl = } o o o -\/?TKzsin((ozt—;'r /3+35,) \/?TKzsin((uzt—ﬂ 13+5.) I

| L a 2L 2L ]

[F. == (R

The observable matrix Q of system is defined, as shown in equation (31).

Q=[c;®.c/ (). c;(t)]T (31)
where,

Co(t)y=C(1) (32)

C.()=C, ()+C, (DA(),i=12,3,..7

The constructed system is not completely observable. When some faults occur, the types
can be determined, but which positions may not be found.

Since f (t) is added to state equation, regardless of the noise. equation (33) is considered.

X(t) = A(t)x(t) + B(t)u(t) + f(t)

4 (33)
l)Z(t) = [A(t) -LC (t)])?(t) + Ly(t) + B(t)u(t)

Equation (34) can be gotten by subtracting the above two equations.

e(t) = [A(t) - LC(t)]e(t) + f (1) (34)
When, the output is stable, that is, e(t) = 0, equation (35) can be gotten by transposing.

[A(t) - LC(D)]r(t) = ~C (t) f (1) (35)
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Thus, f(t) can be expressed by the change of r(t) .

4.2. Output Simulation of Observer

According to CIGRE model [9-11] , supposing that, in the ideal situation, the HVDC
system has a failure of the two-phase short circuit to ground, the faults simulation are studied
by observing the output waves Uy and Ig.

The output simulation waveforms are shown in Figure 2.

15
T

'f.rﬂ ( ﬂu B b
L W | df Il ii"““”w“”h A

(i’:\) single phase short (Z:Eircuit toﬂgrounaﬁ
T T T T

‘I:_ .............. i A i 'Hf ......... :
o IW\ Al I\‘ R w i ‘{"‘Jﬂ“ il ””.\U‘M Wm" pu i \I#

3 i i I i
2 21 22 23 28 25 26

(b) two-phase short circuit to ground occurs

Figure 2. The Output of Observer to Uy

4.3. Comparing and Analyzing of the Output Waveform of Observer

The signal Uy of observer vibrates acutely after rising. When it is stable, swing range is
from about 0.4 to 1.5 which is periodic. The signal Iy firstly drops below zero, and then
increases in small oscillation, swinging range is from about 0.5 to 1.5.

4.4. Waveform Analysis of Fault

From the above analysis, it can be seen that, for HVDC system, different types of faults
have different output waveforms of Uy and |4 of corresponding state observer. So, the failures
can be distinguished by different characteristics identification of their waveforms in principle.

Firstly, the stable waveforms of two-phase short circuit to ground are amplified. Taking the
waveforms within At = 0.08s, the stable waveforms after failures occur show clear
periodicity. The period is about 0.01s which can be seen as the superposition of sine wave and
disturbance wave. The two waves are as shown in Figure 3.

Y f W N, / \ S \ \, \
155 Al i ,» i P e ez

(b) two-phase short circuit to ground

Figure 3. Amplification of Stable Output of Observer to Uy
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Since the output waveform has good periodicity, a stable rectangular wave can be obtained
by using Schmitt trigger, and the noise and disturbance can be effectively filtered out. The
output voltage of observer to Ud is connected to the Schmitt trigger circuit put voltage follower,
setting that VT+=1 and VT-=0.5, the adjustment process is shown in Figure 4.

higher trigoer level: Vi
lower trigaer level: V. —
trigger point:

\T+|

U,ﬁf\/\/\/\/\f /\/\

05 | | i | | | |

Figure 4. The Adjustment Process of Outputting Voltage of Observer into
Schmitt Trigger

New waveform is obtained after this simulation, in order to compare it with the original
waveform, the waveform within At = 0.08s is still taken which is shown in Figure 5. Because
of the memory performance and hysteresis of Schmitt trigger, at the same time, the noise and
disturbance is removed, then, the period and duty cycle of the output square wave are
stability.

(@) single phase short circuit to ground

L

(b) two-phase short circuit to qround occurs

Figure 5. Output After Wave Adjustment of Observer to Uy

By analyzing, the duty cycle of the wave after adjustment of observer when single phase
and two-phase short circuit to ground is 0.480 and 0.662, and the value remains stable. Thus,
after excluding the DC line fault, as long as the duty cycles of rectangular wave of observer,
filter, and trigger are respectively calculated, the type of three-phase fault can easily
identified, which can optimize the original method.

5. Conclusion

This study introduces the features of HVDC Light technologies, and analyzes the related
fault diagnosis methods and their advantages and disadvantages, and finally explores the
observer-based fault diagnosis method for HVDC system.

The fault observer is designed according to the HVDC system model. The system output is
simulated which shows that the output of observer can well reflect the failure occurrence.
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When failure occurs, the changes of DC voltage and current are different. For the observer,
different failures correspond to different output curves, the fault can be identified in
characteristics based on the integration of the output U4 and 14 of observer.

Finally, the output waveform is adjusted by Schmitt trigger to obtain optimization plan of
regular rectangular wave. The eexperimental results show that the duty cycle of the
rectangular wave of fault output by trigger is very stable and unique which can be seen as
good evidence for identifying failure types. It should be noted that this method is not used in
practice, then, its stability and feasibility still need further exploration in future research.
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