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\oltage Recovery After Unbalanced and Balanced
\oltage Dips in Three-Phase Systems

Math H. J. Bollen Senior Member, IEEE

Abstract—This paper studies the recovery of the voltage after TABLE |
a Vo|tage d|p due to a fault in a three_phase System. The instant THREE-PHASE UNBALANCED DIPs DUE TO DIFFERENT FAULT TYPES AND
of voltage recovery corresponds to the instant of fault clearing. TRANSFORMERCONNECTIONS
For single-phase and phase-to-phase faults, a single point-on-wave - -
of voltage recovery can be defined. For two-phase-to-ground and location of dip
three-phase faults, the recovery takes place in two or three steps. Fault type 11
The voltage recovery is described in a systematic way by using a Three-phase
classification of three-phase unbalanced voltage dips. The voltage Three-phase-to-ground
recovery needs to be modeled correctly for studies of equipment Two-phase-to-ground
immunity against voltage dips.

Two-phase

Index Terms—Equipment immunity, power quality, power Single-phase-to-ground
transmission and distribution, voltage dips (sags).
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|I. INTRODUCTION

voltage dip is a short-duration reduction in rms voltage. A
A three-phase unbalanced voltage dip is a short-duration re- Dy
duction in rms voltage in at least one of the three phase or line
voltages [1], [2]. Voltage dips are due to short-duration increases Fault
in current elsewhere in the power system. The main causes of
voltage dips are faults, motor starting, and transformer engfg. 1. System with three voltage levels for definition of types of three-phase
gizing. A voltage dip at the terminals of equipment may lead t#balanced voltage dips.
maloperation of the equipment. Most maloperations are associ-
ated with voltage dips due to faults. One of the causes of malgented in this paper form part of the model of the interface be-
eration is the sudden increase in voltage upon fault clearing [Meen a three-phase power system and end-user equipment.
the voltage recovery leads to high inrush current for rectifiers
[5], current, and torque peaks for motor load [6]-[8] and pos- [I. THREE-PHASE UNBALANCED VOLTAGE DIPS

sible saturation of transformers [9]. The details of the voItageA three-phase fault leads to an equal drop in voltage in all

recovery aré likely to affect the op_eratioq of Fhe equipmeqt. 'tﬂree phases. Nonsymmetrical faults lead to drops in one, two,
this paper, the voltage recovery IS studpd In more deta_|l fB,Fthree phases, with not all phases having the same drop. The re-
three-phase unbalanced voltage dips (i.e., for voltage deSs'lﬁ‘lting voltage drops and phase-angle shifts depend on a number
three-phage systems). . of factors. A classification into four types is proposed in [3] and
When using a power-system analysis package that calculgieg. e to seven types in [1] and [5]. The mathematical basis of
voltage and cur_rentwaveforms intime domain, thg fault cleari ﬁe classification and a method for extracting the dip type from
atcurrentzerois modeled correctly and the resulting voltage gip, o< red voltage wave shapes is given in [4]. For this paper, the
waveforms wil represent. the voltage recovery as apcuratelyé}ﬁssification into seven types is used, according to Table | and
the system model. The aim of the study presented in this papet 1 ~ A fault occurs at the indicated location in Fig. 1. This

is twofold. The resu_lts will r?lve a (kj)eftte(rjlr]s'ghtl'” the VOIE‘g?eads to voltage dips at the locations I, II, and IIl. The resulting

recovery process without the need for doing a largeé numboer types for these three locations, for the five different fault

simulations. Thgt enablles a quicker choice of simulation para[pbes, are given in Table I. For the purpose of this paper, Table |

eters when testing equ.men.t performgnce. may be considered as the definition of dip types A through G.
The results presented in this paper will also enable the testiggh o, transformer types are considered in [3] but this does not

of end-user equipment like power-electronic converters, withorLétSuIt in new dip types

the need to model the power system in detail. The results PreThe phasor expressions for the voltages during these seven

types of three-phase unbalanced voltage dips are given in
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TABLE I In this paper, only solidly-grounded systems are considered.

PHASOR EXPRESSIONS FORTHREE-PHASE UNBALANCED VOLTAGE DIPS FOR For high-impedance grounded systems the angle is different
EQUAL PosSITIVE, NEGATIVE, AND ZERO-SEQUENCE SOURCE IMPEDANCE . !

for single-phase-to-ground faults. Also, single-phase-to-ground

Type A Type B faults do not cause any significant dip, and two-phase-to-ground
V=V V,=V faults cause the same dip as phase-to-phase faults.
ety ettt

IV. SINGLE-PHASE AND PHASE-TO-PHASE FAULTS
- 11, — 1.1,
=V 4= V3 Vo=t jy3 ]
2 2 2 A. Voltage Dips of Type B

Type C Type D . .

7 =1 ype 7= ype Voltage dips of type B are due to single-phase faults. Let

1.1, cos 11 be the power factor of the fault current for a single-phase

— 1 1 —
b=y /M3 Vo==3V =53 fault, then the voltage after recovery is in the three phases
Z:—%+%jv 3 Z:——V+-1-j 3 ( )
v = sin(wot + Y1
Type E Type F .
7 =1 7=y vp = sin(wot + 1 — 120°)
J— 3 (o]
gt 5 7i=mg7 -3 G NS ve = sin(wot + 1 +120°). @)
V. =—%V+%jVJ§ 7 =——;—V+%j(%+%V)\/3T The voltage recovers in the three phases at the same instant,
Type G with the point-on-wave in the faulted phase equal to the angle
7oo2ily between source voltage and fault currépt). When the non-
W =Tt3 . faulted phases show a swell, this also recovers together at the

same instant as the dip in the faulted phase.

B. Voltage Dips of Type C

Voltage dips of type C are due to single-phase-to-ground or
recovery, as described in this paper, holds for the general cabase-to-phase faults. Consider a phase-to-phase fault between
but where needed, reference will be made to the expressionplases b and c. The fault current is driven by the voltage differ-
Table II. ence between phases b and c and has a zero crossing at an angle

For the unbalanced dip types, a symmetrical phase canse compared to the prefault voltage, witls 1) the power
defined. The expressions in Table Il are for symmetrical phafetor of the fault current for a phase-to-phase fault. An angle
a, indicated a8,, C,, etc. A type D dip with its largest drop in v for the bc voltage corresponds to an angbe+ 90° for the
phase c is referred to ada dip; a type C dip with large drops voltage in phase a. The voltages after recovery can be written as
in phases a and c is referred to &s,adip; etc. In the remainder

of this report, the a phase will be taken as symmetrical phase in v = sin(wot + 12 + 90°)
most cases. vy = sin(wot + 12 — 30°)
Ve = sin(wot + P2 — 150°). 3)

Il. V OLTAGE RECOVERY BASICS

\oltage recovery after a dip due to a fault takes place whenLike with type B, the voltage recovery takes place in both
the circuit breaker clears the fault. Circuit breakers clear a fapiases at the same time. The point-on-wave of recovery is equal
when the fault current has a zero crossing. tety) be the to 1, for the voltage difference between the faulted phases.
power factor of the fault current then the current zero crossingFor a voltage dip of type C due to a single-phase fault, the
takes place at an anglefor the prefault voltage or 180ater. expressions in (2) have to be transformed according to the Dy
The point-on-wave of voltage recovery after a dip due to a fadtensformer. This results in the following expressions:
is thusy ory+180° with reference to the upward zero-crossing
of the pre-event voltage. In the remainder of this paper, only the v, = sin(wot + 1 +90°)
first value will be considered, knowing that there are always two v, = sin(wot + 11 — 30°)
possible points of recovery per cycle, half a cycle apart. . ) £no

The voltage after recovery can be written as ve = sin(wot + 1 — 150°). “)

The only difference with (3) is in the angle. But as this
angle is similar for single-phase-to-ground and phase-to-phase

with ¢ = 0 the recovery instant. Fault clearing not always také@uns’ the recovery after a type C dip will be the same for a
place at the same instant for the three phases. The angle ofgle-phase-to-ground and for a phase-to-phase fault.

fault current will be different for different types of faults but ,

generally speaking they are found in the same range of valu€s: Voltage Dips of Type D

45 through 60 for faults in distribution systems; 75 through°85  Voltage dips of type D are due to a single-phase-to-ground
for faults in transmission systems. fault after two Dy transformers or due to a phase-to-phase fault

v(t) = sin(wot + 1) 1)
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TABLE 11l first clearing is in phase c. This implies that there will be

VOLTAGE RECOVERY FORVOLTAGE DIPS DUE TO two different recovery sequences after voltage dips due to
SINGLE-PHASE AND PHASE-TO-PHASE FAULTS
two-phase-to-ground faults.

Dip Type Point-on-wave of voltage recovery Taking into account the difference in phase angle of the fault
T l;haiey‘/"‘“ages line voltages current for different fault types, the duration of the intermediate
¢“ =wl—120° stage is120° + 1 — 13 when the first clearing takes place in
¢i =w: +120° phase b and0° + 1), — 13 when the first clearing takes place in
TomeC. py— gy phase c, withcos 43 the power factor o_f the current for a two-
¢: y, -30° b =y, —120° phase-to-ground fault, an@s 1), for a single-phase-to-ground
. =y, ~150° b =y, +120° falt - .
TypeDs pyp— Note that |t_ is assum_ed here that t_he second clear_lng takes
b, =¥, —120° place at 'Fhe first occasion after the flrs_t clearing. Th|_s is not
b, =y +120° necessarily the case. Statistical analysis of voltage dip and/or

fault current recordings is needed to decide how often the first

) occasion is missed by the circuit breaker.
after one Dy transformer. The voltage after recovery is the same

as (2) B. Voltage Recovery
Ve = sin(wot + i) The resulting voltage dip and recovery sequence depend on
vy = sin(wot + 1 — 120°) the location of the voltage dip measurement compared to the

L o fault location. With reference to Fig. 1, the dip type before the
ve = sin(wot + x +120°) ©®) firstclearingis E, F, and G atlocations I, Il, and Ill, respectively.
with k£ = 1 for single-phase-to-ground faults akd= 2 for The two fault-clearing sequences for a two-phase-to-ground
phase-to-phase faults. Recovery takes again place in the tHeggt are

phases at the same time, with the point-on-wave of recovery , pcn_, cn— normal in 120:

equal tos in the phase with the lowest voltage (the “faulted . pen—s bn— normal in 60.

phase’). This translates, with help of Table in the following voltage re-

covery sequences at location I:
E., — B. — normal in 120°, first recovery at angles

D. Summary
The results for single-phase and phase-to-phase faults are

) ) - ; in phase b;
summanzed in Table Ill. For these two fault types, it is po.sglible E, — By, — normal in 60°, first recovery at angless in
to define a point-on-wave of voltage recovery, but the definition phase ¢

is different for the different fault types. For types B and D, it is
the angle of the lowest phase voltage, for type C it is the an
of the lowest line voltage.

ter one Dy transformer, that is, at location I, the voltage re-
overy sequences are
 F, — C. — normal in 120°, first recovery at angle;
V. TWO-PHASE-TO-GROUND FAULTS for phase difference ac;
* F. — C;, — normal in 60°, first recovery at anglé; for
phase difference ab.
The clearing of a two-phase-to-ground fault takes place in twind after two Dy transformers (location Il1)
steps. After the clearing of the first phas_e of thg fault current, G. — D. — normal in 120°, first recovery at angleys
the two-phase-to-ground fault develops into a single-phase-to- i, phase b;
grounq fault. and the amplltude and phase angle of the fault cur- , G, — Dy, — normal in 60°, first recovery at angle in
rent will typically be different.

A. Fault Clearing

. phase c.
Consider a fault _bet\_/veen phases b ¢ and ground. 1be@n The results for two-phase-to-ground faults are summarized in
upward zero crossing in the phase b fault current, then there 2le IV

four occasions per cycle in which a circuit breaker may clear the
fault current in one phase: 0 and 286 phase b; 120 and 300

in phase c. After the clearing of the first phase, the second phase
will clear when the current in that phase gets through zero. If weBalanced dips (type A) are due to three- phase and three-
neglect the difference in phase angle for single-phase-to-groynthse-to-ground faults. As shown in Table I, the dip before fault
and two-phase-to-ground fault current, this results in four poglearing is the same for all locations. The voltage recovery how-

VI. BALANCED VOLTAGE DipPs

sible clearing sequences ever depends on the presence of an earth connection with the
« phase b at®Q phase c at 120 fault and on the presence of transformers between the fault lo-
« phase c at 120 phase b at 180 cation and the place where the dip is measured.
» phase b at 18Q phase c at 300
« phase ¢ at 300 phase b at 360 A. Three-Phase Faults

The second clearing takes place 120ter the first clearing  The clearing of a three-phase fault (without earth connection)
when the first clearing is in phase b, and®@@ter when the takes place in two stages. After the clearing in the first phase,
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TABLE IV
VOLTAGE RECOVERY FORVOLTAGE DIPS DUE TO TWO-PHASE-TO-GROUND FAULTS

Dip Type point-on-wave of intermediate stage and duration | point-on-wave of
first recovery second recovery

E, @, =3 +120° B 120°+y, -y 0, =y, —120°
&= & =y +120°
#. =3 -120 ¢ =¥

E. ¢, =3 ~120° By 60°+y1 -3 02 =Y - 60°
@ =3 +120° &, =y +180°
¢ =y P =y +60°

E, Go =3 ~150° Co | 20+y-y 9, =1, ~30°
B =3 +90° Py =y ~150°
g =y3 -30° P =y +90°

Fa 0. =¥ +150° Gy 60° +yy —y ¢, =y —150°
By =3 +30° Oy =y, +90°
P =5 —90° ¢ =y, —30°

Ga b, =5 +120° D. 120° +y — 73 g, = v —120°
%=y 0y =y +120°
9. =y3-120 g =¥

Ga ¢, =y3—120° Do 60°+y1 -3 9, =, ~60°
By =3 +120° ¢, =y +180°
P =¥3 8, =y +60°

a phase-to-phase fault results. This one is cleared in the two re- 1

maining phases at the same time, abotit &er the first fault
clearing. The recovery of the voltage dip depends on the pres-

ence of transformers between the fault and the dip. 05

The fault-clearing sequence is 2

£
» abc— bc— normal in 90. g 0

(V]

For location | in Fig. 1, this results in the following voltage S
recovery sequence: 05

e A — C, — normal in 90°, first recovery at angl@, in
phase a.

At location Il, the recovery sequence is
* A — D, — normal in 90°, first recovery at angleg, for

the phase difference bc. Fig. 2. \oltage recovery for a dip due to a three-phase-to-ground fault at
At location IlI, the recovery sequence is the same as at locatitamsmission level: solid line: a phase; dotted line: b phase; dashed line: ¢ phase.

I. As there can be no zero-sequence component present, the re-

covery behind two Dy transformers is the same as at the faultThe results for three-phase and three-phase-to-ground faults
location. are summarized in Table V. All dips are of type A, but the re-
covery can take place in five different ways depending on the lo-
cation of the fault and the presence of an earth connection with

the fault.
For a three-phase-to-ground fault, the fault clearing takes

place in three stages: from three-phase-to-ground to two-phase-
to-ground to single-phase-to-ground to full recovery. The
duration of each of the two intermediate stages 15 8&sume
that phase a is the first to clear, then phase ¢ will recovér 6
later and phase b another°6ater.

The fault-clearing sequence is

» abcn— bcn— bn— normal in two times 69.

Time in cycles

B. Three-Phase-to-Ground Faults

VII. EXAMPLE

As an example, the voltage recovery is studied for a voltage
gip due to a three-phase-to-ground fault. The first case to be
studied is a three-phase-to-ground fault in the transmission
system. The fault-clearing angleis 85 for all fault types and
there is no phase shift during the dip. Fig. 2 shows the voltage
recovery measured at location | in Fig. 1 (no transformer). The
This results in the following voltage-recovery sequences, wimp develops from type A to typE, to typeB,, as the voltage
reference to Fig. 1: recovers in phases a, ¢, and b. The expressions in the Table have

« A - E, — By, — normal at location [; been used to calculate the complex voltages, Witk 0.50.
« A - F, —» C, — normal at location II; The voltage recovery after a Dy transformer is shown in
e A - G, — Dy — normal at location . Fig. 3. The dip develops in this case from type A to tyfaeto



1380

IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 18, NO. 4, OCTOBER 2003

TABLE V
VOLTAGE RECOVERY FORDIPS DUE TO THREE-PHASE AND THREE-PHASE-TO-GROUND FAULTS
 Type First recovery Stage 1 and duration | second recovery | Stage 2 and duration | Third recovery
A b=V, C, 60°+y, —y,| @, =y, +90° na | na. n.a.
By =Yy —120° Oy =y, —30°
P =Yy +120° 8, =y, —150°
A By =Y +90° Da 60°+y, -y,| 4, =y, +180° | na | na na
@ =Wy —30° Py =y, +60°
P =y4 —150° P =y, —60°
A by =V4 Ea 60°+y; —¥,| o =y3+60° | Bo | 60°+y—y; | @, =y +120°
Py =4 —120° By =y3 —60° % =
P =Y4 +120° P =y3 +180° ¢ =y, —120°
A Ga=ws+90° | Fa | 60°+ys -y, | @ =y;3+150° | Co | 60°+y,—ys | @, =y, —150°
Py =Yy —30° Py =3 +30° Py =y +90°
9. =y, —150° ¢, =3 —90° P =y —30°
A $a =V Ga | 60°+y;—y,| 0, =¥3+60° | Do | 60°+y,~y; | ¢, =y +120°
By =W4 —120° Py =3 —60° &% =y
g =y, +120° 9c =y3 +180° g =y, —120°

Voltage in pu
Voltage in pu

Time in cycles

Time in cycles

Fig. 3. \oltage recovery for a dip due to a three-phase-to-ground fault Riy. 4. \oltage recovery for a dip due to a three-phase-to-ground fault at
transmission level, measured behind a Dy transformer. distribution level.

type Cy,. For type C dips due to single-phase-to-ground faults,
the characteristic voltagé/(in Table Il) is obtained from

1 2
Vi=-+:-Vs

5T3 (6)
with V; the characteristic voltage for a single-phase-to-ground
fault andV; for a three-phase fault at the same location [3]. Note
that (6) holds for equal positive, negative, and zero-sequence
impedances. Similar expressions can be derived for the more
general case of unequal impedances [1].

As shown in Fig. 3, phase a (solid line) recovers in two stages
60° apart, phase b (dashed line) recovers in two stage$ 120 . . ‘
apart, and phase c (dotted line) recovers in two stageaGért.

The last recovery of phase ¢ corresponds to the first one in
phase a. Fig. 5. \Voltage recovery for a dip due to a three-phase-to-ground fault at

The calculations have been repeated for a three-phasedgtiution level, measured behind a Dy transformer.
ground fault at distribution level. The fault-clearing angle is
taken as 45 and there is a phase shift ef20° during the dip. Even though the voltage dip before fault clearing is the same
The results are shown in Figs. 4 and 5. Note that in all cases, foethese four cases, the wave shapes during fault clearing are
first fault clearing takes place at time zero. This partly explairsgnificantly different. Equipment that is sensitive to the voltage
the change in phase angle for the pre-recovery voltages. Alsegovery after a dip may show completely different behavior for
the difference in phase-angle jump contributes to this. the different recovery sequences.

Voltage in pu

Time in cycles
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