This is a repository copy of Improved transient simulation of salient-pole synchronous
generators with internal and ground faults in the stator winding .

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/865/

Article:

Bi, D.Q., Wang, X.H., Wang, W.J. et al. (2 more authors) (2005) Improved transient
simulation of salient-pole synchronous generators with internal and ground faults in the
stator winding. IEEE Transactions on Energy Conversion, 20 (1). pp. 128-134. ISSN
0885-8969

https://doi.org/10.1109/TEC.2004.841509

Reuse

Unless indicated otherwise, fulltext items are protected by copyright with all rights reserved. The copyright
exception in section 29 of the Copyright, Designs and Patents Act 1988 allows the making of a single copy
solely for the purpose of non-commercial research or private study within the limits of fair dealing. The
publisher or other rights-holder may allow further reproduction and re-use of this version - refer to the White
Rose Research Online record for this item. Where records identify the publisher as the copyright holder,
users can verify any specific terms of use on the publisher’s website.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose o
university consortium eprints@whiterose.ac.uk
/‘ Universities of Leeds, Sheffield & York —p—%htt s:/leprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

128

IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 20, NO. 1, MARCH 2005

Improved Transient Simulation of Salient-Pole
Synchronous Generators With Internal and
Ground Faults in the Stator Winding

Dagiang Bi, Xiangheng Wang, Weijian Wang, Z. Q. Zhu, Senior Member, IEEE, and David Howe

Abstract—An improved model for simulating the transient be-
havior of salient-pole synchronous generators with internal and
ground faults in the stator winding is established using the multi-
loop circuit method. The model caters for faults under different
ground conditions for the neutral, and accounts for the distributed
capacitances of the windings to ground. Predictions from the model
are validated by experiments, and it is shown that the model ac-
curately predicts the voltage and current waveforms under fault
conditions. Hence, it can be used to analyze important features of
faults and to design appropriate protection schemes.

Index Terms—Ground fault, internal fault, multiloop circuit
method, salient-pole generator.

NOMENCLATURE

Current.
Differential operator d/dt.
Voltage.
Flux-linkage.
Mutual-inductance.
Self-inductance.
Resistance.
Capacitance.
Subscripts
a,b,c Three-phase windings.
Branch k per phase (k =1 ~ m).
Segment j per branch (j = 1 ~ s).
Damping winding.
Damping winding loop g(g = 1 ~ h).
Field winding.
Terminal.
Neutral.
Potential transformer.
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I. INTRODUCTION

S THE capacity of single generators in power systems
becomes larger, their protection becomes evermore crit-
ical, since the large transient short-circuit current which may
result with internal faults can cause catastrophic damage, while
ground faults, which may be only slightly destructive during
their initial stages, may, in the long term, develop into internal
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short-circuit faults. Therefore, appropriate protection schemes
must be employed to cater for both internal and ground faults.
Hence, a comprehensive simulation model is required to ana-
lyze the characteristics of such faults and to accurately predict
the associated voltage and current waveforms.

Several methods for analyzing the effect of internal faults
in synchronous generators have been proposed [1]-[7]. Strong
space harmonics exist in the air-gap magnetic field and signif-
icant time harmonics exist in the phase currents due to the re-
sulting asymmetry in the stator windings. Hence, the symmet-
rical component method which was employed in [1], [2] can
lead to significant errors. Direct phase quantities were used in
[3], [4] to study the effect of internal faults, including internal
faults between turns and the neutral of the stator winding. It
was assumed that the winding inductances relative to the air-gap
field were proportional to the product of the effective numbers
of turns of the corresponding windings. However, this is cor-
rect only when the air-gap field has a fundamental component
or if the windings are concentrated. A direct phase representa-
tion was also used in [5]-[7], and a unique winding partition
technique was employed to analyze internal faults. A winding
with an internal fault was divided into two sub-windings, each
being treated as an equivalent sinusoidally distributed winding.
However, space harmonics in the air-gap field were neglected
and no experimental validation was provided.

To date, the analysis of ground faults has focused mainly
on the characteristics of the zero-sequence fundamental and
third-harmonic voltage components by using equivalent cir-
cuits. However, since the distribution of the third-harmonic
voltage of each coil in different branches of the stator winding
may be different, the equivalent circuits for turbo-generators
presented in [8]-[10] cannot be applied to salient-pole gen-
erators. For a salient-pole generator with multiple branches,
the analysis of the third-harmonic voltage generally adopts
the superposition principle based on the potential of each turn
[11], the fundamental and third-harmonic components being
calculated independently. However, this is not always valid
in practice and, hence, the utility of the simulation model is
limited.

Although several machine models are employed in commer-
cial software for the analysis of power systems, such as EMTP
[12] and EMTDC [13], the generators are generally considered
as healthy units, and the software is not capable of analyzing the
effect of internal and ground faults.

The basic principle of the multiloop circuit method devel-
oped in [14] and [15] is to generate equations for the voltages
and flux-linkages according to the actual circuit loops of the

0885-8969/$20.00 © 2005 IEEE
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Fig. 1. Simulation model for fault on stator winding of salient-pole generator.

machine, using appropriate circuit parameters. The method has
been verified by experiments, and shown to be capable of ana-
lyzing the steady-state and transient behavior of internal faults
in the stator windings of synchronous generators [16], [17] since
it accounts for the actual disposition of the windings and accu-
rately calculates the harmonics in the air-gap field. However,
since the distributed capacitances of the windings to ground are
neglected, while the grounding method for the neutral is not
considered, ground faults could not be simulated and analyzed.
Therefore, the aim of this paper is to extend the multi-loop cir-
cuit method to cater for both internal and ground faults under
different neutral ground conditions and to account for the dis-
tributed capacitances of the windings to ground.

II. ANALYTICAL MODEL BASED ON
MULTILOOP CIRCUIT METHOD

A. Definition of Reference Direction

For the stator winding shown in Fig. 1(a), the generator rule is
adopted and positive current produces a negative flux-linkage.
For the rotor windings, i.e., both the field winding and the
damper winding shown in Fig. 1(b) and (c), the motor rule is
adopted and positive current produces a positive flux-linkage.
Positive voltage drops and current polarities in the stator and

rotor windings, as well as positive voltage drops across the ca-
pacitances, the neutral grounding resistance R,, and inductance
L,,, and the voltage transformer parameters Lp and Rp at the
generator terminals, are also indicated in Fig. 1.

B. Division of Distributed Capacitance

Each stator phase winding is composed of m branches in par-
allel, and each branch consists of n coils in series. Assuming that
C.,, Cy, and C., the capacitances of phases a, b and c to ground,
respectively, are evenly distributed in the winding, then the ca-
pacitance of each coil of phases a, b and ¢ is Cy1 = C,/(mn),
Cy1 = Cy/(mn) and C.y = C./(mn), respectively. In the
model, every branch is divided into s segments from the ter-
minal to the neutral, and the jth segment includes w; coils
(where Z;zl w; = n). The distributed capacitance of each seg-
ment of the winding is replaced by two equal lumped capaci-
tances at both ends. At the terminals, the additional capacitances
of phases a, b, and ¢, viz. the equivalent capacitances between
the terminals and the low-voltage winding of the step-up trans-
former are Cy1, Cyo, and Cys, respectively. Thus, in the stator
model, the equivalent capacitances can be expressed as follows:
at the terminals Ci, = mw1Ca1/2 + Cp, Cipy = mw1Ch1 /2 4+
Ci2, and Cy. = mw1C.1/2 4+ Cys; inside the stator winding
Cakj = Car(wj + wj11)/2, Cprj = Cpr(wj + wj41)/2, and
Cerj = Caa(wj +wjy1)/2,(k=1~m,j=1~s—1)at
the neutral C,, = mws(Ca1 + Cp1 + Ce1)/2.
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If the resistance of each coil is 71, then the resistance of each
segment per phase and branch is 74x; = Tpk; = Tekj = W;T1
k=1~m,j=1~s-1)

C. Establishment of State Equations

The currents through the inductances and the voltages across
the capacitances are chosen as the state variables, and the state
equations are established for both healthy and fault states.

In the following, the equivalent resistances and inductances
of phases a, b, and ¢ from the terminals to the infinite bus, in-
cluding the step-up transformer and the transmission line, are
Ria, Rip, Ryic, and Ly, Ly, Lyc, respectively. The calculation
of the winding inductances has been described in detail in [15]
and [16]. It is worth mentioning that for a salient-pole gener-
ator, the self- and mutual-inductance between segments of the
stator winding, and the mutual-inductance between the stator
and rotor windings are dependent on the angular position of the
rotor; while the self- and mutual-inductances of the rotor wind-
ings are independent of the angular position of the rotor.

1) Healthy State:

a) Voltage Equations of Independent Loops: The voltage
equations for each segment of the stator winding can be ex-
pressed as shown in (1), at the bottom of the page, where the
state variable vector is

I= [Z'all .. -iam57ib11 e ~Z'bmsv
. . . . . . T
e11 -« - Gemsy Udl - - - Gdg - - - Ldh, Lf]

and the inductance row vector of segment j of branch £ of phase
a is

M. = [-Makjar1 - — Lakj ... — Makjams,
—Makipit - — Makjbms,
—Makjell - - - — Makjcm57

Makjdl - Makjdg . Makjdh7 Makjf] .

The inductance vectors of the winding segments of phases b
and c are similar.

The voltage equations for internal loops of the stator winding
are as shown in (2), at the bottom of the page, where

UCak0 = Uta; UCHEO = Utb,

UCckO = Utc, UCaks = UCbks = UCcks = Un-
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The voltage equations of the damper winding loops are

Pag + Tagiag — Ta(ia(g-1) + ia(g+1))
= p(Mng) + ngidg - Td(id(g—l) + id(g—l—l)) =0 (3

where 74, is the resistance of damper loop g(¢ = 1 ~ h), h
is the number of damper loops, and 7, is the resistance of one
damper bar (ia0 = tdh, tq(h41) = %d1)-

The inductance row vector of loop ¢ of the damper winding
is

Mdg :[_Mdgall el Mdgam87 _Mdgbll el Mdgbm57
_M(igcll e T M(igcm,s-, Mdgdl B Ldg ... Mdgdh-, Mdgf]~
The inductance vectors of other damper winding loops are
similar. The voltage equation of the field winding loop is
Uf—pl/}f—’I"fifZUf—p(MfI)—’l"fif:0 (4)
where 7 is the resistance of the field winding.
The inductance vector of the field winding is

Mf = [_Mfall _Mfam57_be11--- _bem57
_Mfcll--~ _Mfcm57Mfdl~-~Mfdg~~-Mfdh7Lf]-

At the terminals, the voltage equations for the load loops are

—Utq + LtapZ'a + Rtaia + Uap — Ltpr'b - Rtbib + ugp = 0
—Utp + Ltbpib + Rtbib + Upe — Ltcpz'c - thic + e =0
&)
where u,p and uy,. are the line voltages of the infinite bus.
For the loops of the voltage transformer, the voltage equations
are

(6)

Lppipy + Rpipy —uy, =0

{ Lppipa + Rpipy — Uta =0
Lppipe+ Rpipe — ute =0

where Lp and Rp are the magnetizing inductance and resis-
tance, respectively, of the voltage transformer at the generator
terminals.
For the neutral loop, the voltage equation is
b) Node Current Equations: At the internal nodes of the
stator, the current equations are shown in (8), at the bottom of
the next page.

Uakj = PVakj — Takjlak; = P(Mak;I) — Takjlak;

Upkj = PVbkj — Tokjtok; = P(MuriI) — Torjivk;
(M(’ij) - rckjickj

Uckj = pq/)ckj - rckjickj =

and

(k=1r~m, j=1n~s) (1)

—UCaij — Uaij + UCai(j—1) = 0

—UChij — Ubij + Uchi(i—1) = 0

(k=1~m, j=1~s) @)

—UCcij — Ueij T UCei(j—1) = 0
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At the terminals, the current equations are

¢

NSE

7:a,krl - 7:(1, - iP(I, - Ct(l,p/u'ta, =0

k=1
m
> dpkr —ip — ipy — Cppuy, =0 )
k=1
m
Z lekl — e — 1Pc — thputc =0
k=1 .
\ 2, + 2 + 2. = 0.

At the neutral, the current equation is

7:n + Cnpun + Z (Z’aks + ibks + Z'cks) =0.
k=1

(10)

c¢) State Equations: Combining the foregoing voltage
equations of the independent loops (1)—(7) and the node current
(8)—(10), the state equations in matrix form are as follows:

M I
Ltn I tn
C U
Ctn Utn
—pM + 1 E AT BT I
_ Rtn | 0 D I tn
= 40 F U + [us]
B E : Utn
(11)
where
M inductance matrix of the stator and rotor
windings;
o capacitance matrix of the stator winding;
Cin capacitance matrix from the terminals to the
neutral;
T resistance matrix of the stator and rotor
windings;
A B,D,FE associated connection matrices between the

nodes and branches;
0 Zero matrix;
U, voltage source vector;
1 vector of state variables;
F fault-conductance matrix between the fault
node and branch. Under normal conditions,
F = [0]. However, when a fault occurs,
some zero elements need to be modified ac-
cording to the fault location, as will be dis-
cussed.
The total order of the coefficient matrix is 6ms—3m-+nc+11.
2) Ground Faults: Only one resistance branch is appended
when a ground fault occurs at a node in the stator winding
model via a transition resistance I? . Therefore, the topology of
the complete circuit and the number of state variables remains
the same. In other words, only the current equation at the fault

fak(j+)__p j ki

+

U Caky Ca,g- Rg
- _
Fig. 2. Ground fault at node j in phase .
Rg
ak(j, +1) j Laky Lak(j, +1) jzlaka
...... Y\ S\
+ J_ +
Cakjl Cakj —|— Cakj 2—|— uCa/g'z
Fig. 3. Inter-turn fault between nodes j; and j» in branch k of phase «.

node, rather than the voltage equation, needs to be modified. As-
suming a ground fault occurs at segment j (node 7) of branch &
of phase a, by way of example, Fig. 2, the current equation with
the ground fault is changed to the following:

. . UCakj
Cakjpucakj = —takj + lak(j41) — R
9

12)

Thus, in matrix F', a zero element on the leading diagonal needs
to be substituted by —1/ R, according to the fault location.

3) Internal Faults: When an inter-turn fault occurs in the
same branch, or a fault occurs between different branches in the
same phase or between different phases, it may be represented
by a transition resistance IZ, between different nodes, the circuit
topology remaining the same as that for a ground fault. The
state equation can be obtained by updating the current equation
according to the fault location. The modification is illustrated
by (13) for an inter-turn fault between node j; and node j2 in
branch k of phase a, Fig. 3

- - UCakyj UCakyj
Cakjy PUCakjy = lak(ji+1) — bakjy — &+ g =0
. . UCaks UCakj
CakapuCaka = tak(j,+1) — lakjo + R—g“ - R—J2 =0.
(13)

In matrix F, —1/R, replaces two zero elements on the
leading diagonal at the appropriate fault positions, and 1/R,
replaces two zero elements at the related off-diagonal fault
positions.

In summary, a ground fault and an internal fault can be uni-
fied in the model by updating the fault- conductance matrix F'
according to the type and position of the fault.

III. SOLVING STATE EQUATIONS

The semi-implicit Calahan method [18] is chosen to solve the
state equations. Iteration is not needed in the calculation due to
the explicit recursive relation. Moreover, its computing speed
and stability are better than for the fourth-order Runga—Kutta
method.

tak(j+1) — takj — Cakjpucarj = 0

ibk(j+1) — ki — Cokjpucer; =0

(k=1~m j=1~s—1) )

Gck(j+1) — tekj — CekjPucerj = 0
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For the following state equation:

the recursive relation in the Calahan method is given by
3 1
Yn+1 = Yn + ZKH + ZLTL

where

-1
K, =At [I_At.al <§> }
oy ),

oG
N AR
Gt oo |

1
Lo = At [I—At-al (a_G) }
dy /.,

G(yn +b-K, N At-bl)

oG
AL | — .
+a; t<6)t>n]

I is a unit matrix, At is the calculation time step, a; =
0.788675134 595, by = —1.154 100 538 38 [18].

By adopting a nonzero transition resistance, albeit very small,
to simulate either a solid ground fault or an internal short-circuit
fault, the Calahan method ensures good stability toward a solu-
tion.

IV. SIMULATION AND EXPERIMENTAL RESULTS

Extensive experiments, encompassing inter-turn faults in the
same branch, faults between different branches in the same
phase or between different phases, and ground faults, have been
carried out on a salient-pole synchronous generator on no-load,
with different excitation currents, and under different neutral
grounding conditions. Some typical predicted and measured
results will be reported in this section to demonstrate the
generality and accuracy of the developed model. The main data
for the experimental generator are: rated volt-amps = 15 kVA;
rated power = 12 kW rated voltage = 400 V; rated current
= 21.7 A; excitation current on no-load and rated voltage
= 8.24 A; number of pole-pairs = 2; number of parallel
branches per phase = 2; number of coils per branch of stator
phase winding = 7; number of damper bars per pole = 6;
capacitances of stator phases a, b and ¢ to ground = 2.01 nF,
1.96 and 2.11 nF, respectively. A tap from each coil of the stator
winding exists in the experimental generator so as to enable the
type of fault and its location to be selected. In the investigation,
each branch is divided into seven segments from the terminal
to the neutral.

A. Internal Fault

The excitation current was reduced to 2.85 A in order to
avoid an excessively high fault current, while the neutral was
grounded via a potential transformer. The measured and simu-
lated short-circuit current 7, and excitation current 75 are com-
pared in Fig. 4(a) and (b) when an inter-turn short-circuit fault
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Fig. 4. Current waveforms with inter-turn fault.

is imposed across coil 7 of branch 2 in the phase a winding,
which is adjacent to the neutral point, when the transition resis-
tance 2, is 0.95 €). In general, it can be seen that the simulation
results agree well with the experimental results.

Fig. 4 shows that the short-circuit current which results with
an internal fault is very large, being nearly four times the rated
current even with the reduced excitation current. Further, har-
monic analysis shows that the distortion of the current wave-
forms is significant, the excitation current containing a strong
second harmonic in addition to the direct current component,
while the stator current contains a pronounced third harmonic.

B. Ground Fault

The ground faults were applied with an excitation current of
7.7 A. Thus, the voltage between the terminals and ground was
approximately equal to the rated phase voltage.

To verify the method of distributing the capacitance in the
mathematical model, voltage waveforms were measured when a
direct ground fault was applied on coil 2 of branch 1 in the phase
a winding, while the neutral was ungrounded and there was no
additional capacitance or voltage transformer at the terminals.
The measured and simulated zero sequence voltages at the ter-
minals and the neutral (u; and uy, vy = (Ugq + Uty + Ute)/3)
are shown in Fig. 5(a) and (b), respectively. The effective values
of the fundamental (Uy; and Us,) and third harmonic voltage
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Fig. 5. Zero-sequence voltages with solid ground fault (ungrounded neutral).

components (Us; and Us,,) of u; and u,, have also been cal-
culated in real time by Fourier transform using a moving data
window. Again, excellent agreement is achieved.

It is observed that before the ground fault occurs, the values
of us; and ws,, are similar, while u1; and wuq,, are very small
since the stator winding is symmetrical and the capacitances of
the three phases a, b and ¢ to ground are very similar, viz. 2.01
nF, 1.96 nF, and 2.11 nF, as mentioned earlier. After the fault,
Us, becomes higher than Us,,, while the changes in U4 and Uy,
are similar, which indicates that the zero-sequence fundamental
frequency voltage can be extracted either at the generator termi-
nals or at the neutral if it is to be used in the protection scheme.

In practice, the capacitance of each phase to ground is not
as symmetrical as in the foregoing. To simulate the asymmet-
rical situation, three capacitances of 136.6, 107.8, and 106.4 nF
are connected in parallel across the terminals of phases a, b,
and c, respectively, and the neutral is grounded via a resistor

50 50
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(a) Experimental results
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(b) Simulation results

Fig. 6. Zero-sequence voltages with ground fault via a resistance of 8.281 k{2
(the neutral is grounded via a resistance of 3.554 k2).

of 3.554 k€2, and a ground fault is imposed at coil 2 of branch
1 of phase a through a transition resistance of 8.281 k) with
the same excitation current of 7.7 A. This represents a typ-
ical high resistance fault condition, as might be simulated in
order to assess the sensitivity of a protection scheme to de-
tect such faults. The measured and simulated results for u; and
u,, and the corresponding components of the fundamental and
third harmonic voltages are shown in Fig. 6(a) and (b), respec-
tively. Under normal conditions, there is a higher fundamental
frequency voltage at the neutral due to the asymmetrical distri-
bution of the capacitances. The steady values of us; and us,
are very small both before and after the occurrence of the fault,
which means that the sensitivity of the protection would be low
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for a ground fault with a high resistance if Us;/Us,, > 1 is em-
ployed for the protection scheme.

V. CONCLUSIONS

Based on the multiloop circuit method, a comprehensive tran-
sient model has been established for predicting the current and
voltage waveforms which results in a salient-pole synchronous
generator when internal faults or ground faults occur on the
stator winding. Good agreement has been achieved between
simulated and measured results for both types of fault, and some
important characteristics of the faults have been revealed. Thus,
the model can be used to analyze the effects of various fault con-
ditions on the stator windings, and to aid the design of protection
schemes.
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