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ABSTRACT In this paper, an online model-based fault detection approach based on residual analysis in
synchronous generators (SGs) is presented. Two types of faults are studied in this paper: (i) reduction of
the cross-sectional area of windings wires in SGs, and (ii) air-gap eccentricity. The residual vector based on
the equivalent circuit (EC) parameters or state-space model of the SG is employed for fault detection. The
introduced fault detection approach employs the stator and field currents and voltages, and rotor rotational
speed. The main advantage of the presented method is able to be used for linear and nonlinear loads in the
presence of uncertainty in EC parameters. The effectiveness of the proposed method is shown using the
experimental data of five SGs in diesel-electric locomotives.

INDEX TERMS
approach.

I. INTRODUCTION

Online fault detection of faulty components on time can
prevent catastrophic failures of power systems. Synchronous
generators (SGs) are the leading equipment for converting
mechanical energy to electrical energy. SGs can be driven by
hydro, steam, wind, or combustion engines, such as SGs in
diesel-electric locomotives [1]-[4].

In diesel-electric locomotives, the diesel engine is used
to rotate the rotor shaft of SG. The rotor rotational speed
varies depending on the amount of required power or modes
of train movement such as service mode and acceleration
mode [5], [6].

Faults in SGs can be divided into two main parts:
rotor faults and stator faults. Rotor eccentricity, rotor
bending, inter-turn short circuit, and inter-slot short circuit
are the primary faults in the rotor. Multi-phase short
circuit, single-phase short circuit, inter-turn short circuit,
and saturation are the primary faults in the stator [7], [8].
Also, a reduction of the cross-sectional area of windings
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wires is a fault that can be occurred in both stator and
rotor (field and damper) windings. Electrical, thermal, and
mechanical stresses are the main reasons for damaging
winding insulation, reducing the cross-sectional area of
windings wires, and ultimately disconnection in windings
of SGs [9].

Model-based fault detection approaches are used when the
system models in healthy and faulty conditions are avail-
able [10]. A brief review of various methods for modeling of
SGs has been presented in [8]. A model-based fault detection
methodology has been used to diagnose air-gap eccentricity
and inter-turn short circuits in the SG [11], [12]. In [13]
and [14], a model for an SG with dynamic eccentricity fault
using modified winding function theory has been presented.
Faiz et al. [11] have introduced a method based on the
winding function to calculate the self-inductance of stator and
rotor, the mutual inductance of the two phases of the stator,
and mutual inductance of the rotor and stator under static and
dynamic eccentricities. Also, in [11], an online model-based
approach has been introduced for mixed static and dynamic
eccentricity fault diagnosis by using the winding function
method.
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A number of researches have been done regarding the
inter-turn short circuit faults. The inter-turn short circuit
models of field winding have been introduced in [15], [16].
Hao et al. [15] have presented an online monitoring approach
for inter-turn short circuits in the field winding of SGs
based on the mathematical model. Wang et al. [12] have
introduced a fault diagnosis method for an inter-turn short
circuit in the rotor windings based on Volterra kernel
identification. Since loads of SG have affected the stator
voltages and currents, an approach based on an analytical
redundancy relationship has been introduced in [17] to
recognize the external faults from internal faults in SGs. Also,
Vilchis-Rodriguez et al. [18] have introduced a model of the
internal fault in SGs based on the voltage-behind-reactance
representation.

In some studies, by describing SGs faults as additive
faults in general, fault detection methods based on an
observer and residual analysis for power systems have been
presented [19], [20]. In [19] and [20], by defining the stator
voltages as sinusoidal waveforms, the residual vector and the
detection threshold have been extracted.

Another set of fault detection methodologies are signal-
based. In these methods, instead of the model of SG,
a database of all possible operating points in healthy
and faulty conditions is required. Eccentricity fault, inter-
turn short circuit fault, ground-fault, field winding, phase-
phase/3-phase fault, and phase-ground faults are some
consideration faults to present fault detection techniques
[21]-[31]. Biet [21] has introduced a signal-based method
based on the signals analysis of flux probes and classical
electric measurements for rotor faults diagnosis. In the
experimental part of [21], eccentricity fault and inter-turn
short circuit fault were considered. Bruzzese [22] employed
a combined space-vector and fast Fourier transformation
analysis for eccentricity fault diagnosis. Gyftakis et al. [23]
introduced a method for static eccentricity fault diagnosis
by using stator currents. In [24] and [25], two methods
for detecting inter-turn short circuits of rotor windings
were proposed. Fault detection based on frequency analysis
is one of the signal-based methods used to detect the
ground-fault and field winding fault [26], [27]. Furthermore,
Pardo et al. [28] have presented an online method for the
detection and location of a ground fault. Doorwar et al. [29]
have introduced a technique to an inter-turn fault, phase-
phase/3-phase fault, and phase-ground faults as internal faults
detection.

In the above signal-based techniques, loads of SGs have
been modeled as resistance or inductance. If the load
of SG has a nonlinear model, such as traction motors
in diesel-electric locomotives, the above methods are not
working properly. Consequently, in this paper, a model-based
approach based on the residual vector is introduced for online
fault detection of two types of faults in SGs: (i) reduction
of the cross-sectional area of wires in windings and (ii) air-
gap eccentricity. A reduction of the cross-sectional area of
windings wires leads to a thinner conductor of the stator and,
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FIGURE 1. EC of a three-phase SG in the rotor reference frame referred to
the stator [1].

or rotor (field and damper) windings. Air-gap eccentricity
faults are classified as static, dynamic, and mixed eccentricity.
The equivalent circuit (EC) parameters or state-space model
of SG are required to extract the residual vector. Online
fault detection of SGs under linear or nonlinear load by
considering the uncertainty of nominal EC parameters is the
main advantage of this method. The validation process is done
by using the experimental data of five SGs used in five diesel-
electric locomotives.

The paper is organized as follows: in section II, the state-
space models of SG in healthy and faulty conditions are
introduced. In section III, the faults detection based on
residual vector is presented. In section IV, the experimental
results are presented to validate the proposed approach.
Section V concludes the paper.

Il. STATE-SPACE MODEL OF

SYNCHRONOUS GENERATOR

SGs based on the structure of field windings are classified
into two types: salient pole and non-salient pole. In this
section, the state-space model of a three-phase salient-pole
SG with three damper windings is presented in healthy and
faulty conditions.

A. HEALTHY MODEL

EC of a three-phase SG with three damper windings
in the rotor reference frame is shown in Figure 1.
According to the EC of three-phase an SG, its dynamic equa-
tions  for i Vi Vi Vi Vg and Vi, o are
presented as (1) [1].

V(1) = =il (1) = p () (Lis + Lna) i(0)
+@r(O)Lmai 1 (1)
di’ (1)
+ermdi/]r(d(t) - (Lls + Lmq) i;l
di/,r{ql(t)
" dt
di/,r( (1)
q2
mg T (1a)
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Vlrj_y(t) = _rsilrjs(t) + w, (1) (Lls + Lmq) i;S(t)
_wr(t)Lmqillrcql (3]

di'’ (1) di’”
) fd U g (®)
—Wy (I)Lmql/]:qz (t) + Lia dr md dr
di’, (1)
= L+ Lna) =4 (1b)
di'y, (1) di'} (1)
Vigt® = (L'ig1 + Ling) jt mq ;t
di;s(t)
- mq dt
+r/kq1i/]’;q](t) (Ic)
di’ (1) i’ (1)
V/]’;qz(t) = (L/lqu +Lmq) C;It mq (;It
dif (1)
S gy
+r kg2l i (1) (1d)
di'f (1) di", (t)
) = (L' + L fT ds
Vig@) = (L'ya + Lina) 7 md =
di’ (t
Lo ’Z( D o) (1e)
di’’ (1) dif (1)
" / kd ds
t) = (L L — L
Via@® = (L'ika + Lina) o md = o
di's; (1)
Lna =L 4 i 1) (1

where, rg and Ly are the stator resistance and leakage induc-

damper windings resistances referred to the stator, respec-
tively. L'jz, L'ika, L'ig1, and L'y are the leakage induc-
tances of the field and damper windings referred to the stator,
respectively. Ly and Ly, are the magnetizing inductances
in the dg-axes. £, (1), i (), 1 (1), 14 (1), {41 (1), and '} 5 (1)
are the stator, field, and damper winding currents in the dg-
axes rotor reference frame referred to the stator, respectively.
A1) and A;S(t) are the stator flux linkages in the dq rotor
reference frame, and w,(¢) is the rotor rotational speed.

By defining the state, input, and output variables as
(2) -(4), as shown at the bottom of the page, the state-space
model of the SG in the continuous-time domain is defined
as (5), as shown at the bottom of the page. In (5), Ny and Ny
are equivalent turns of stator and field winding, respectively,
nqg = 3 is the number of damper winding and J,, xn, i an
all-ones matrix.

Clearly, Ly, L/lkql , L/[qu, L/lfdy L'ja, Lina, and Lyygin SGs
have positive values, therefore using (51), (6) and for ngy = 3,
we can show that L is a nonsingular matrix.

det(L) = L'y L} (L st L g2 (L tka + Lina)
+ Ling(L' aLl kg2 + L' kg1 Lma)) + L' 1taL’ 1ka
(L/lkqlL/lqu(Lls(Lmd + Lmq) + LmdLmq) + LisLima
Ling(L' kg1 + L'ikg2)) + L/lde/lkqlles(L/lquLmd
+L'faLmg) + L' tkg1 L kg2 LisLima Ling
(L'15a + L' a) + lesLmdLmq(L/lkq2(L/lfd + L' ikq)

tance, respectively. r'fz, r'xa, r'iq1, and r'igp are the field and +L aL eq1) # 0 6)
Xc(t) = [xfi(t)]éxl
. . Jr Jr Jr . T
= [, i) @) ) @0 0] 2
- T
Ue(t) = [vp() V() Vig®  Vigp® v Vig®] 3)
- . . . T
o) = [if () ih (1) ify ()] )
Xe(t) = Ac(w,(1))Xc(t) + Belie(?)
- (5a)
Ye(t) = Cexc(1)
Ac(or(1) = (A, + or(DAc,) (5b)
Ae = -L7'R; =[ay]; ij=1,....6 (5¢)
_ T ..
Ae, = -L I[RLT'Z 06><4] = [azij]; Lj=1....6 (5d)
B | asnox4na) 01ng)x2 .
= c
¢ 02 (14ny) |:(NS/ONfd) (])i|
1 025 (n,— 0 0
C. = 2x2 2x(ng—1) 2x1 2x1 5
T 02 Oime—1y (BNg/2N@m) 0 :| o5
R, = ﬁfiag(—rs,—rs, kgt P iq2oe - kqng—1)s 7'y 'ka) (52)
_ 0 — (Lis + Lina) 015 (g1 Lna  Lia
R. = s (ng—1) 5h
2 __(le + Lmq) 0 _Lmq Ix(ng—1) 0 ( )
— (Lis + Ling) 0 LingJ1x(ng—1) 01x2
L= 0 —WLis+Lna)  O1xny—1) LinaJ1x2 (51)
—LingJ (ng—1)x1 0, —1)x1 L 0, —1)x2
| 0251 —LimaJaxi 025 (ny—1) L,
Ly = Lqu(nd—l)X(nd—l) + diag (L/lkql , L/lkL]27 ey L/lkq(nd—l)) (SJ)
Ly = LyaJaxa + diag (L'jja. L' ika) (5k)
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Please note that the state-space model of an SG in (5) can
be easily extended to the non-salient pole SG or an SG with
a different number of damper windings. It is well known that
in a non-salient pole SG L,y = L. Also, in an SG with ny
damper windings, kgi; i = 1, ..., ng — 1, kd, the order of the
state-space model in (5) will be equal to (ng + 3).

B. FALTY MODELS

In this section, the state-space models of SGs are presented
in two faulty cases: (i) A reduction of the cross-sectional area
of wires in windings, (ii) Air-gap eccentricity.

1) A REDUCTION OF THE CROSS-SECTIONAL AREA OF
WINDINGS WIRES

Evidently, the cross-sectional area decreasing of wires before
disconnection leads to an increase in the resistance of
windings. By considering the state-space model of SGs, (5),
the resistance of windings has an effect on A¢,, (5¢), and (5g).
Therefore, the effect of reduction of the cross-sectional area
of windings wires on the state matrix is defined as Ay, (7).

Acf” = Acl +F¢, @)
where
Fe,

1. / ’ / /
= -L dlag(_rdislw —ldisg> T disgg1 > r disgg2» r disfy » r di.s‘kd)
)]

Fdisgs T’ disga» r’ disig > r’ disyp» and Fais, are the increased
resistance values of the stator, field, and damper windings,
respectively. Also, the additive faults vector in this condition
can be defined as f¢, (¢), (9).

fo,(1) = Fexe() = [fi,(0]; i=1,...,6 ©9)
2) AIR-GAP ECCENTRICITY

Three types of eccentricity (static, dynamic, and mixed) can
occur in SGs. In the static eccentricity, the rotation axis of
the rotor does not coincide with the stator axis of symmetry.
In the dynamic eccentricity, the rotation axis of the rotor
coincides with the stator axis of symmetry, but the rotor
axis symmetry is displaced. In the mixed eccentricity, static
and dynamic eccentricities are occurred simultaneously [14].
Therefore, eccentricity faults lead to change in the maximum
and minimum length of the air gap. By defining m and my
as the maximum and minimum length of air-gap, respectively,
Lynq and Ly, are defined as follows [32]:

Lina = (3/2) (La + Lp) (10)
Ling = 3/2) (La — Lp) (11)
where,
La = (Ny/2v2)* porl (1/my) + (1/mp))  (12)
Lp = (Ng/4Y’m porl((1/ma) — (1/my)) (13)
o is the permeability of the free space, r is the air gap

mean radius, / is the air gap axial length. When eccentricity
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fault occurs, Ly and Ly, are changed. In [11], by using
the modified winding function method, the self-inductances
and mutual inductances were determined in the static,
dynamic, and mixed eccentricity conditions. In other words,
Lina, Lmq’ (Lmq + Lis), (Lia + Lis), (Lmq + L/lkql)s (Lmq +
L'ikg2), (Lima + L'i4), and (Ling + L' k) are increased in the
static, dynamic, and mixed eccentricity conditions.

By considering the elements of R, and L in (5h(-)51), if the
eccentricity faults have occurred, then these two matrices are
changed to (R, +R¢p,) and (L + Ly), respectively. Elements
of R¢p, and Ly are the amount of increase in the inductances.
Therefore, A¢,, A¢,, and B¢ in faulty cases are defined as
follows:

Agi, = —L+L) 'R,
= L' -L'Ly@ 'L 4 DTILTHR,

= A¢, + Fe,, (14
—1 T T
Ag = = (L4 1) [ (Rey + Rep) 06 |
= ACz + FC22 (15)
» Lixa 0452
Bop = (L+1Ly) " | [(NYGNW) ﬂ
= Be + Fey,y (16)
where,
F, = L7 'Ly 7'y + D7'L7HR,, (17)
1| R _ _ -1
Fe,, = -L : |:04c>{26:|+<L 1Lf (L 1Lf +I) L 1)
« —RQ + Rcfz ] (18)
04><6

Fe,, = (—L‘Lf (L' + I>_l L‘)

[ Lixa 0452
X1 [(Ns/Nfd) 0:| (19)
2x4 0 1

Therefore, the additive fault vector, fc,(7), is defined as
follows:

fe, (1) = (Feyy + 0, (1)Fe3)Xe(1) + Feyylic(t) = [f2,(1)] 5
i=1,...,6 (20)

Also, the state-space model of the SG in both faulty cases is
defined as (21).

Xe(1) = Ac(@r (0))Xc(t) + Bette(r) + fe(r)

21
Ye(®) = Cexc(t) @b

where,

fe(t) = fc1 )+ fcz(t) = (F01 + Fcz1 + w,(t)FC22)
Xe(1) + Feyyue(r)  (22)
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llIl. FAULT DETECTION BASED ON RESIDUAL VECTOR

In this section, a fault detection methodology for SGs based
on the residual vector is introduced. The measured output
vector, yc(f), and measured input vector, uc(¢), are defined
as follows:

uc(t) = uc(r) + Vu (1)
Ye(®) = Ye(®) + vy (1)

where vy, (¢) and vy, (¢) are measurement noises. Using (21),
the measured output matrix, Ye, is obtained as follows [33]:

Yo = O, (0))Xe(?) + Ty 3(0r(1))(Ue — Vi)
+Tf 3w, () + Vy,  (24)

(23a)
(23b)

where,
Yo = [ ¥ §7(0) §7 (t)]T 25)
U= [0 alo] (26)
Vi = [0 Lo o] @7
Vao = [0 0] (28)
S 0) = ([CT CeActor ) (Ce (A2
T

+ir(DA))' ] > (29)

9%x6
fo = [£7() 07 (t)]T (30)

036 036
Ty 3(wr (1) = C.B. 036 (€2))

| CeAc(wr(1))Be CcBe

03x6  03x6
Ty 3(wr (1) = Ce. 036 (32)
| CeAc(wr(t)) Ce

Since w,(¢) # 0 and the null space of ®(w,(?)) is not empty,
W can be obtained as follows:

Wo(w, (1) = 03x6; W e RO, W = [wy];
i=1,23j=1,...,9 (33)

In other words, the components of W can be defined as
follows:

[ Wit wi2 wis wia wis wis wi7 wig Wi |

[CI HT]" = 0gxe;

i=1,23 (34a)
[ wia wis wis wiz wig wio |
=[-wii —wi2 00 —(3N; [2N)wis 0] H
i=1,23 (34b)
H = [hj] = [of o] ol o} 0§ o] 1"
ij=1,...,6 (35)
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where hj; # Oand ¢;;i = 1, ..., 9 are the rows of ®(w, (1))
in (29). Based on the format of C, in (5f) and (34b), w;1, w2,
and wp;i = 1,2,3 must be non-zero simultaneously.
Otherwise, W will be a zero matrix. In other words, at least
one of the wyj;i,j = 1,2, 3 must be non-zero. Multiplying
both sides of (24) by W results in:

WY, — WT,, 3(wr(1))Ue
= —WT,3(&r(1)Vu, + WT; 30 (1) + WVy,  (36)

Therefore, the residual vector and decision thresholds are
defined as (37) and (38), respectively.

r(t) = WY, — WT,, 3(w,(1)Ug; x(r) € R¥! (37)
r(t) = WVy, — WT,, 3(0r (1)) Vy,;
if f. = 0 (There is no detectable fault.)
r(t) = WVy, — VVTM,SE(J!)r(l‘))vuc
+WTy 3(wr(0))fe;
if f¢ # 0 (There is at least a detectable fault.)
(38)
Note 1: In the case that there is no air-gap eccentricity fault,

fe,(t) = 0px1 and f¢, () # Ox 1, therefore r(z) in (38) can be
rewritten as follows:

(1) = Vn+WTs 3(0,(0))fe = [r1(1) ra(t) 1301 5 if e # 0
(39)

i=1,...,3
(40)

ri(t) = vnj + wiaf1,(t) + wisf1,(8) + wis(BNs/2Npa)f15(0)

Vy = WVy, — WT, 3(w,(t))Vu, = [vnil;

5
+Wj7(Z arifi,(t) + aisfig(t) — rais,Xe1 (L1
i=1

. !/ T /
H+X3(O7 disgy L13 + 1 disyp

6
Liaxea(t)) + st(z azif1,(t) + azaf1, (1)

i=1

i24
—rdis Xe2(DLa + Xes(O7 disyy
6
Las + 7' disyg Loskes() + wio(Y _ asifi () + asafi, (1)
=
+3Ns/2Ny)
(=Taisyxe2(t) + xes(OF disyy Lss + 1’ disyg LseXeo()));
j=123 41)
f1,(8) = —raisxe1 (OLit + 7 digy Xe3(HLis
A1 disy o LiaXea(1);
i =1,3,4
’ _ _ 42)
J1,(8) = —ragisxc2(t)Lio + 1 disgy Xes(1)Lis
+7" disgg LicXco(1);
i=2,5,6
L' =[L;]; ij=1....6 (43)
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TABLE 1. Technical specifications of SGE9B0O6T.

Parameter Value Parameter Value
Rated apparent power (kVA) 2440 Rated frequency (Hz) 90
Rated voltage (V) 1444 Nominal speed (rpm) 1800
Rated current (A) 976 Moment of inertia (kgm?) 69
Number of poles 6 Power factor 0.95
Connection s

TABLE 2. The nominal EC parameters of SGE9BO6T (Reported by the
manufacturer).

Parameter Value Parameter Value
7, 6.8365(m€Y) rk'd 0.1058(m€2)
L, 43.315(uH) L;kd 30.1969(uH)
L., 4.142711(mH) r[q 0.1273(mQ)
- 1.80035(mH ) L;k,, 13.3338(uH)
r;d 45.6975(m) Ly 0.1199(H)

Obviously, if one of the windings of the stator, field, and
damper windings is damaged then r;(t) > vy;; i = 1,2, 3.
Also, if fe, (1) # 0¢x1 and f¢, (1) # Ogx1, according to (22),
the effects of f¢, (r) and f¢,(t) are added. Clearly, in the
presence of the air-gap eccentricity fault or any fault in the
stator, field, or damper windings, r;(t) > vni; i = 1, 2, 3.

Note 2: It is noted that for using r(f) or calculating W,
the state-space model of SGs must be available. In (37), it is
assumed that the EC parameters are available. Therefore,
Ac(w, (1)), Be, and C, should be determined based on (5b),
(5e), and (5f). The nominal EC parameters of SGs are usually
available or can be estimated. But it is well known that the
actual EC parameters are not equal to the nominal values.
In other words, the state-space model of an SG, (5), is an
uncertain model. In this condition, the “‘signal to noise ratio
of residual”” (SNRR) is recommended to be used as an index
on the residual vector for fault detection. SNRR vector
components are defined for each r;(¢) as (44), [10].

SNRR = [SNRR;],, x1 (442)
to+T 5 n+T 5
SNRR; = / (rid(t)) darl / (riFF(t)) dr | ;
1o 3]
i=1,...,n, (44b)

where n, is the number of residual vector components,
rl.F F(t) are the residual vector components from the dataset
of the SG in the fault-free condition, and rl.d(t) are the
residual vector components from the dataset of the SG in
an unknown condition. 7" is a user-defined duration. #; and
to are time instants associated with unknown and fault-free
data sequences, respectively. Therefore, fault detection can
be done as (45) using SNRR components. A flowchart of the

163702

u,(t) y.(O)
o,(t)
Form @(, (1)), T, ;(,(2)),and
() H(a, (¢)) using(29),(31)and(35). ¥e(®)
| i
SO T [ Catcutate W = [w,]: i=123, §.()
j=L..,9, using(34).

|_> y
Residual generator:

r(6) = WY, - WT, ;(o,®)U,
Y
Calculate SNRR =[SNRR |;

i=1,.., n_using(44).

|

Yes There is no
detectable fault.

There is at least a

No detectable fault.

FIGURE 2. Flowchart of the introduced fault detection approach.

iy iy Load
Brushless | SG — DC-link
. v / Reatitier | | Crowbar link |
Excitation System Jd @ ) N ThyristorH| Capasitor
1
. . o, \ abe

Diesel-Engine > P

Toducti o i 1GBT
Transfor matl g

Motr and Duilding

% ye Container

FIGURE 3. A simplified block diagram of the salient-pole SG used in
Iran-Safir diesel-electric locomotive and data acquisition system in the
15t SG (HEP: Head End Power, IGBT: Insulated-Gate Bipolar Transistor).
1) NI USB-6009 USB DATA acquisition. 2) Transformer (2000/10). 3)
Current transformer (2000/5A). 4) Shaft encoder (100P/R). 5) Slip-ring
(contains four rings for measuring field voltage and current). 6) Carbon
brush holder. 7) NI cR10-9025.

introduced fault detection is shown in Figure 2.

IfSNRR; <1; i=1,...,n,
then there is no detectable fault. 5)
IfSNRR; > 1, i=1,...,n,

then there is at least a detectable fault.

Please note that in the constant rotor rotational speed,
wr(t) = 0, the state-space model of SG will be
linear.
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TABLE 3. The conditions of SGs in each experiment.

Experiment number SG number Condition
1 1
nd 5 Healthy
3d 3 Fault in the field winding
40 4 (A reduction of the cross-sectional
area of wires in the field windings)
5t 5 The air-gap eccentricity fault
»
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FIGURE 4. The stator line voltage and current for SG number 1 in the

healthy condition.
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FIGURE 5. Field voltages and currents in the healthy and faulty
conditions, (a) SG number 1 in healthy condition, (b) SG number 3 in
faulty condition, fault in the field winding, (c) SG number 5 in faulty

condition, air-gap eccentricity fa

ult.

IV. EXPERIMENTAL RESULTS
In order to validate the introduced fault detection approach,
appropriate experiments were performed on salient-pole SGs

VOLUME 9, 2021
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FIGURE 6. Residual vector components in the healthy and faulty
conditions: (a) SG number 1 in healthy condition, (b) SG number 3 in
faulty condition, fault in the field winding, (c) SG number 5 in faulty

condition, air-gap eccentricity fault.

in diesel-electric locomotives. Figure 3 shows a simplified
block diagram of the SG and its data acquisition system.

The technical specifications

and EC parameters of the SG,

SGE9BO06T, with two damper windings, have been shown in

163703
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FIGURE 7. SNRR vectors components where the residual vector
components from the dataset of SG number 1 were used as
rfF(t); i=1,...,4.(a)The residual vector components of SG number 2 as

r’.d(t); i=1,...,4.(b)The residual vector components of SG number 3 as
rf (t)- (c) The residual vector components of SG number 4 as rid (t) (d) The
residual vector components of SG number 5 as rid(t).

Tables 1 and 2, respectively. Experimental data of the five
SGs in five locomotives with nonlinear load in the healthy and
faulty conditions were used to demonstrate the effectiveness

163704

of the proposed fault detection approach. In all experiments,
the rotor rotational speed was constant, w,(¢) = 600.0(RPM).
The conditions of SGs in each experiment have been
presented in Table 3.

In all experiments, data of the line voltages and currents of
the stator and field were gathered using two NI-USB 6009
with 5 kHz sampling frequency. Simultaneously, the rotor
rotational speed was measured using a shaft encoder and
NI cRIO-9025 with 20 kHz sampling frequency. A common
signal, field voltage, was recorded using both data loggers to
synchronize the recorded data.

Since there are two damper windings in this SG, the
order of state-space models of SGs in the healthy and faulty
conditions, (5) and (21), are equal to 5 where ny = 2 in (5).

The stator line voltage and current for SG number 1 in
the healthy condition and field voltages and currents for SGs
numbers 1, 3, and 5 in the healthy and faulty conditions are
shown in Figures 4 and 35, respectively. The non-sinusoidal
waveforms in Figure 4 show the effect of the nonlinear load.
Also, Figure 5 shows that field voltages and currents have no
significant differences in the healthy and faulty conditions.

According to (29), (33), and (37), we have ®(w,(t)) €
RS W e RY and r(t) = [ri(t)lsx;;i = 1,...,4. The
residual vector components for SGs numbers 1, 3, and 5 in
the healthy and faulty conditions at second 60 are shown in
Figure 6. The nominal EC parameters are available, we have
uncertainty in the state-space model of SGs, (5). Hence, the
SNRR index based on residual vector is used as (44) -(45)
for fault detection in SGs 2 to 5, and their values are shown

in Figure 7.
Figure 7, according to (44b), SNRR;;i = 1,2,3,4 are
shown by assuming /7 () = r!(t) where r}(t);i = 1,...,4

are residual vector components, 7;(¢), from the dataset of SG
number 1. In order to detect a fault in SGs 2 to 5, SNRR
vectors are calculated using (44), where rid (1) = rl] ®i=
1,...,4,j=2,...,5 are residual vector components.

Figure 7 shows the SNRR values for SGs 2 to 5. Based on
the SNRR values in Figure 7, and using (45), we have:

o Figure 7(a): SNRR; < 1;i = 1, ..., 4, therefore, there
is no detectable fault in SG number 2.

o Figure 7(b): SNRR; > 1;i = 1, 3, 4, therefore, there is
a detectable fault in SG number 3.

o Figures 7(c) and 7(d): SNRR; > 1;i = 1,...,4,
therefore, there are detectable faults in the SGs
number 4 and 5.

The above results in comparison with the experimental
conditions, Table 3, show that the introduced fault detection
approach based on SNRR analysis is an efficient approach
for detecting the SGs faults.

V. CONCLUSION

This paper proposed a model-based fault detection approach
based on the residual analysis for SGs by considering two
types of faults: (i) a reduction of the cross-sectional area
of wires in the field, dampers, and stator windings, and
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(ii) air-gap eccentricity. The stator and field currents and
voltages, and rotor rotational speed were used for fault
detection. The main advantage of the introduced faults
detection methodology was its ability to detect both the above
faults in the presence of linear and nonlinear loads. By using

the

experimental results, the validity of the introduced

approach was investigated.
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