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1 | INTRODUCTION

Abstract

Shaft voltage often exists in synchronous generators due to the assembly error or various
faults after the long-term performance. The article investigates the shaft voltage char-
acteristic under the stator interturn short circuit (SISC) condition. Different from other
studies, this article mainly considers the mapping relationship between the amplitude—
frequency characteristics of the shaft voltage and the SISC degrees. The detailed shaft
voltage expressions ate first derived based on the magnetic flux density under the normal
condition and SISC condition. Then the finite element analysis and the experiment is
studied on a CS-5 prototype synchronous generator with two poles in order to validate
the theoretical formula. The result shows that there is no shaft voltage in the normal
condition, while the shaft voltage is generated obviously under the SISC condition.
Meanwhile, the frequency component of the shaft voltage is mainly composed of odd
harmonics including the first, third and fifth harmonics.
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Many studies on the presence of the shaft voltage have
been reported since the last century [4]. For instance, Alger

Synchronous generators play an irreplaceable role in the elec-
trical power system. Safe and the stable operation is extremely
important for the synchronous generator. The shaft voltage is
induced in the shaft of the synchronous generator due to the
asymmetry load distribution, the rotor eccentricity, the rotor/
stator interturn short circuit etc. The shaft voltage reduces the
mechanical strength of the shaft and damages the bearings [1-3].
Therefore, it is significant to comprehensively study the inherent
characteristics of the shaft voltage under the typical running
conditions in order to fully monitor and control the shaft voltage.

obtained the causes of the shaft voltage using theoretical
calculation and experimental verification [5]. Hereafter, more
scholars perfected the theoretical mechanism of the shaft
voltage, which can be summarised as follows [1, 6-—8]:

(a) Unbalanced magnetic fields caused by design, manu-
facturing, and rotor eccentricity.

(b) Turbonator with a static excitation system.

(c) Electrostatic effect.

(d) Axial rotor flux.

Abbreviations: EMF, electromotive force; FEA, finite element analysis; MFD, magnetic flux density; MFL, magnetic flux lines; MMF, magnetomotive force; PPUA, permeance per unit

area; SAGE, static air-gap eccentricity; SISC, stator interturn short circuit.
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Further, according to the mechanism of the shaft voltage,
many effective measures are carried to reduce the shaft voltage.
Peng selected the appropriate pole-arc coefficient to weaken
the shaft voltage in the permanent magnet generator [9].
Meanwhile, Chen summarised the tresearch status and the
prevention measures of the shaft voltage [10]. Generally, the
weakening and the prevention of the shaft voltage can be
summarised as follows [11, 12]:

(a) Grounding of the gas measuring shaft.
(b) Bearing pedestal insulation.
(c) Carbon brush is installed on the shaft.

Different kinds of electrical and mechanical faults occur in
synchronous generators after long-term operation [13].
Comparing with the normal condition, the shaft voltage
obviously increases due to the asymmetric magnetic field under
the fault and presents the clear time—frequency characteristic.
Hence, the shaft voltage is utilised to the fault diagnosis in the
generators [14].

By far, the shaft voltage is comprehensively analysed under
mainly the rotor interturn short circuit and the static air-gap
eccentricity. For instance, Wu et al. conducted a series of
studies on the shaft voltage in detail. The distorted magnetic
field is analysed using the air-gap conductance method under
the typical rotor fault, and the shaft voltage signal is obtained
to detect the typical rotor fault [15]. Meanwhile, the charac-
teristic frequency of the shaft voltage signal and the number of
the stator slots are closely related due to the cogging effect,
which provides the criteria for the diagnosis of the rotor
interturn short circuit [16]. Besides, Darques explored the
impact of the end windings on the shaft voltage using finite
element analysis (FEA) [17].

Stator interturn short circuit (SISC) is a common fault due to
the insulation damage caused by the mechanical vibration and
the excessive temperature in synchronous generators [18, 19].
Bouzid observed the changes of the three-phase current and
voltage to monitor the SISC fault in motors [20]. Sarikhani used
the electromotive force (EMF) to judge the SISC fault [21]. The
above research mainly focusses on the characteristics of the
electromechanical parameters under SISC fault, while the
common shaft voltage is ignored in synchronous generators.

In this work, we comprehensively analyse the characteris-
tics of the shaft voltage under the SISC fault using the theo-
retical analysis. And the FEA calculation and the experiment
are carried out. The contribution of this paper mainly includes
three aspects: (1) the detailed shaft voltage expression under
the SISC fault is derived, (2) the simulation model of the shaft
voltage in synchronous generators is established by the rotating
shaft equivalent substitution, and (3) a specific device to test
the shaft voltage is designed and manufactured by the authors.

The remainder of the paper is organised as follows: In
Section 2, the theoretical model of the shaft voltage is pro-
posed under the SISC fault in detail, while the FEA and the
experimental tests are carried out in Section 3. Finally, the
primary conclusions of the paper are drawn up in Section 4.

2 | THEORETICAL MODEL

The magnetic flux density (MFD) is the basic parameter for
calculating the shaft voltage of the generator. The MFD can be
obtained by multiplying the magnetomotive force (MMF) and
the permeance per unit area (PPUA) [22].

21 | MFD model

The air-gap magnetic field is symmetrically distributed under
the normal condition, and PPUA and MMF can be respectively
written as follows [23]:

A=—= 1N\ (1)

f(am, t) = E cos(wt —pam)

—i—F,cos(a)t—pam—i—(p—Fg) @

whete go is the average length of radial air-gap, F; and F, are the
stator MMF and the rotor MME, respectively, @, is the me-
chanical angle used to indicate the circumferential position of
the air-gap, @ is the internal power angle of the generator, and
p is the number of pole pairs.

Further, MFD can be written as folows:

Bi(am,t) = fy(am,t) Ao
= [E cos(wt — pay,) (3)

+ F Cos(a)t—pam —|—(p+g>}Ao

However, as SISC takes place, an additional circulating
current ([;) will be induced in the short-circuit ring, as
shown in Figure 1. The circulating current produces the pul-
sating magnetic field, which centres on the short-circuit
winding axis. The frequency of the new magnetic field is in
agreement with the short-circuit current and can be expressed
as follows:

fa(@m, t) = E; cos wt cos(a, — ay,')
=Fy, coslwt — (e, — a,”)] (4)
+ Fy_cos[wt + (am — )]

where Fy, and F; are the forwardly and the inversely rotating
MMF amplitude, respectively, and am, is the angle of the
central position of the short-circuit turns.

Normally, the MMF forwardly rotates at the synchronous
speed as the rotor. There is no extra electromotive force in the
excitation windings. However, the inversely rotating MMF in-
duces an extra electromotive force at 2w due to the rotating
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FIGURE 1 Diagrams of the stator interturn short circuit (SISC) fault.

direction difference between the rotor and the inversed MMF
under the SISC condition. Hence, the excitation current in the
field windings under the SISC condition can be expressed as
follows:

e,(t) = F(am, t)NoK cos wt

1
- ZIfZKNAO cos(3wt — a,)

ep(t) = F(am, t) AoK cos(wt — 120°)
1 1
- Z[fzKNA() COS(?)CUt + o, — 1200) - 1{/‘2KNA() COS(CUZ' -y + 1200)

ec(t) = F(am, t)AoK cos(wt + 120°)

I(@m, t) = Iy — Iy cos 2 wt cos ay,
1
=1l — Elfz cos(2wt + ay,) (5)

1
- Elfz cos(2wt — a,y,)

where [ 1y is the DC component in the field windings produced
by the exciting system, while I, is the current induced under
the SISC condition.

Further, F, caused by the excitation current under the SISC
fault can be written as follows:

F(ap,t) = Ir(am, t)N
1
=I N - Elfz cos(2wt + a,, )N (6)
1
- Elfz cos(2wt — a,, )N

where N is the turn number of each pole.
The EMFs of the three phases can be written as follows:

1
= ]fOKNAo cos wt — Z]fZKNAO cos(wt + ;)

1 1
— ZIfZKNAO cos(3wt + a,,) — ZlfzKNAO cos(wt — a,)

1
= [/'OKNA() cos(wt - 1200) - Z#ZKNA()(O)K + a,, + 1200)

1
- ZIfZKNAO cos(3wt — a,, — 120°)

1
= IfyKN g cos(wt + 120°) — ZIfZKNAo(a)t + &, — 120°)
1 1
- ZlfzKNAo cos(3wt + a,, + 120°) — ZIfZKNAo cos(wt — a,,, — 120°)

1
- Z&ZKNAO cos(3wt — a,, + 120°)
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where K = 2gwk,tfL, q is the slot number for each phase
per pole, w, is the turn number of each coil, kg is the
fundamental winding factor, 7 is the polar distance, f is the
fundamental frequency, and L is the length of the stator
core.

As indicated in (7), the induced EMF for each phase is
composed of five parts. Based on the phase angles of the
three phases, the first part forms the MMF rotating in the
forward direction at the fundamental frequency speed, while
the second and fourth parts form a backwardly rotating
MMF at the fundamental frequency. Meanwhile, the third
and fifth parts form the forwardly rotating MMFs at 3w.
Consequently, the MFD expression based on (3), (6) and (7)
under the normal and SISC conditions can be written as fol-
lows:

2.2 | Shaft voltage model

Generally, the shaft voltage refers to the potential difference
between the two ends of the rotating shaft of the generator
[24]. The fluxes per pole in generators can be divided into two
equal fluxes, namely, the clockwise flux and the anticlockwise
flux. Normally, the clockwise flux is equal to the anticlockwise
flux. However, the net dissymmetry flux is yielded due to the
dissymmetry MFD as the SISC takes place. When the gener-
ator rotates, the magnetic flux links with the shaft and the
shaft voltage is induced, as shown in Figure 2.

In order to clearly calculate the shaft voltage, the MFD is
divided into five parts under the SISC condition. Particulatly,
Bs and B, are generated by the excitation windings, while Bs, B
and B, are generated by the armature windings.

Bi(ap,t) = {Fr cos (a}t —pom + @+ g) + E cos(wt — pa,) | Ao

= [IfON cos (wt — P, + @ + g)

+ ﬂ,&oN COS(G)t —pam)]Ao

By (@, t) = IrgN g cos(wt — ay, + 0.5T + @)

1
- EIfZNAO [cos(2wt + a,,) + cos(2wt — ayy,)]-
cos(@t — @y, + 0.5 + @) + nlgNAO cos(wt — ay,)

1
- En[szAO cos(2wt + ayy,)-

1
[cos(wt + ) + cos(B3wt — ay,)] — quszAo cos(2wt — a,)-

[cos(a)t + am) + COS(3COt - am)]

where 7 is the coefficient of the stator MMF to the rotor
MME. It is important to note that 2w is the frequency of the
reverse electromotive force inducted by the excitation wind-
ings under the SISC condition.

As indicated in (8), only the first harmonic exists in the
ideally normal condition, while the extra third and fifth har-
monics are induced under the SISC condition. Meanwhile, the
harmonic amplitudes are decreased as the SISC degree, which
is represented by lfz, intensifies.

Besides, observing (4) and (8), only the fundamental
harmonic of the MMF is illustrated. However, other odd
harmonics also exist under the actual condition. Since
the other harmonics are very similar to the fundamental har-
monic and the space is limited, the analysis is not listed
individually.

> D#0, Vshatt

/Stator framer Unbalanced flux

A== sa=ssssaw

IIIIlIIIII/

1
! |
! |
S -

‘:I Stator winding

FIGURE 2 Schematic diagram of shaft voltage.
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B; = IyNAg cos(wt — ay, + 0.5 + @)
1
By = _ElszAO [cos(Za)t + an)

+ cos(2wt — a,,)] - cos(wt — a,, + 0.57 + @)

Bs = nlyNAO cos(t — ay,)
1 (9)
B, = 2 nleN Ay [cos(3a)t + 2a,,) + cos wt

+ cosbwt + cos(wt — 2a,,)]

1
B, = 2 nl,NAg [cos3a)t + cos(wt — 2a,,)

+ cos(5wt — 2a,,) + cos wi]

According to Faraday's law of electromagnetic induction,
the expression of shaft voltage is as follows:

a( i""B(am,t)dam)S (10)
Vibapt = o

Ultimately, the shaft voltage under the normal SISC con-
ditions can be expressed as follows:

Vi=o0 e Normal
1 .
Vo=l NAy [Bwsin(3wt + 0.5 + ¢)

1
+ wsin(wt — 0.57 — q;)] S+ 3 mnl, N Ao [Zwsin wt

+ 3wsin 3 wt + S5wsin 5 wt]S

As indicated in (11), there is no shaft voltage under the
normal condition, while under the SISC condition, the shaft
voltage is produced, with first, third and fifth harmonics.

3 | FEA AND EXPERIMENTAL
VALIDATION

3.1 | FEA and experimental setup

The focus of the work is to monitor changes of the shaft
voltage as the SISC intensifies. Thus, a 5 kW prototype syn-
chronous generator (2-pole/36-slot) is designed and manu-
factured to verify the proposed theoretical model. The
prototype can simulate different SISC degrees by changing the
number of the short-circuit turns. The prototype is applied in

the experiments and the rated rotating speed is 3000 rpm in
order to ensure the electrical frequency. Meanwhile, the EFA
model of the corresponding entity is established with fidelity.
Besides, the full load is taken into consideration in both the
FEA calculation and the experiments. The main parameters of
the generator are shown in Table 1.

During the FEA calculation, the overall setup can be
divided into the physical model part and the external coupling
circuit part, as illustrated in Figure 3a, b, respectively. The FEA
model is illustrated in Figure 3a. The SISC fault is simulated by
modifying both the external coupling circuit (see Figure 3b)
and the physical model (the failure windings are divided into
two parts: one is to simulate the healthy part while the other is
to simulate the short circuit part, see Figure 3a). The different
degree of the SISC is simulated by adjusting the turn numbers
of PA1_short (the short circuit part) and PA1 (the healthy
part), as indicated in Figure 3b.

In order to obtain the shaft voltage signal during the
simulation calculation, the shaft is equivalent to a single turn
winding approximately. The rotation of the shaft does not
affect the shaft voltage signal. In the simulation iteration, the
shaft voltage is generated in the equivalent winding. The issue
that needs specific attention is the equivalent winding, which
does not appear in the coupling circuit. In fact, the equivalent
winding is an open circuit because only the voltage signal is
required and the current signal is not required. And no external
incentive is needed in the equivalent winding. Besides, the
coupling circuit only consists of the stator winding coupling
circuit and the field winding coupling circuit.

During the experiment, the shaft voltage is measured
using a special device designed and manufactured by the
authors based on the definition of the shaft voltage. The
device is composed of a carbon brush to test the voltage
potential on the driven end and a transmission line to test the
voltage potential on the non-driven end, as illustrated in
Figure 4a. And the measurement scheme of the shaft voltage
is shown in Figure 4b. Further, the carbon brush and the
transmission line are connected to the signal collector. The
data of the shaft voltage sign can be acquired using the signal
collector.

Particularly, there is a plate with several short circuit taps of
phase A on the prototype. Each short-circuit degree corre-
sponds to several short-circuit turns, respectively. Different

TABLE 1 Primary parameters of the prototype generator
Parameters Values Parameters Values
Rated power 5 kVA Outer diameter of the stator 250.5 mm
Rated voltage 380 V Inner diameter of the stator 145 mm

Rated rotating speed 3000 rpm  Stator core length 130 mm

Rated power factor 0.8 Outer diameter of the rotor 142.6 mm
Radial air-gap length 1.2 mm  Pole-pairs 1

Stator slots 36 Parallel branches 2
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FIGURE 3 CS-5 finite element simulation setup: (a) physical 2D
model and (b) coupling circuit model.

stator short-circuit degrees are simulated by connecting
different short-circuit taps to realise shorting different number
of the stator winding turns, see Figure 4a. Two groups of the
FEA calculation and the experiments are respectively taken as
follows:

(1) Normal condition. There is no SISC with full load.
(2) SISC conditions. 3%, 6%, and 9% SISC conditions are
taken with full load, respectively.

3.2 | Results and discussion

3.2.1 | MFD result

The air-gap MFD results by the FEA calculation at 0.06s are
illustrated in Figure 5. It is shown that the MFD amplitude is
decreased as the SISC takes place. The increment of the SISC
degree deceases the MFD amplitude. The result is consistent
with the conclusion from (8).

3% 6% 9%

\ ; Al AT1 Al2 A13 X
P\ d B Short circuit taps

(b)

FIGURE 4 CS-5 experimental setup: (a) experimental model and
(b) process simplification model.

normal
—— SISC3%
0.5 A ——SISC6%
E &i —— SISC9%
a o0 J
(&)
=
-0.5
-1
0 90 180 270 360

Circumferential angle [°]

FIGURE 5 Magnetic flux density (MFD) results by finite element
analysis (FEA).

The three-phase current results by the simulating calcula-
tion are illustrated in Figure 6. It is clearly shown that the
amplitudes of the three-phase current are the same under the
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normal condition in Figure 6a. Obviously, the clockwise and
anticlockwise magnetic fluxes are equal in the magnetic circuit
of synchronous generators. As shown in Figure 6b—d, the
three-phase current is asymmetrically distributed in the space
due to the ring current in the short-circuited ring under the
SISC conditions. Further, the difference between the three
phase currents becomes more obvious with the increase of the
short-circuit degree. A special note is needed that the short
circuit occurs in phase A, and phase B is closer to the position
of the short circuit than phase C in Figure 3a. Hence, the
unbalanced current will produce the asymmetrical magnetic
flux under SISC conditions.

Further, this difference creates the magnetic linkage around
the shaft as the shaft rotates. The shaft voltage is induced
based on the law of electromagnetic induction. In order to
analyse the generation of shaft voltage and asymmetrical
magnetic flux in detail, the detailed magnetic flux lines (MFL)
distribution in the generator is indicated in Figure 7. It is clear
that the distribution is symmetric under the normal condition,
as shown in Figure 7a. As SISC takes place, the distribution
changes from symmetric to asymmetric, leading to the gener-
ation of the shaft voltage. It is suggested from Figure 7b—d that
the asymmetry trend will be increased as the short circuit de-
gree increases.

For a further representation, the maximum values of the
MFL in different directions are displayed in Figure 8. At this
time, the positive MFL can be regarded as a clockwise direction
and the negative MFL as a counterclockwise direction; then the

asymmetrical magnetic flux can be expressed according to the
changes of their peaks. It is clear that the maximum value
of MFL in the clockwise direction is 5.50, 4.99, 4.31 and
3.80, respectively, yet the maximum value of MFL in the
anticlockwise direction is 5.50, 5.11, 4.65 and 4.29, respectively.
Hence, the asymmetrical magnetic flux will be clearly enlarged
as the short-circuit degree increases.

3.2.2 | Shaft voltage result

The shaft voltage results obtained using the FEA calculation
and experiments are illustrated in Figures 9 and 10, respec-
tively. Theoretically, the shaft voltage should be zero under the
normal condition in Figures 9a and 10a. However, the inac-
curate assembling and the manufacturing errors will break the
MFD distribution balance and have an obvious impact on the
shaft voltage. As the SISC takes place, the MFD distribution
balance is further damaged, and consequently, the shaft voltage
is also increased, especially as the short circuit degree increases.

In Figures 9b and 10b, it is clear that the occurrence of the
SISC brings in the shaft voltage composed of first, third, and
fifth harmonics. Moreover, as the SISC degree increases, the
amplitudes of first, third, and fifth harmonics will all be
increased. This is consistent with the qualitative conclusion
based on (11).

The FEA and the experimental results are compared
in Figure 11. It is shown that although the amplitude

— phaseA —— PhaseA
10 — PhaseB 10 :?E:Zg \
— PhaseC /\ /
=z TV Y Ve AYAA
: LAAAANL ELANAAN
5 0 = 0
VYV 8 VY
£° AWIVA
=% =%
-10 -10 \ \/\ / \/\
V
0 0.01 0.02 0.03 0.04 0 0.01 0.02 0.03 0.04
Time [s] Time [s]
(a) (b)
: gﬁzzzg —— PhaseA
10 —PhascC/\ /‘\ 10 :gﬁ:zzg e~ ~
= .Y VY A\ z / \ A~ / \
E ./ IRV AV
2 [5)
g 0 5 0
U Y RV Y
= \ NAV \ ) A \ / N \ / %
-10 A\ -10 \A \/
FIGURE 6 Phase current: (a) normal, (b) stator 0 001 Ti&gz[s] 0.03 0.04 0 0.01 Ti&gz[s] 0.03 0.04

interturn short circuit (SISC) 3%, (c) SISC 6% and

(d) SISC 9%. (c) (d)
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FIGURE 8 Maximum magnetic flux lines (MFL) in a different stator
interturn short circuit (SISC) fault degree.

increment of FEA is not exactly equal to the experimental
result, the developing tendencies are generally consistent
with each other. Besides, both the FEA results and the
experiment data match the previous theoretical analysis
conclusion.

The issue that needs special attention is the amplitude of
the first harmonic in Figure 11a. The significant difference of
the first harmonic is mainly caused by the stator and rotor
vibration. In Refs. [25, 26], compared with the normal condi-
tion, the vibration of the stator and the rotor intensifies under
the SISC condition. And the vibration increases obviously as
the SISC intensifies. Compated with the other case, the

FIGURE 7 Magnetic flux lines (MFL)
distribution: (a) normal, (b) stator interturn short
circuit (SISC) 3%, (c) SISC 6% and (d) SISC 9%.
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w S
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1st 3rd 5th
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(b)

FIGURE 9 Finite clement analysis (FEA) data of shaft voltage under
the stator interturn short circuit (SISC) fault: (a) time domain waveform
and (b) harmonic order in different SISC degrees.
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FIGURE 10 Experimental data of shaft 400
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vibration amplitude in the SISC 9% case is larger. Further, the
excessive vibration inevitably leads to the occurrence of the
eccentricity. Meanwhile, it is worth noting that shaft voltage is
mainly composed of the first harmonic under the eccentric
fault [15]. Hence, the first harmonic amplitude variation of the
shaft voltage obtained using the experiment is higher than that
obtained using the FEA calculation.

4 | CONCLUSION

In this paper, the characteristics of the shaft voltage under the
SISC condition are comprehensively analysed. Theoretical
analysis, FEA calculation, and experimental studies are carried
out together to obtain the impact of SISC on the characteristics

~
o
=

of the shaft voltage. The key conclusions drawn from the study
are as follows:

(1) The detailed expressions of the shaft voltage under both
the normal and SISC conditions are derived based on the
magnetic flux density variation. It is shown that in SISC
cases, the shaft voltage composed of first, third, and fifth
harmonics is induced in synchronous generators.

(2) A specific device to test the shaft voltage is designed and
manufactured by the authors. By employing the device, the
experiments are carried out to obtain the shaft voltage
signals, and the experimental results show that the shaft
voltage is very tiny under the normal condition due to the
manufacturing and assembling errors. The occurrence of
SISC considerably enlarges the shaft voltage.
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The study conclusions as well as the specific shaft voltage
testing device designed by the authors provide an important
supplement to the current knowledge base and have high
potential to be applied for SISC fault detection and diagnosis
in synchronous generators.
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