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Abstract--The paper presents a real time electromagnetic
transient model for synchronous machines which is suitable for
generating relay settings data for stator-ground fault protection
schemes. Unlike conventional d-q based machine models the
proposed model uses a winding function approach capable of
representing non-sinusoidal windings and machine saturation
accurately. This feature makes it possible for the model to
accurately simulate the variation in the magnitude of third
harmonic voltage in the neutral and terminals of synchronous
machines. These harmonic signals are the basis of some stator-
ground protection schemes. One of the requirements of such
schemes is the evaluation of this harmonic voltage for different
loading conditions, and correct representation of this signal is
important for proper setting of the relay. In this paper, the third
harmonic voltages of the neutral and terminal of a synchronous
machine are evaluated using the developed real-time model.
Laboratory results are provided to confirm the model operation.
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fault protection, saturation, cross-magnetization, winding
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I. BACKGROUND

Stator—ground faults are amongst the most frequent causes
of the damage to the stator windings of synchronous
machines and a direct cause of phase-phase faults [1]-[2]. A
commonly used method for the detection of synchronous
machines stator-ground faults is based on the existence of third
harmonic voltage in the neutral and terminals of synchronous
machines. These harmonic voltages are generated due to space
harmonics of windings and non-sinusoidal permeance of the
machine [3]. This scheme is generally used when the neutral of
the machine is not solidly connected to ground, but is
connected through impedance [4]. Fig. 1 is a conceptual circuit
diagram of a synchronous machine supplying a A-connected
load with the neutral connected to the ground through a
resistance R, .In Fig. 1, ¢, represents the equivalent charging
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capacitance of the stator winding to ground and C, represents
capacitance to ground seen from the stator terminal (windings,
cables, etc.) [2]. When no fault is present, the voltages across
the stator windings of the synchronous machine contain the
fundamental component in addition to the odd harmonics [3].
As the machine is balanced, only the harmonics of order
3kke€1,3,.. are present in the neutral-ground voltage of the

machine v, , whereas the terminal-ground voltage v, contains
the fundamental component and all the odd harmonics. The
magnitude of the third harmonic voltage in the neutral and
terminal of the machine, v,, and V,, during the normal
operation depends on the magnitude of third harmonic voltage
across the winding and impedance values of C,,C, and

R, [2]. During a stator-to-ground fault, the magnitude of the

third harmonic component in the neutral, as well as on the
phase terminals changes. This change is utilized as a signature
to detect the ground fault [1],[2], [4].
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Fig. 1. Circuit diagram of the synchronous machine connected to a load.

As discussed above the third harmonic voltage exists even
without a stator-ground fault and therefore in the industrial
commissioning of such relays one of the requirements is
recording these harmonic voltages at different operating points
as the loading conditions affects the magnitude of these signals
[2], [4]. At present, this procedure must be carried out
individually for each machine type using a laboratory setup. In
order to expedite the setting process, relay manufacturers and
utilities have expressed the desire to have EMTP-type models
that would show this third harmonic behavior. Traditional d-q
axis based models in EMT programs [5] are based on the
assumption of sinusoidally distributed windings and
permeance. Hence they cannot simulate the third harmonic in
the unfaulted machine’s neutral during healthy operation, as
this time-harmonic arises from the space harmonics of the
winding distribution.

This paper develops a detailed synchronous machine model
which considers the actual distribution of the windings, shape
of pole-arc and the effects of operating point dependent
saturation [6],[7]. This ensures the correct modeling of
harmonics such as the third harmonic voltage across the



winding and their variation with the loading. Furthermore, the
model is developed for a real-time simulator (RTDS), so it can
also be used for on-line closed-loop testing of relay
performance.

II. DESCRIPTION OF THE SYNCHRONOUS MACHINE AND
CAPABILITIES OF THE MODEL

The proposed machine model is applicable to any
synchronous machine, but is intended for use with utility
generators. However, for experimental validation, the authors
did not have access to an actual utility generator, and hence a
much smaller laboratory machine was used.

A. Experimental Machine

The machine under study is a 3kW, 4-pole, 60 Hz, 1800
rpm, 208 V (line-to-line), star connected salient-pole
synchronous machine. The stator and a rotor lamination of this
machine are shown in Fig. 2. The stator has a single layer, 3-
phase, random-wound concentric winding distributed in 36
stator slots. Each phase of the stator winding has two series
connected coils. There are 16 turns/slot/phase with a total of
96 turns per phase. The salient-pole rotor has 24 damper bars
(6 bars/pole face). The turns-function [8] of stator phase-A is
shown in Fig. 3. The turns-functions of phase-B and phase-C
will be similar to that of the phase-A with phase shifts of +60°

mechanical (+120° electrical).

0 1 2 3 4 5 6
Angle (Mechanical radian)

Fig. 3.

The turns function of stator phase-A

The field winding consists of four coils connected in series
with 500 turns in each coil. The turns-function of the rotor
field winding is shown in Fig. 4.

The rotor pole-arc of the experimental machine is not
exactly circular but has different curvatures along the pole-face
[9]. The air-gap function of the machine is shown in Fig. 5, on
which is also superposed a commonly used circular
approximation where the air-gap is considered constant along
the pole arc.
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Fig. 5. The air-gap function considering actual rotor pole-arc

B. Inductance Calculation

For each rotor position, the inductances of the machine
windings are computed using the modified winding function
approach (MWFA) [8]. To account for additional effects (such
as the stator and rotor slots and the non-circular rotor pole-arc)
the permeance function is slightly modified into an ‘effective
permeance function’ as proposed in [6],[7], using
experimentally measured L,, I, and L, values. Fig. 6 shows

the unsaturated self and mutual stator inductance values
calculated using the MWFA and FEM. Two different values
are shown for the MWFA; one (labeled Unmod) with the
permeance function computed from the raw geometrical data
and the other (labeled Effective) with the effective permeance
function which, as evaluated by adjusting the unmodified
permeance function using experimentally measured L,, L, and

L, [6],[7],[10]. It can be seen that the stator inductances

calculated using effective permeance function are very close to
the result of FEM calculations, whereas the unmodified
inductances have noticeable error. The actual curvatures of
the pole-arc are considered in the calculation of the permeance
function [7], therefore the harmonic content of the inductances
are represented properly.

The effects of operating point dependent saturation are
taken into account in the computation of inductances by
adjusting the permeance function based on the magnitude and
angle of total magneto-motive force [7], [11][12], therefore
effects of cross-magnetization phenomenon are included in the
model. The inductances of faulted windings can also be
computed using the above procedure. Assume a situation
where the stator phase-A is divided into two sub-windings Al
and A2; Al has 80 turns and A2 contains the remaining 16.
Fig. 7 shows the inductances of these faulted windings in a



loading condition where 4, =1.2 pu andi,, =1.4 pu.

‘md

Values of the saturated inductances are stored as functions
of d and q axis magnetizing currents (i, and i,,). In order to
save on storage, rather than storing a table of inductance
values versus the magnetizing currents for each angular
position, only the dominant Fourier series magnitudes and
phases are stored in tabular form. At any operating point (i,
and i,,, values). The actual inductance variation with angle can
then quickly be formulated by evaluating the Fourier series at
any angular position. Note that although the model is primarily
not a d-q axis based model, d and q axis quantities are used to
evaluate the saturated conditions only. Comparison with
experiment validates this approach.
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Fig. 6. Stator inductances using MWFA and FEM. (a) Self inductance of

stator phase-A. (b) Mutual inductances between stator phase-A and phase-B
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Fig. 7. Saturated inductances of faulted windings generated using MWFA
a) Self inductance of windings Al and A2, b) Mutual inductances between
the field winding and sub-windings Al and A2.

C. Time Domain Simulation in RTDS

There are two approaches for connecting a machine model
to an EMTP type simulator. A commonly used approach is to
use an interfaced model [5], which solves the machine
equations independently and injects the resulting currents back
into the main EMTP program. The advantage of this approach
is that it is fast as it does not require repeated admittance
matrix factorization each time for the new position of rotor.
Alternatively, an embedded model makes the inductances of
the machine part of the main network solution. As these
inductances change with rotor position and saturation, the
admittance matrix must be refactorized in each time step. This
is time consuming, but on the other hand, the model is more
accurate and less prone to numerical instability [13].
Therefore, in this paper the machine is modeled as a phase
domain embedded model. In this approach the elements of the
total admittance matrix which correspond to the machine
nodes change their values in each time-step as rotor position
and level of saturation changes. This improves the numerical
stability of the model and a wide range of operating scenarios
can be achieved.

III. EXPERIMENTAL VALIDATION

The embedded phase-domain machine model was
incorporated into the real-time digital simulator (RTDS"). The
model was thoroughly validated using laboratory experiments
[7]. As the focus of this paper is the presence of third
harmonic in the voltage across the windings, the experimental
results presented in this paper validate the model regarding
this matter.

Fig. 8a shows the simulated and experimentally obtained
steady state phase-to-neutral voltage of the machine with a
0.95 pu resistive load (resistance of 15.2 Q). The machine
was operated as a generator in the steady state at the rated
speed and 109 % of rated voltage. As can be seen the
experimental and simulated results show a good agreement.
Fig. 8b shows the harmonic content of the experimental and
simulated voltages in Fig. 8a. The third harmonic component
in the phase voltage is considerable (17.2 V). This value is
19.1 V in the simulated results.

In another test to show the performance of the model in
highly saturated conditions, the machine is loaded with a
leading power factor load which results in over voltage and
hence drives the machine into saturation. In this scenario, the
generator is running at rated speed and loaded with a A-
connected R-C load (1.05 pu, at 0.5 pf). The field voltage is
adjusted such that the open circuit voltage of the machine is
84% of rated voltage. Fig. 9a shows the simulated and
experimentally obtained steady state phase-to-neutral voltage
of the machine with this load. Again a good agreement can be
observed for the simulated and experimentally obtained
results. The harmonic spectrums of the voltages in this test are
shown in Fig. 9b. The third harmonic components of the
voltage here are 17.5 V and 18.0 V for experiment and
simulation respectively.
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Fig. 8. Experimental and simulated voltage across the stator phase-A with
a resistive load a) steady state waveform, b) harmonic spectrum (peak
magnitude).
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Fig. 9. Experimental and simulated voltage across the stator phase-A with

R-C load a) steady state waveform, b) harmonic spectrum (peak magnitude).

IV. SIMULATIONS FOR THE PURPOSE OF RELAY SETTING
DETERMINATION

In this Section, using the machine model presented in this
paper the behaviour of the third harmonic voltage in the
neutral and terminals of the machine is studied. This exercise
demonstrates the capability of this real-time model in setting
the relays designed to detect stator-ground faults in
synchronous machine.

Fig. 10 shows the circuit as drawn in RSCAD, the Human-
Machine interface for the RTDS simulator [14]. The machine
is run at rated speed, and excitation voltage is set so that rated
terminal voltage is achieved with a 1pu, 0.8 pf A-connected
series R-L load. As can be seen the neutral and terminals are

connected to the ground using the neutral resistance and
charging capacitances mentioned in Section I. the stator
terminals are connected to a dynamic load which can be
altered during the simulation in RUN TIME environment [14].
Node NJA demonstrates a point in the stator phase-A winding
which divides phase-A into two sub-windings Al and A2. In
this example Al has 80 turns and A2 contains the remaining
16. This node can be connected to ground through a fault
model to simulate the effects of stator-ground fault. The circuit
is simulated in real-time using on the GPC card of RTDS [14]
with the simulation time-step of 50 .
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Fig. 10.  RSCAD draft circuit used for the simulation.

Fig. 11a shows the variation of neutral voltage during a
fault between node NJA and ground. As can be seen, before
the fault this signal is mostly the third harmonic with the peak
value of 13.1V. After the fault, the neutral voltage contains the
fundamental harmonic as well, since the machine is operating
in an unbalanced condition. The peak value of the third
harmonic however is reduced to 2.1 V, as determined from
Fourier analysis (not shown). The variation of neutral voltage
during a fault between the terminal node NA1 and the ground
is shown in Fig. 11b, where the peak value of the third
harmonic voltage changes from 13.1V to 15.8V. This SL-G
fault is repeated with a dq-based machine and the results are
shown in Fig. 11c. As can be seen, no voltage exists on the
neutral of this machine before the fault, and this voltage
contains only the fundamental frequency after the fault. This
clearly shows that a conventional dq-based model would be
inadequate for a real time simulator required for testing relays
that protect against such faults.



As mentioned in Section I, in the industrial commissioning
of relays designed to detect stator-ground faults, one of the
requirements is recording the third harmonic voltage of
terminal and neutral in different operating points. By running a
pre-programmed automated sequence of runs, using the
RSCAD’s Script feature [14], the case in Fig. 10 is simulated
in real-time on the RTDS hardware with the load absorbing
various active and reactive powers. In each set of active and
reactive powers the third harmonic component of the neutral
and terminal voltages (V,, and V,,) are recorded after the

circuit reaches the steady state condition.
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Fig. 11.  Neutral voltage during a stator-ground fault a) ground fault on

node NJA, b) ground fault on terminal node NAI, ¢) ground fault on terminal
node NA1 in a dq-based machine model.

Figures 12 and 13 show the variation of the third harmonic
component in the neutral and the terminals respectively. These
figures are generated by dynamically changing the resistor and
inductances of the load and recording the active and reactive
power of the load and the third harmonic component of the
neutral and terminals voltages.
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Fig. 13.  Terminal voltage 3™ harmonic component as a function of active
and reactive power loading

As can be seen the active power significantly affects the
value of third harmonic voltage, which is also reported in [2].
The variation of the third harmonic voltage with the active
power is comparable with the variation of this signal with a
stator-to-ground fault. This confirms the need to record the
pre-fault values of third harmonic voltage in the neutral and
terminal to avoid ambiguity in detecting the fault. Using these
pre-determined values for ambient 3™ harmonic voltage in
stator and neutral terminals, the threshold settings for the relay
can later be determined.

V. CONCLUSIONS

A detailed transient synchronous machine model was
developed in this paper which is suitable for the use in testing
relays for stator-ground fault detection. The model has the
following important properties

e The machine inductances are computed using
MWFA and effects of winding distribution and rotor
geometry is considered in the calculation of
inductances.

e The saturation is treated by adjusting the permeance
of the machine based on local MMF magnitudes.

e A special feature of this model is the correct
representation of time harmonics such as the third
harmonic of the voltage. This was shown with the
experimental validation.

It was demonstrated that this model can be used in setting
the relays designed to detect the stator-ground faults in
synchronous machines. Also closed-loop testing of such relays
is possible as the model is implemented in the environment of
the real-time digital simulator (RTDS®™).



VI. APPENDIX

TABLE I
DQO PARAMETERS OF THE EXPERIMENTAL MACHINE
Parameter Symbol Value
(p-u.)
D-axis inductance Ly 0.81
Q-axis inductance Ly 0.36
Zero sequence inductance Ly 0.094
Stator resistance Ry 0.043
Field resistance Ry 0.011
TABLE I
MACHINE RATINGS AND GEOMETRICAL DATA
Machine Ratings
Line-line rated voltage 208 V
Rated VA 3 kVA
Frequency 60 Hz
Number of phases 3
Field volts 120 V
Field amps 1.14 A
Number of poles 4
Stator Data
Stator inner diameter 150 mm
Number of slots 36
Slots/phase/pole 3
Turns/coil 16
Number of layers 1
Number of series coils 2
Coil connection of phase A 1-12, 2-11, 3-10
Rotor Data
Rotor outer diameter 148.6 mm
Stack length 90 mm
Pole-arc along d-axis 70.5 deg
Physical air-gap along d-axis 0.7 mm
Physical air-gap along q-axis 32.6 mm
Number of damper bars/pole 6
Field turns/coil 500
TABLE III
CIRCUIT PARAMETERS IN SIMULATION OF THIRD HARMONIC VOLTAGE IN THE
NEUTRAL AND TERMINALS
Load inductance L 68.9 mH
Load resistance Ry 34.6 Q
Field voltage Vy 759V
Neutrz.il-ground charging Cx 0.08 uF
capacitance
Neutral-ground resistance Ry 1368 Q
Terml.nal-ground charging Cr 0.46 uF
capacitance
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