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Abstract

Conventional ground fault protection schemes can be applied for any generator terminal connection but it covers at most 95% of
generator stator length. 100% protection for synchronous generator stator winding can be achieved by a combination of zero
sequence and third harmonic protection schemes. The implementation of the third harmonic scheme on any generator is
determined by magnitude of third harmonic voltage produced in the generator. The methods of connecting the generator terminal
also influence the range of third harmonic voltage at the stator terminal and neutral. An investigation into the compatibility of
particular generator configuration with the third harmonic scheme is important to prevent protection mal-operation since the
scheme is hampered in performance by certain factors which include grounding method employed and generator terminal
connection among others. In this paper, the modelling of parallel unit-connected generators of the second order is presented to
study the influence of parallel unit-connected generators on third harmonic stator ground fault protection. Application of mesh
analysis method to the circuit models produced ordinary non-linear algebraic equations. The equations were solved using
Cramer’s rule. Simulations of the circuit models were performed for no-load, light load and full load conditions using
MATLAB/SIMULINK to study the character of third harmonic voltage at stator neutral and terminal when a ground fault occurs
to validate the results of the models. Introduction of a ground fault at the neutral point of the single generator showed that the
third harmonic voltage decreased towards zero at the neutral but increased towards maximum at the terminal.
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Its normal values are between 1% and 6% of the nominal
generator voltage, in the case of non-faulted windings [5].

1. INTRODUCTION

Ground faults are a major cause of stator winding damage.
A ground fault in the stator winding of a synchronous
generator causes the flow of current whose magnitude is
dependent on the grounding method employed on the
generator and also limited by the fault impedance [1]. The
flow of the fault current if not interrupted often results in
insulation breakdown of the stator winding and burning of
lamination portions in severe cases.

A generator is suitable for third harmonic protection if
enough third harmonic voltage is produced in it during
normal operation. The third harmonic voltage can be used to
excite third harmonic relays to determine the presence of a
ground fault. The implementation of the third harmonic
protection depends on where the third harmonic voltage is
measured. It can be measured in the generator terminal,

. . neutral or both.
Ordinary zero sequence voltage relays used for winding

protection against single phase ground faults on unit When a ground fault occurs near the neutral end of the stator

connected generators cannot cover 100% of stator winding,
i.e. there is a dead zone at or near the generator neutral [2]
Zero sequence voltage relays can only detect faults over 90-
95% of the stator winding. Typically 5% - 10% of the
winding portion is unprotected. [3]. A combination of zero
sequence voltage relays and relays tuned to the third
harmonic voltage provide 100% protection for the generator
stator winding [4].

Third harmonic voltage is produced by all generators and is
present in the two ends of the stator winding in all
generators but in different magnitude. The magnitude varies
according to the machine design, the load level, the
measurement point and the fault location along the winding.

winding, the value of third harmonic voltage at that point of
the stator decreases towards zero but towards the terminal
point of the stator, it increases towards maximum.
Alternately for a fault close to the generator terminal, the
reverse is the case [5]

This character of third harmonic voltage at the neutral and
terminal of a generator form the basis of the third harmonic
protection. The three possible measurement positions form
the basis of the under voltage, overvoltage and ratio
approaches to implementing the protection [6] The
distribution of third harmonic voltage along the stator
winding terminal and neutral positions in normal and fault
conditions is shown in Figures 1 and 2 [7].
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Generator terminal connections are however a major
influence on a stator ground fault protection scheme excited
by the third harmonic voltage [8]. Investigation of the
influence of particular generator terminal connection on the
range and character of third harmonic voltage present in the
stator ends to excite protective relays is therefore important
to prevent mal-operation of the protection scheme.

Parallel unit-connected generator is one of such terminal
connections that can influence the character of third
harmonic voltage hence the performance of third harmonic
protection schemes.

........

Fid 1: Normal third harmonic voltage distribution.
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Fig 2b: Third harmonic voltage at neutral under fault.

2. METHODOLOGY

A typical parallel unit-connected generator of the second
order is shown in Figure 3. In order to study the
phenomenon of interest, the parallel unit-connected
generator is modelled to represent a condition of normal
operation and a condition when a ground fault has occurred
along the stator winding.

The two conditions are referred to as non-fault and fault
conditions of the unit. In modelling the unit, the stator
winding capacitance to ground and the capacitances of the
elements at the generator terminals are modelled as single
capacitors to ground [5]. The third harmonic voltage feeding
the measuring element of ground fault protection scheme is
influenced by generator active power [9] therefore the study
will be for no-load, light load and full load conditions of the
unit.

Third harmonic voltage in the stator winding varies in
magnitude according to the measurement point and the fault
location along the winding [5] therefore different values of
fault resistance in different portions of the winding were
applied to the fault model.
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Fig 3: Typical two generators in-parallel

For the parallel unit-connected generator shown in Figure 3,
Coan, Cgs= stator winding capacitance to ground of
generators A & B

Cia, Cyg =Total capacitance to ground of all elements
connected to generator terminals.

Rna Rng = Neutral resistance for generators A & B.

C,= Step-up transformer capacitance to ground

The non-fault circuit model of the unit is presented in
Figures 4 and 5. In order to study the ground fault
phenomenon, a resistance was connected to ground on a
phase of the generator as shown in Figure 6. The voltage
distribution across the terminal and neutral of the generators
under normal operating condition is determined from the
non-fault model.

The third harmonic voltage at the stator terminals vary in a
normal operation from when a ground fault occurs in the
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stator winding of one of the generators. The change in
voltage distribution under a fault condition was determined
from the fault model.

For the non-fault and fault models of Figures 4 — 6,
Es;, Es,= Third harmonic voltage produced in generators 1
& 2.

Cg = Phase capacitance to ground of the stator winding.

Cx1, Cx» = Total capacitance of elements connected to
generators 1 & 2.

Rn1, Rz = Neutral resistance of generators 1 & 2.
R¢ = Fault resistance

a = Fault location along stator from neutral to terminal.

Performing parallel summation of Cg/2, Cx; and Cx, in
Figure 4 yields the equivalent circuit of Figure 5.
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Fig 4: Non-fault model
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Fig 7: Simplified fault Zero sequence voltage circuit

From Figures (5) and (6), the circuit analysis gives the

following equations
1 1
=—+—=|=-C_,+C 1

(2, o), Bores] W

, =[x, ¥ + (@R, ] @)

Where

X =t
274C,

®)

Application of mesh analysis to the circuit of Figure 5
produces:

Ey = Il(zl+xt1)_|2Xt2 4)
E32 = |1X12_|2(Xt2_22) ®)

In matrix form,

|:E31:|:{|1:||:Zl+xtl _th } ©)
E32 I2 th xt2 _Zz
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Or
E=IZ )

Substituting for voltages, generator parameters and
application of cramer’s rule to equation 6 gives

92,5 ~ j11354  17184- j2125

(8)

|2
E, =E, = 925

A, =[{17184 - j24829)x (17184 j2125)}]
~[{(j1135.4)- j11354)}]

A, =664792646

On light load condition, the terminal and neutral voltages
are obtained from 9 — 12.

[ 925 j11354 .
Y 925  17184-j2125 ©
A, = 2020179
I, =0.0303A

{1718.4— j2125 92.5}
A, = (10)

j11354 925

Note that A is the determinant of impedance matrix A. A,

and A, are the determinant of matrix formed by replacing
the 1% and 2™ column of Z by E.

A, =2020179
|, =0.0303A
an :Vnz = Ilznl (11)

V,, =V, =663V
Vv

t1 Vt2 = letl (12)
th Vt2 =345v

3. ANALYSIS OF THE FAULT MODEL

The value of voltage at terminal and neutral of both
generators when a fault occurs on one of the pair can also be
evaluated from the analysis of the fault model of Figure 7 as
follows.

ESn = Il(Rf _an)_ |2Rf (13)

{92.5} ~ {Il }{1718.4 —j24829  j11354 }

E3I = IlRf +|2(th_Rf)+|3th (14)
E32 = IZXtZ_IS(XtZ_ZHZ) (15)

In matrix form

E., LR -2y —R; 0
E3t =1 2 Rf X t1 Rf X t1 (16)
E32 |3 0 th th _an

A
L =— )
1 A,
A
=2 (18)
0
A
== (19)
0
Vi =0hZy (20)
Vie =12, (21)
th = (Iz + |3)Xt1 (22)
Vt2 :(|3_|2)Xt2 (23)

The voltage at terminal and neutral of the generators under
different fault conditions can be calculated from equations

17—23.

3.1 Parallel Generator Simulink Non-Fault Model

The non-fault model for a single generator is shown in
Figure 8. The parallel generator SIMULINK model consists
of a back to back connection of two of the single models of
Figure 8. The generator parallel connection can be operated
in a single generator mode or parallel operation mode.

When the generators are in parallel operation, capacitance at
the terminal of each generator is modelled as a parallel
summation of the capacitance at the terminals of individual
generator. For a condition of operation of one generator with
the other shutdown, the capacitance at the terminal of the
generator in operation is modelled as a parallel summation
of the capacitance at the terminal of the running generator
and the capacitance at the terminal of the shutdown
generator up to the open circuit breaker.
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Fig 8: Single generator SIMULINK model

4. RESULTS AND DISCUSSION
4.1 Validation of the Non-Fault Model

In order to verify that the circuit models presented to sudy
the phenomenon of interest are built correctly using
SIMULINK, validation of the non-fault model is done by a
comparison of results obtained from theoretical analysis and
computer simulation of the model.

Real generator parameters of generators located at Kainji
Hydo plant, Nigeria were used for the parallel unit
connection to validate the non-fault model are stated below.

Step-up Unit Parameter
Generator rated voltage: 16KV
Rated Power: 80MW

Frequency: 50Hz

Stator winding capacitance: 0.6uF

Grounding resistance: 16 /\/§, 10Amps, 925Q
Circuit breaker capacitance: 0.1uF

Step-up transformer Capacitance: 0.1uF

Bus capacitance: 0.05uF

Step-up transformer power: 184MVA

Total third harmonic voltage produced in the generator
calculated as 1% of rated voltage [5] is shown in table 1 for
the load conditions under study.

Table 1: Total third harmonic voltage

The calculated and simulated voltage at the neutral and
terminal of the generators for other loading conditions using

the same formula above is shown in Table 2.

Table 2: Parallel generator calculated, simulated voltage
values and percentage error

Table 2A: Neutral Voltage

Loading Calculated Simulated Percentage
conditions Voltages(V) Voltages(V) Error (%)
an Vn2 an Vn2

No-load 114.7 114.7 115.8115.8 0.95

Light-load 66.3 66.3 66.8 66.8 0.75

Full-load 229.5229.5 231.6231.6 0.92
Table 2B: Terminal Voltage

Loading Calculated Simulated Percentage

conditions Voltages(V) Voltages(V) Error (%)
Vi Vo Vi Ve

No-load 59.6 59.6 60.0 60.0 0.67

Light-load 345 345 34.7 347 0.58

Full-load 119.4 1194 120.1 120.1 0.59

Loading E, (V) % phase neutral | o E,

Conditions Voltage(V) No-load
voltage(V)

No-load 160.0 1.73 100

Light load 925 1.00 57

Full-load 320.0 3.46 200

Where FL = full load, LL = light load, NL= no-load.

Comparing the results, the error of simulated from
calculated values is less than 1% for all load conditions.
This shows that the circuit model was built correctly using
SIMULINK.

5. CONCLUSIONS

In this paper modelling parallel unit-connected generators
have been  presented and implemented  using
MATLAB/SIMULINK.

The circuit models can be used to study the influence of
parallel unit-connected generators on third harmonic stator
ground fault protection. When the parallel generator
arrangement is operated in a single generator mode, the total
capacitance at its terminal is modelled as a summation of its
terminal capacitance and the capacitances at the terminal of
the generator on standby up to the open circuit breaker.

When both generators are operated in parallel, the total
capacitance at the terminal of each generator is modeled as
the sum of the capacitances at the terminal of both
generators. Comparison of the calculated and simulated
values as presented in Table 2 with error of less than one
percent show that the model can be relied on for study.

The range and character of third harmonic voltage feeding
the protective relays for a parallel unit-connected generator
of the second order can therefore be evaluated using the
circuit models presented.
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