Synchronous Generator Withstand against
Transformer Energization
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Abstract--In oil and gas plants large power distribution
transformers are often directly connected at the same voltage
level to turbo-generators having almost the same rating as the
transformer size: hence the generator can be subjected several
times to the transformer energization, both during plant black
start and during normal oper ating conditions.

In this paper, a typical electrical distribution from an
industrial plant is taken into consideration: the phenomenon of
transformer energization under one gas turbine synchronous
generator is studied and particular emphasis is put on the
transient behavior of the following generator magnitudes:
minimum and maximum stator voltage, field current/voltage,
stator winding current, electromagnetic torque, turbine
speed/generator frequency. A simple analytical method is also
provided to evaluate, starting from the calculating transformer
magnetization inrush current waveform, the stator winding
equivalent thermal stress to be compared to the generator
capability against unbalanced and non-linear current waveform
(1,%*t withstand) as foreseen by |EC and ANSI standards.

Simulations are carried out by means of EM TP-ATP program:
main equipment (synchronous machine, generator automatic
voltage regulator and exciter, transformer) is modeled using
parameters from relevant manufacturers.

Design data from generator manufacturer regarding withstand
against the transformer energization are finally compared to the
results obtained with the EMTP-ATP program, and useful
conclusions are derived in terms of choice of the best settings for
frequency and voltage protection relays in order to avoid undue
generator trip during energization.

Keywords: magnetizing inrush  current, transformer
energization, AVR, excitation system, synchronous generator,

negative sequence current, voltage sags/ swells.

|. INTRODUCTION

HE use of distributed generation (synchronous turbo
generators with typical rating between 5 MW and 40

MW) within oil & gas plants has become quite widesal in

latest years [3], [5]. More often each one of thgseerators is

coupled directly to the plant distribution networkithout a
dedicated step-up transformer like in classical grogtation
schemes. Hence it is not more possible to enemgzé plan
distribution transformer in a gradual and soft vaaying the
start-up of the generator and the gradual buildedpits
excitation voltage versus its speed increasing, thea
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transformer energization takes place only after gamerator
black-start through an emergency diesel generatérom an
external grid supply.

However, a synchronous generator can be very sengit
the energization of a transformer having approxatyathe
same kVA generator rating [3], [4], in terms oftetawinding
thermal stress, over-excitation, excessive eletiagnetic
torque oscillations, and abnormal stator voltage faequency
behavior.

The phenomenon of transformer energization is kedwn
in technical literature since many years [2], [1&hd a lot of
work has been done with regard to the transformedeting
for the aim of its magnetizing inrush current cédtion [7],
[8], [9]. Several recent works have shown clearhatt
transformer energization transients could affeet gshccessful
completion of a generator black-start procedurd fdrlof a
plant emergency restoration plan [4], as well asythould
impact on the malfunction of generator differenpiabtection
relay [6]: following these investigations, here tmadar
attention is focused on the generator electro-machhbstress,
in spite of a very detailed transformer modelinggl a term of
comparison is looked for between calculated resuits some
prescriptions foreseen by IEC standards for rogatiachines
[15] and ANSI standards for synchronous generdficts

The aim of this work is to analyze the possibilitfy one
synchronous generator to energize successfully one
distribution transformer without exceeding the #lec
mechanical withstand limits declared by the gemerat
manufacturer and preventing undue trips of voltagel
frequency generator protection relays.

[I. SYSTEM DATA AND MODELING

A. System Data
The electrical distribution scheme of a typical usttial
plant, in which a synchronous generator, beingedriby a gas
turbine, is operated in parallel to an external pdypgrid

¢ during plant normal operating conditions, is showfig. 1.

Main electro-mechanical parameters, for each nétwor
component, are reported in the Appendix.
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Fig. 1. Simplified single-line diagram of the irgdtial electrical system during transformer energization. The residual feixot taken

into account due to the lack of a topology-corteahsformer

. model able of accounting of magnetic fluxes outglue core

B. Modeling and windings [8]: however, this does not affect #malysis,

The electrical network is simplified and modeledAMP  gince the first energization during black-start during

(alternative transient program) [13] as shown ig.F2, yestoring after a long maintenance period is studiere,

following the general guidelines presented in [12]. instead of a de-energization and a fast subsequent

Y energization transients.

g The circuit breaker of the transformer feeder islated as

a time controlled switch, i.e. a switch that closgsa pre-
determined time.

I1l. PRE-ANALYSIS AND STUDY CASE

A. Validation of Transformer Model

The transformer model, being assumed for the siionls,
is first tested in case of an ideal supply netwtiff supply

Vs (rms value of Vgen)

Fig. 2. ATP model of the electrical system provided with infinite short circuit power), as stoin Fig. 3.
Medium voltage (11 kV) cables are modeled as cobsta P BT
impedances, since they are electrically short lemes: due to . TRANSF

their non significant extension (less than 1 knigpahe cable Stiﬁth /_/“/j_'\-ﬂ D

shunt capacitance can be neglected. HO e A i
The turbine-generator is modeled by means of AT#5%

model for synchronous machines [13], based on eagtance

Park’s theory [1] and with transient control syst¢FACS) Fig. 3. ATP model of the electrical system: ideatwork supply

and magnetic saturation being taken into account.

The automatic voltage regulator (AVR) of the getera The circuit breaker poles are closed at the instdrg@n the
excitation system plays an important role duringe th/Oltage on phase A passes through the zero valugettthe
energization since it can respond quickly soonrafie stator Maximum current peak value on the same phase [B¢ T
winding voltage undergoes dips caused by the toamsfr inrush current waveform shown in Fig. 4 results.
inrush current, and stator voltage swells and dwots can ~ 1he peak value on phase A is around 7050 A
follow the initial dips due to the interaction beten AVR and (corresponding approximately to 10.7 p.u. of transier rated
inrush currents [3], [5]: the AVR and the generagaciter are Current and to 8.4 p.u. of generator rated currem) its
modeled with equivalent transfer functions in Laplas- 'elevant rm.s. value (4985 A) is quite in line fwithe
domain. symmetrical r.m.s. value provided by the manufatur

In contrast to the necessity of modeling the AVRe t (5000 A).
turbine governor can be neglected [4]: in factddtes not
impact on the accuracy of the overall analysis esiits time
constants are longer than the duration of the ieats being
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Fig. 4. Inrush current (phase A) with transforfegt by an ideal supply

It is clearly visible the typical waveform beingropletely
asymmetrical for the phase A and made of one peltdwfed

rated current)
eis the exponential function (neperian number)
t is the time variable (s)
T is the equivalent time constant of the envelopayé€s).

IEC standard [15], for air indirect cooled generst@ives
a thermal withstand capability ,{f) against unbalanced
negative sequence currents (at fundamental freghergual
to 20 s, while ANSI standards [14] prescribe, far same type
of machines, a value of 30 s. ANSI standard [14}est also
that in principle it is possible to define a morengral
withstand capability ¢ft), by taking into account also
unbalanced harmonic components with order highen the
fundamental: anyway, these harmonics are definédduring
steady state operation and not during transierds the
energization.

by a hole in each 20 ms cycle (corresponding to theThe transformer energization current waveform has a

fundamental frequency of 50 Hz).

B. Approximate evaluation of equivalent energy
content for the inrush current
Rigorously speaking, since the transformer indwzars

non-linear and the transformer resistance refldhts core
losses as well as the winding resistance, a timstaat for the
transformer inductive-resistive equivalent circainnot be
exactly defined [4]: however, the envelope of thensient
waveform in Fig. 4 resembles an exponential deahatior,
which can be simply represented as one time conderay as
follows:

1)

where

| is the instantaneous envelope inrush current (pfu.

generator rated current)

Ig is the peak value of the inrush current (p.u. efierator
rated current)

eis the exponential function (neperian number)

t is the time variable (s)

T is the equivalent time constant of the envelopayé€s).

The energetic content %) of the inrush current
calculated through the integration of the functixpressed by
“(1)", which gives the area under the current wawef
exponential envelope, considering that half of tsimpe is
null. The following formula results:

¢ 2
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where
(1%) is the let-through energy of the inrush currept (s
| is the instantaneous envelope inrush current (pfu.
generator rated current)
[ dtis the integral operator
Ig is the peak value of the inrush current (p.u. efigrator

harmonic spectrum whose most significant componenés
usually the # and the % orders [6].

In general, not all the harmonic components ofititash
current are of negative sequence type: howevegesthe
prevailing 2 and %' harmonics are negative sequence
components [16], from an engineering point of viéwis
deemed a conservative approach to compare attagfésce
the let-through energy %), calculated by “(2)", to the
withstand capability ¢ft) defined by the standards in steady
state conditions, i.e. to verify the following retanship:

®3)

where
1%t is the let-through energy calculated by “(2)”
I,’t is the unbalance current withstand defined by, [[14].

Indeed, since “(2)" takes into account, although an
simplified way, the whole energetic content develbfy the
transient energization current, if “(3)” holds troee can be
quite confident that a good safe margin does exighe actual
thermal stress of the generator stator winding, oteef
performing any more detailed harmonic analysis tvhic
however, would require more construction data frtime

is generator manufacturer and in situ measuremeist test

C. Study Case

The transformer energization takes place only dftergas
turbine generator has been started and is operatidgr no-
load conditions. Hence it is assumed that, durihthe plant
black-start sequence, the low voltage auxiliarydaelevant
to gas turbine and plant oil & gas process are gdan
emergency diesel generator or by an external sugptaht-up

supply grid.

IV. RESULTS

The results of numerical simulations are shown lgicgily
in the following figures. A comparison between i&swand
generator manufacturer data is then performed.



A. Electromechanical Magnitudes
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Fig. 5. Transformer inrush currents — zoom viewist waveform cycles

The maximum peak value on phase A is around 2980\
it corresponds to approximately 3.5 p.u. of theegator rated
current. From the Fig. 6, it is visible that thartsient inrush
currents damp out in about 10 s to reach the stetaty
values: an equivalent time constant equal to 2 15 loa
assumed.
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The generator stator voltage is shown in Fig. 7.

[
n

@
E1
o
5 —
& \_/
S
T o
=
o
>
=
G 03
s
]

0.0-

0 3 6 9 12 [s] 15
(file SM_GTG_TACS.pl4; x-vart) t: VS
Time[g]

Fig. 7. Generator stator winding voltage as a tioncof time

It is clearly visible that the voltage sag as wadl the
voltage swell at generator terminals are neith@essive nor
detrimental for the generator, and are compatibth under-
voltage and over-voltage generator protection redaftings

provided in the following. Due to the initial smajenerator
voltage (less than 0.8 p.u. for about 0.8 s), the Voltage
black-start direct loads, made of direct on lineton® and
variable speed drive motors, cannot be fed by #gtgrbine
generator but shall be supplied by the emergeneseti
generator or the external supply grid for all theadion of the
black-start procedure and of the transformer ematigin. For
the stator voltage the steady state value is rebcfeer
approximately 10 s.

From the angular speed deviation, shown in Figth&,
corresponding generator frequency can be compuyethd
following formula:

D
f=f|1+100
n 2

where

f is the generator frequency (Hz)

f, is the rated generator frequency (equal to 50 Hz)
D is the angular speed deviation (centi rad/s)

2z is the circle center angle (rad).

(4)

o
o

z
S 0.1 \
g \\\
S0 .
5 =
Bo
3
©
&,
6 9 12 [s] 15
(file SM_GTG_TACS.pl4; x-vart) s1:VEL 1
Time[g]

Fig. 8. Generator angular speed deviation as etitmof time

Hence by means of “(4)", the negative speed denatf
- 0.40 rad/s, reached at the end of the energizatansient,
corresponds to the minimum frequency of 49.97 Hz.

The generator frequency pattern is shown in Figlt 39
visible that the frequency is practically not afémt by the
energization transient.
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The zoom views on the frequency, reported in Fiyafd
Fig. 11, show that the transient oscillations aoenpatible
with under-frequency and over-frequency generatotegtion
relay settings provided in the following.
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From Fig. 12, it is visible that the field curretmend is
compatible with the transient ceiling current witml
capability provided by the generator manufactured being
equal to 194% of the rated field base current fdugation of
10 s. The base field current is equal to 253.1 A &me
relevant ceiling value is equal to 491 A.
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Fig. 12. Generator field current as a functiotimoe

The transient field voltage, shown in Fig. 13, dsnpatible
with the maximum design limit of 15.31 p.u., copending to

the value of 356 V with a base field voltage equ&23.25 V.
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Both field current and field voltage behaviors shbat the
relevant steady state values are reached after 10 s

Finally, the electromagnetic torque developed dyrine
energization transient results well within the linthat the
turbine-generator can withstand during 3-phase 2upthase
short circuit events: the maximum reached valuarisund
50 kNm and is also lower than the rated torqueevalgual to
82.78 kNm.
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Fig. 14. Generator electromagnetic torque as etifom of time

B. I’t unbalanced current withstand
By applying “(2)", with T = 2 s andglequal to 3.5 p.u., a
let-though energy f1) equal to 6.12 s results. Since the
generator has a withstand capability against umicath
currents (#) equal to 20 s, the relationship in “(3)” is aquit
well satisfied and therefore no problem does efast the
thermal stress of the generator stator winding.

C. Voltage and Frequency protection settings

On the basis of the calculated generator statotagel
during transformer energization, the following undeltage
(ANSI code 27) and over-voltage (ANSI code 59)isgt can
be used for generator protection relays:

U< (27 f'threshold) = 90% of 11 kV for 10 s
U<< (27 2%threshold) = 80% of 11 kV for3s



U> (59 F'threshold) = 110% of 11 kV for10s
U>> (59 29threshold) = 120% of 11 kV for 3s.

On the basis of the calculated generator frequeturing
transformer energization, the following under-freqoy

generator shaft: it is therefore always importanget from the
turbine-generator manufacturer all the essentitd,des shown
in the Appendix, to carry out a careful analysis.

Under/over voltage and under/over frequency geaerat
protection relays are usually set according to tsbiocuit and

(ANSI code 81U) and over-frequency (ANSI code 8lQjansient stability studies: in this context theéttings shall

settings can be used for generator protection selay

f< (81U) = 48.5 Hz = 97% of 50 Hz for5s
f<< (81U) = 47.5 Hz = 95% of 50 Hz forls
f> (810) = 51.5 Hz = 103% of 50 Hz for10 s
f>> (810) = 53 Hz =106% of 50 Hz for1s.

The above protection relay settings do not hinder t
energization of the distribution transformer anditthvalidity
has been confirmed by the turbine-generator matwiarc

V. CONCLUSIONS

In this paper a typical industrial system, provideih
distributed generation, is taken into considerataomd the
analysis is focused on the effects of transfornmargization

also take care of the transformer energization stes,
without causing undue trips which could compromibe
commissioning of the turbo-generator unit and taatblack-
start operation. Since the energization is mainlyeactive
power phenomenon, between voltage and frequency
magnitudes the stator voltage results the one benogt
affected, and particularly attention must be paiateck that

the relevant temporary overshoot during energiratioes not
exceed the design limit foreseen by the generator
manufacturer.

VI. APPENDIX

A. Turbo-Generator Data

on one turbo-generator.

For plant configurations in which the generatodirectly
connected to a distribution switchgear, it resuits more

possible to energize gradually through a soft gataersus

frequency ramp each distribution transformer dutimeg start-

up of the turbine-generator and the build-up of egator

excitation, like it usually happens for the generastep-up

transformer of a power plant, but the transformeergization

takes place once the generator is already on-tideoperating

in no-load conditions. As a rule of thumb for thieelihood

and necessary condition for transformer energimatio is

always advisable that the largest transformer tdelehas a

rated power not greater than the rated power ofiémerator.

During the energization transient, the stator \gutaat
generator terminals undergoes initially voltagessdge to the

consumed reactive power, followed by voltage swdlie to
the interaction between the fast response of thenmitic

voltage regulator (AVR) and the transformer inrus
magnetizing current: the AVR shall then always bedeied

for this type of studies. The initial stator vokadips caused

by transformer energization forbid the supply akdt on line

motors and variable speed drive motors by the geoer
during the energization: in fact, low voltage camtas within

direct on line motor starters are prone to drop-émt
minimum voltage, as well as variable speed drives \eery

susceptible to excessive under-voltages with egenhundred
milliseconds duration.

To evaluate the impact of transformer energizatanthe

generator, it is necessary to analyze not only dfiness on

stator winding, mainly in terms of withstand capiapi(l ,’t)

against unbalanced currents, but also the tranbigmvior of

rotor field current and field voltage and the tiens

TABLE |
GENERATOR
4-pole synchronous gener ator driven by a gasturbine
all reactance and resistance p.u. (per unit) vadveseferred to the baseg
power Sb = 15930 kVA
par ameter value
rated power 15930 kVA
rated power factor 0.8
rated voltage (r.m.s.) 11000 V (line to line)
rated stator current 836 A
rated angular speed 157.1 rad/s
rated no-load field current 274 A
armature resistance Ra = 0.0027 p.u.
d—axis synchronous reactancg Xd=1.53p.u.
g—axis synchronous reactancp Xq =0.67 p.u.
d—axis transient reactance Xd = 0.267 p.u.
(un-saturated value)
—axis transient reactance ,
) (un-saturated value) X'q=0.267p.u.
d—axis sub-transient reactance X'd = 0.162 p.u.
(saturated value)
n —axis sub-transient reactance .
| (saturated value) X'q=0243p.u.
leakage reactance X1'=0.118 p.u.
zero sequence reactance X0 =0.06 p.u.
negative sequence reactance¢ X2 =0.211 p.u.
tranqent d-axis open circuit Tdo = 6.759 s
time constant
sgb-traqsnent d-axis open T'do = 0.039 s
circuit time constant
sgb-traqsnent g-axis open T'q0 = 0.102 s
circuit time constant
moment of mema of J=4653 kg h
generator + turbine + gear
total inertia time constant H=3.6s
IFIELD CEILING 194% for 10 s
IFIELD BASE 253 A
rated torque N =82.78 kKNm
3-ph short circuit torque 3lphase short circui® 8.35 * Ty

electromagnetic torque oscillations developed orbite-




2-ph short circuit torque 2lphase short circuie 9.79 * Tn + - 1
unbalanced current 2 Ve —-"f_._r =T, —  Epg
. . 1°t=20s - .
withstand capability &
S100= If100/ If 11 s T
i 7 . P! |
d-axis saturation (o Kg —
o |
3_1_20: |f120/ (1.2*|f) 167 N - ]
d-axis saturation ) -
= - - —
If = field current at 100% terminal voltage on gap line V=B 5 (E,.) | .

If100 = field current at 100% terminal voltage on opéuatdt
saturation curve

If 120 = field current at 120% terminal voltage on opémidt Fig. 16. Exciter transfer function typical repnetsgion (simplified version of
saturation curve IEEE Std. 421.5 AC8B excitation system model)
TABLE Il B. Distribution Transformer and Cable Data
GENERATOROVERVOLTAGE WITHSTAND CHARACTERISTIC
voltage (%) time (s) TABLE V
MAIN TRANSFORMER
120 3
125 1 par ameter value
130 0.4 Sr rated power 12500 kVA (base power)
140 0.3 Z short circuit impedance 6% (referred to Sr)
145 0.2 V1n/V2n rated voltage ratio 11 kV /6.3 kV
155 0.1 11 primary winding current 656 A (base current)
o no-load current 0.03 p.u. (20 A at 11 kV side)
TABLE Il at rated primary voltage
GENERATORAVR Po no-Ipad losses 0.0008 p.u. (10 kW)
at rated primary voltage
par ameter value —
AVR T m Pcc short circuit losses 0.00656 p.u. (82 kW)
P proportional gain :
Ki AVR integral gain 30 Im infush current 5000 Ar.m.s. (at 11 kV)
! =2 ° d (from ideal supply network)
Ko AVR derivative gain 6.7 Lo air-core inductance 1.027 H
Ka AVR actuator gain 0.99
Tp derivative time constant 0.01s
Vrmax Saturation max. limit 10.5 p.u.
Vrmin Saturation min. limit 0.0 p.u. 126 | LV ——
VRrBASE 15.90 V {/
Ta AVR actuator time constarjt 0.0001 s w06
1S
6.5
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Fig. 15. AVR transfer function typical represerdat Fig. 17. Main transformer magnetization curve

TABLE IV TABLE VI
GENERATOREXCITER MAIN TRANSFORMEREQUIVALENT ELECTRICAL CIRCUIT
|EEE 421.5 AC brushlesstype value parameter value
model parameter L1 winding leakage inductancg 0.9188 mH
Ke 1.00 (at primary voltage side) '
Te 0.229 s Ry winding resistance
Sc (Erp=8.8 p.u.) 0.02 (at primary voltage side) 0.03176 ohm
Erp = 4.6 p.u. 0.02 indi i b
S (Erp p.u.) L, winding leakage |nduc.tanc, 0.3014 mH
Erpmin 0p.u. (at secondary voltage side)
Erbmax 15.31 p.u. R winding resistance
Erpease 23.25V (at secondary voltage side) 0.010418 ohm
IFpBASE 253.08 A Ro no—!oad losses reS|.stance 12100 ohm
(at primary voltage side)

The parameters of the transformer equivalent ebtadtr



circuit in Table VI are derived from manufacturerlioad and [14] IEEE Standard for Cylindrical-Rotor 50 Hz and 60 Bynchronous

short circuit tests data reported in Table V, foilg the Generators Ratgd 10 MVA and Above, IEEE Std. C50DER. 2005.

general procedure reported in [1] [15] Rotating electrical machines, Part 1: Rating andfopmance, IEC
’ Standard 60034-1, Mar. 2011.

[16] G. J. RetterMatrix and Space-phasor theory of Electrical Maasn

TABLE VI Akadémiai Kiado, 1987.
CABLE

equipment parameters

300 m length

240 mnt cross section

3-core copper conductors
3 parallel runs
Rc =0.0072 ohm
resistance / phase
Xc =0.01 ohm
reactance / phase

cable feeder from generator t
main distribution transformer
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