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Abstract--This paper shows, through simulations using the
software Matlab/Simulink and its library Simpowersystems, how
to perform the synchronous generator load rejectiortests and how
to obtain the values of the synchronous generator leztrical
operational parameters which are important data to perform
generator and electrical power system dynamic studs. The paper
discuss thed-axis load rejection test, theg-axis load rejection test,
the arbitrary axis load rejection test also shows tw to calculate
the electrical fundamental parameters which charaarizes the
synchronous generator.

Index Terms—Electrical machines, load rejection
parameters determination, Synchronous generator sioiation.
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|.  INTRODUCTION

The synchronous generators are responsible for shliaib
electrical energy generated in the world todaythin studies of
dynamics and control of electrical energy systehesdynamic
mathematical modeling of the synchronous generatsssimes
a role of relevant importance so that this mattas een
studied since the first large-scale electricity eration system
in the world until now with high intensity.

Many papers have been written since the first dijeuftil
our days [2] about the synchronous generators itlefin
characterization and measurement of electrical rpaters so
that many test procedures for determining pararmetegre
developed in such way that the IEEE, IEC and NEM®&ich
are important standardization societies of the AJ&hd Europe

on electricity subjects had considered necessargir th ||,

standardization, as it can be seen in the standatd#] and

[5].

The synchronous generator fundamental

resistancer(), the field winding K4), thed andg-axis damping

winding electrical resistanceg andry), the per phase stator

determined. The standard parameters of the synchson
generators are thé andg-axis synchronous reactanceg &and
Xg), thed andg-axis transient synchronous reactanoeg gnd
X'g), thed andg-axis sub-transient synchronous reactanggs (
and x”4 ), the d and g-axis open-circuit transient and sub-
transient time constant$’(e, T g0 T" 4o @aNdT" 4) and thed and
g-axis short-circuit transient and sub-transienteticonstants
(Ta, T'q T"gandT”y).

The synchronous generator standard parameters ean b
determined through load rejection tests, amongratiethods,
while the fundamental parameters are calculatedngusi
mathematical relations as shown in [6], [7] andspreed in the
appendix A.

This paper shows how the standard parameters can be
determined by the load rejection tests through kitians
performed by using the software Matlab-Simulink-
SimPowerSystems showing important details of how to
calculate those parameters. Results of simulatiothe load
rejection tests at rated voltage are presented d&or
hydrogenerator (salient pole synchronous generatoose data
are shown in the appendix\Bhich has one field winding, one
d-axis damping winding and ompaxis damping winding.

Round rotor synchronous generators (turbogenetjatoust
be represented by a mathematical model with mae gmeg-
axis damping windings due to the solid iron roterd ahe
associate Skin Effect. Usually it uses @haxis and twag-axis
damping winding [6], [7].

SYNCHRONOUS GENERATOR DYNAMIC MATHEMATICAL
MODEL

The dynamic mathematical model of a synchronous

electric . . . . . .
- i nerator with twog-axis damping winding utilized in the
parameters are: the per phase stator windings riekdct gl%)ck called " q png g

synchronous machine” of the SimPowstr&ns
library of the software Matlab/Simulink, is compddey the set
of differential equations as presented in [7] als® dellow (1).

windings leakage reactance), the field winding leakage This library allows to the user to include the metmn

reac:ance X). thedd and g—aﬁls ?sgpln% W|n(_1I|ng Ieak‘;’1gesaturation model. In the simulations performedhis tvork the
reactancesxky and X;) and also andg-axis generator magnetic saturation effects are not taken into @eco

magnbetlz(;ng rea_ctagc_ezsn(, an:jxn]?) ’ Lloweverdthzse parameters The electrical differential equations that describe stator
can be determined just only If the standard pararseare .,y the rotor windings are shown in (1) and ardtewniindq



axis coordinate system which rotates at the ropered. The X, = X%+ X,
first three equations represent the stator windisgbscripts) ° d 3)
and the following four equations represent therratmdings. Xy = Xs T Xog

The subscriptf is used for the field winding while the
subscriptk is used for the damping windingsd(for the direct The mechanical part of the machine is describedwiy
axis damping winding andkql for the g-axis, number 1 differential equations as shown in (4):
damping winding andq?2 for the g-axis, number 2, damping

winding). In the machine used as example in thiskvibere is pPo=w -
just one damping winding in ttepaxis, designated d%j2 as in 4
[7] 2H _ . .
' @ o ? pa) _Tm_(‘//dlqs_l//qlds) _Tdan
Vtr]s = _rJrqs+awrds+awr gs s

In these equation$l is the turbine-generator set inertia
constantT,, is the mechanical torque of the turbine dgg,is a
damping torque that represents, among others, dtegianal
losses of the rotating parts. Inside the rotatidosses are the
magnetic losses and the mechanical losses (windagk
friction losses).

o P«
Vie = i@ ke T =¥
a,

ro_ r r
Vs =~ ds_irw qs+7l//r ds
), ,
T T p s
Vfd - rfdl fd +a‘/jfd
(1) IIl. SIMULATION SCHEME FOR THE SYNCHRONOUS GENERATOR
OPERATION

VOs = _r5i05+£w03
@, Fig. 1 shows the SimPowerSystems simulation diagraeal

N +£l//'r in this work to perform the load rejection testheTinfinite bus
ko gy T block put at the generator terminals is used tonta the
. L P, generator terminal voltage fixed and constant durihe

Vir = N kg ¥ =¥ k. simulation at a chosen value (in this case thelraitage). The

“ real power is defined by the inpBt, which is the mechanical

. input power and the reactive power is adjusted Hyy field
In these equations represents the voltage of the Sever@loltagevf

windings, i represents the electrical current circulatinghie t
windings, ¥ represents the magnetic flux linking the windings;\;  gomE SYNCHRONOUS GENERATOR LOAD REJECTION TESTS
measured iwvolts/s p is the differential operatod/(dt), w; is the AT RATED VOLTAGE

angular speed of the rotor irad/s referred to a two pole

machine ando, is the reference angular speed (in this case isThhe Ioadﬂreje;ctlon_ tests aims ttci the_ de;tergmagcﬁtrthe ient
the synchronous angular speed corresponding torat synchronousl andg-axis permanent, transient and sub-transien

frequency). The magnetic flu¥ for each winding can be reactances_ anq also the open circuit transientsabetransient
written as in (2). In this casg’yy, V''iq1, V''kq2are nulls because d _ano_l g-axis t'|me cogstgnts. The_re are thr?e t_ypes of _Ioad
the damping windings are short-circuited. rejection t_ests. 1) thed“axis load rejection test whlch permits
to determine onlyg, X'q4, X" ¢, T'go @aNdT" 4o, 2) the ‘G-axis load
rejection test” which permits to determine omlyandx”, and

L= Xt X =1 g 1+ : . L i ¢
W= Xt Xond Tt it ) 3) the “arbitrary axis load rejection test” whiclermits to

_ . . Sy Ly . 3 ” 1 ”
Wie = Xt X T ot it ) determine onlyxg, X'g, X" g T'qo @and T” 4. The parameters are
Yoo = ~Xdos determined from the envelope of the armature teaminltage
. Cr Ly after de load rejection.
l//qul - Xlkqllliql+ qu(_qus+| km+' ka) (2) )
o _ o sy Sy b Stator voltage and current
Gz = Xuqeliz * qu(_' ast kgt ka) Speed and field current
. N
Wig = Xyglg de(_lrds+| gt rkd) B "
Ty ; ot - * : *
[//krd = Xlkdllzd+ de(_lrds+| ol k() . A . @«
: 'T T h ]
. L
The electrical fundamental parameters of the syrabus i : i I =
generator were already defined and they &f&4, ', Mgy kg2 6250 kVA, 4160 V Infinite Bus

Xis» X6 Xkd Xkq1» Xkq2» Xma @NdXmg. The direct-axis reactance) Salient pole rotor

and the quadrature axis reaCtam\qe qre given by (3). Fig. 1. Simpowersystems block diagram for geneilatd rejection test.



To perform the load rejection test the load musswitch off
at the same time as the turbine is tripped, théatian system i
must be in manual position and the voltage of iblel fwinding
must be maintained constant during the load rejedist. The
short-circuit time constants can be calculated gisthe
equations (A-1) and (A-3) shown in the appendix A.

To perform the #-axis load rejection test” it is necessary to
have the generator connected to the electrical p@ystem
supplying zero active power and supplying or dragwieactive
power and the field current must be adjusted. Is tase the
armature current and also the armature magnetidglaligned
with the d-axis. The terminal phase voltages are acquired and

0.9778|

0.9502]

095

Vt (pu)

its arithmetic average is calculated and plottedaliow the time (s)
calculation of the reactancgg x'y andx” 4 The field current is
also acquired to allow the calculation of the tiooastantsT’ g, Fig. 2. Terminal voltage envelope during load ctmn

andT"4, as it will be shown later. To perform thg-&xis load
rejection test” it is necessary have the generator connected to
the electrical power system and the armature cumering T
only the g component so the reactive power and the field
current must be adjusted so that the power facigteaf) be
equal to the power angl&)( It it a test that requires a load
angle measurement and so it is necessary to haen@der
installed in the generator shaft. The terminal phastages are
acquired and its arithmetic average are calculatetplotted to
allow the calculation of the reactanogsandx”g This test in o
not so efficient because it permits only the deteation ofx
andx”q. Those values can be determined also by the arpitr
axis load rejection test. ‘ ‘ ‘

To perform the “arbitrary axis load rejection tedfie - time (s)
synchronous machine is suddenly disconnected friw t Fig. 3. Amplification of the Fig. 2
electrical system while the armature current hasvatue (both
d and g-axis components). The load angle need to be  The dynamic of the generator terminal voltage casden in
monitored because it is necessary to havedthgis armature Fig. 2 where the load is rejected at time= 25 s For the
voltage curve and the-axis armature current at the loacalculation of operational reactances it is nesgstaget the
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>
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=
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rejection instantysin g, and i) as in [8]. intersections of the tendencies of the terminatag# with the
terminal voltage axis at the time when the loadatpn occurs.
V. SIMULATION RESULTS It can be better observed in Fig. 3, where an dicgtion of

e Fig. 2 was done providing a better view of ¢ineelope of
e armature voltage behavior during the load tigjedime.
After the transient time, the terminal voltage bees equal
A. _d-axis load rejection test to the voltage induced by the field that is givgrEb= 0.87 pu.
To determined-axis operational parameters the generator Thus one can calculate the d-axis operational aeaet
must be supplying zero active power and maximumsiptes ysing the values of A, B and C shown in Fig. 2rag} and [9]
reactive power [4]. To implement this condition e the expressions (5):
simulation it is necessary to enter a zero meclkamiower as

The proposed methods were applied to the salieta p
synchronous generator shown in the appendix B.

input data, that i®m = 0 (zero active power) and a determined C 1-087

field voltage to which the machine provides the mmam Xy == =1.0492pu

possible reactive power in a tentative and errocgss. In the it, 0.1239

studied case the conditions at the time immedigtelpre the X, _B _1-0.9592_ - 0.3293pu (5)
load rejection with the under excited machine &= 0 pu, Q, it, 0.1239

= 0.1239pu (capacitive load)Vt, = 1 pu, it, = 0.1239 pu, y=

0.87 pu Xy = A _1-09778_ 0.1792pu

|t 0.1239



To obtain the open circuit time constants the fieldrent
curve during the load rejection, shown in Fig. 4 am Fig. 5,

are usedT’ 4, andT" 4, are the times required for the transient

and sub-transient components of voltage to decreadée or
0.368times of its initial value as in [4] and [9], Seely can be
obtained asT’y, = 3.8008s and Ty, = 0.0245s.

B. g-axis load rejection test

The electrical conditions at the time immediatedfdre the
load rejection areP, = 0.6249pu, Q, = 0.3054pu (capacitive
load), Vt, = 1 pu, it, = iq, = 0.6956pu, v; = 0.87puy, J, = ¢, =
26.05°.

The identification process starts obtaining theBAand C
values shown in Fig. 6. Using the expressions ginei®], [4]

and [10]x, andx” 4 can be calculated as shown in (6) and (7).

_JA-c? _V1°-0.9028

= =0.6183 6
i, 0.6956 pu ©)
JAa-c? - R- B J17-0.9028 - - 0.9642
" = = =0.2372
% i, 0.6956 U= (7)
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Fig. 4. Field current during the load rejection.
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time (s)

Fig. 6. Terminal voltage load rejection.
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Fig. 7. Amplification of Fig. 6

C. Arbitrary axis load rejection test
The electrical quantities values at the instant adiately

before the load rejection arB; = 0.8437pu, Q, = 0.5222pu
(Inductive Loag, Vt, = 1.0003pu, it, = 0.9920pu, v; = 1.7688
pu, J, = 21.619°. Using the expressions given in [8] aimel
data shown in Fig. 8 and in Fig. 9 the parameigesdx” ; can
be calculated as:

V. sed
_(Visem), | 0.3685_ ) 07, ®)
g0 0.5918
V. sed)
"= —(‘_—)O =0.6227- 0'2541: 0.193%u 9)
i 0.5918

qgo

Salient pole synchronous generators don't hayéut in [8]
there is an expression to calculate Tt is the time required
for the sub-transient components of voltage to ekese tdl/e or
0.368times its initial value as in [4] and [9]” 4, = 0.0328s.



TABLE |

=5 ' " " " T PARAMETERS IN PU
[ 1
Rl \ - . . Avrbitrary Appendix A
oo w w01 w02 w3 w0t Parameters D-Axis Q-Axis Axis pp
o J‘//ﬁ// 1 Standard Load Load Load Calcula  Design
S Rejection Rejection - u !
S ! ‘ ‘ ‘ ‘ 1 ) ) Rejection  ted Values
~ —YL\\ ‘ Too 3.8008 - - - 3.7724
< o ‘ ‘ ‘ ‘ ‘ T 0.0245 - - - 0.0238
o T - . L - - 0.0328 - 0.0334
E M X, 1.0492 1.0495
o et T = - - X, - 06183  0.6227 - 0.6313
;E W X 0.3293 - - - 0.3320
> % ER w2 w3 e "
time (s) X 0.1792 - - - 0.1963
. o ' - 02372 0.1933 - 0.2496
Fig. 8. Rated voltage load rejection. T ) ) ) 11929 1.1939
T - - - 0.0133  0.0140
T, - - - 0.0102  0.0132
e for the procedures to be taken in the plant ot laboratory
32 when load rejection tests are required for pararsete
= determination. Simulations and data mathematicahttnent
= can also be improved using simulation results.
@
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VI. TABLE OF RESULT APPENDIXA
H H H n I
Table | s_hO\_Ns th_e ope_rat|onal parameter valu_esmtnan T =T X4 Tio (A1}
the load rejection simulation tests as well asdbésign values 'd = ‘do x,T,
of the generator presented in the appendix B. Hsigd values ¢
are used as the input of the simulations. Withdhi obtained Too {A-2)

in the simulations one can calculate the standhrdnd g Ty = )(dz
parameters of the generator as in [7] as showheérappendix

A_ n
Tq" :ﬁT" {A'S}
VII. CONCLUSIONS %4
It was verified through simulations using the saiter

Matlab/Simulink/SimPowerSystems that the load t@ectests X, = Xpq+ %, =0.6313pu

provide reliable values for the operational pararetof the

synchronous generator. The values obtained in ithelation Xy = Xng T %s=1.0495pu

comply very well with the synchronous generator igles x

operational parameters which were used as inputthin X, = )§S+M:O,3320pu
simulations. This way one can use the simulatiostste Xia T Xna

procedure and parameters calculation to show tperitance of X XX

the dynamic mathematical modeling of synchronouseggor X = X+ S =0.1963pu

and also to use it as a previous simulation toidexl/a guide XX+ Xna Xa* Xiro Ko



quxikq

)qu + qu
+

T = (0 * %) =0.0334pu

a‘{)rkq

+

T, = —(X"‘* %) =3.7724pu
a‘llrfd

M+$%%

Ty =~/ =0.0238pu

a‘l)rkd

o Ko
Xmg T X

a‘l)rkq

X, = X+ =0.2496pu

=0.0132pu

dexis
)
T, = L Xt %) =1.1939pu
a{)rfd

Xng Xis Xy

Xt XX KX
Td,,: d Ms d “Mfd s “Nfd :00140pu

Wlig

APPENDIXB

Salient pole synchronous generator design dat&0 BZA
4160V, 60Hz, 0.85pf, 20 poles rs = 0.00636pu, xs = 0.1235
pu, rg = 0.03578pu, rq = 0.05366pu, ry = 0.0084pu, X =
0.1119pu, Xk = 0.1678pu, Xy = 0.2691pu,H=7.11s

(1]

(2]

(3]

(4]
(5]
(7]
(8]
9]

[10]

[11]
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