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ABSTRACT

This paper presents a proper representation of the iron loss in the
equivalent circuit of synchronous machines. Itis represented by an
equivalent core resistance in parallel with a magnetizing reactance,
across the machine terminals. Mathematical expressions describing
the core resistance and the magnetizing reactance have been derived.
Such representation dictates a flow of internal circulating current.
The circulating current in the synchronous generator at no-load and
various loading conditions has been investigated. The dependency of
the circulating current on the field current, terminal voltage and the
load angle, is discussed. Moreover, the contributions of the core-loss
current component as well as the magnetizing current component to
the circulating current are also demonstrated. It is found that the
circulating current is as large as 0.032 p.u. at no-load and can reach
0.063 p.u. at maximum loading condition. The circulating current is
found to be mainly due to the core-loss current component while the
contribution of the magnetizing current component is insignificant.
The calculated values of the terminal voltage and the no-load iron
loss using the circulating current are found in a good agreement with
those measured within errors of £ 5% and + 7%, respectively.

Keywords: Synchronous  machine performance, Equivalent
circuit, Iron loss.

_ INTRODUCTION

A ccurate  prediction of synchronous
machine performance requires proper
presentation of the iron loss in their
deling. In this context, the prediction and
nulation of the iron loss has been the
of many investigators [1-11]. In
ferences 8 to 11. a qualitative study of the
ron loss has been carried out. In other
imvestigations [3-5], the distribution of the
] loss inside the machine has been
essed. Others [1-5, 7-9] investigated the

loading effect on the iron loss. In Reference 2

an approximate representation of the iron

loss in the equivalent circuit of synchronous

machines has been suggested. No attempt
was made to predict the so-called “internal
circulating current” that causes the iron loss

~ inside the machine.
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This paper presents a proper representation
of the iron loss in the equivalent circuit of
synchronous  machines.  The internal
circulating current at no-load and different
loading conditions has been investigated. To
check the calculated values of the internal
circulating current, the no-load iron loss and
the machine open circuit voltage are
calculated using the corresponding
circulating current and the calculated values
are compared with those measured
experimentally. The agreement between the
calculated and measured values is
satisfactorily within an error not exceeding
7% confirming the accuracy of the calculated
circulating current values. The internal
circulating  current increases with the
increase of the load angle. For the
investigated machine, it could be as large as
6.3%. )
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SYNCHRONOUS MACHINE EQUIVALENT
) -CIRCUIT

First of all, the magnetic saturation of the
synchronous machine has been represented
by replacing the unsaturated values of the d-
and g-axis synchronous reactances Xma, and
Xmqu With their saturated values Xmas and Xmgs
[12]. The details of this method are reported
in the Appendix.

Then, the synchronous machine has been
represented by an emf Eis in series with an
equivalent impedance Z., [2]. A phasor
diagram showing this equivalent circuit is
shown in Figure 1.
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Figure 1 Phasor diagram of the equivalent circuit of a
synchronous generator.

The terminal voltage Vt has been expressed
in terms of the excitation voltage Efs and the
equivalent impedance, Zeq as follows:

:\leifs'irm‘izeq (1)

where

Epy=Xpas I (2)

ze‘l-zReq ~iNeg 4 P (3)
K “ N

Req = &7 noe (4)

Nds - X Ndgs - N
X TE TS _CETR (5)
e 2 2

where Req and X, are the machine equivalent
resistance and reactance. 6 is the internal
power factor angle.

PROPER RERESENTATION OF
THE IRON LOSS
Recently, the iron loss components P
and Pcq due to the d-and g-axis ampere-turns
have been measured experimentally in a
specially designed synchronous generator.
The method of measuring these iron loss
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"Equation 14 can be rewritten in the following

components is reported in Reference 1. Al
mathematical expressions describing the ir
loss components P., and P.q have be
formulated as follows [1]:

w“‘i A o ’
\Y -
9

Pog = 6

R )
V2
d

Poq=

cd Re (7)

where Vg and V, are the terminal volta
components on the d-and g-axis. Req and R
are the iron resistance along the d- and
axis paths.
Equation 6 and 7 can be rewritten as follows

Peq = Ieq Vg (8)

Pea = 1ca Va (9)
where I.q and I are core-loss curren
components on the d-and g-axis respectivels
Ica and I.q can be expressed in terms of th
terminal voltage V. and the load angle 5, a

follows:
Vq _ |[Ve|sin
Lo Sl LA, (10)
¢ Rea Rea i
Vg  [Vi]eosd
P
Ieq = - (11)

Combining Equations 10 and 11, the total
core-loss current [. can be obtained
follows: .

I= Icq - J Iccl (12)

I .|VI[sm«5

_ | V¢ ’cosé )
: ch Reg

Equation 13 can be rewritten as follows:

(13)

C = c'—[‘(cos 8 - jsin 6 j\ ;(’Sc('la" -3 s}izn_cj ) (14)
form:
Ic = Yeq ¥ (15)

where Y., is the core equivalent admittance
and can be written in the following formula:



i (16)

(17)

is a resistance representing core
~and X. is a reactance representing
akage flux in stator core. R. and X.
pressed as follows:

ROAR
. Sead Req i (18)
cd +H(Req-Reg)sin® 8
R
e (19)

(Reg -Rod )sin 26
Equations 1, 15 and 17, a proper
ntation of the iron loss in the
alent-circuit of synchronous machines is
ed as shown in Figure 2. Itis quite
that the internal circulating current I.
s two components, Figure 2, namely a loss

nt component .. and a magnetizing
mponent [...

3

Xeq Reqtm
A —— M\ .
1L
Ler La
iXe R |Vt

re 2 Equivalent circuit of a synchronous machine
including iron loss representation.

RESULTS AND DISCUSSION

The equivalent circuit shown in Figure 2

S been used for investigating the internal

circulating current [. at no-load and various
ading conditions. The description and
ameters of the investigated

nchronous generator are given in the
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Circulating Current in Synchronous Generator at No-Load and Load Conditions

Characteristics of the Core Resistance and

Magnetizing Reactance
The dependency of the core resistance, R.,

and the magnetizing reactance X. on the load

angle, 5, is shown in Figures 3 and 4.

Moreover, the variations of R. and X. with

the output active power, P, at different values

of the reactive output power, Q, can be also
obtained. The method of calculation is given

in the Appendix. The variations of R. and X.

with P and Q are shown in Figures 5 and 6

From these figures, one can conclude:

1 — Figure 3 shows that the core resistance, R.
decreases with the increase of the load
angle, 3, or the output active power, P.
At load angle =0, R.= R, and at load
angle 3= 90¢°, the core resistance R.= R.q.
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Figure 3 Variation of the core resistance, R., against
the load angle,d, at Vi =1.0 p.u. and Iy =1.0
p-u.

ii- Figure 5 shows that the core resistance,

R., decreases also as the power factor
varies form lagging to leading.

ili- The magnetizing reactance, X., has a
minimum value at load angle = 45 © and
increases by changing the load angle 3
beyond this value, as seen in Figure 4.

iv- The magnetizing reactance , Xak
decreases with the increase of the output
active power, P. It decrases also by
changing the power factor from lagging to
leading, as seen in Figure 6.
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8 shows that for the investigated
hronous  generator, the mno-load
t, I, could be as large as 0.032
1. at rated voltage

* no-load current, I, , is mainly due to
current loss component, I, and the
ibution of the magnetizing current
aponent, [, to the no-load circulating
ent, I. , is negligible, as seen from
es 7 and 8 .

...............................
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...............................................
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Terminal Voltage, VA, in P.U.

e 8 Variation of the no load current components,
Ie, Iea, Ier with the terminal voltage V.

Internal Circulating Current Under
ng Conditions

e effect of loading conditions on the
rnal circulating current is shown in
res 9 to 11. Itis worthy to discuss the
lts as follows:

- The effect of the load angle, 3, on the
internal circulating current I. and its
components [.. and I.. is shown in Figure
9. It is quite clear that the internal
circulating current I.increases with the
increase of the load angle, 3. For the
investigated synchronous generator, this
current I. could be as large as 0.063 p.u.
at rated voltage and load angle & = 90c.
the internal current I. depends mainly on
the current loss component l.., Figure
9. Shows that The maximum
contribution of the core magnetizing
current I is  0.015 p.u. at aload
angle o = 45¢.

Circulating Current in Synchronous Generator at No-Load and Load Conditions

ii- Figure 10 shows the effect of the load
angle, 0, on the power factor angle, ¢,
of the internal circulating current which
is defined as the angle between the
current [. and the terminal voltage V..
For the investigated synchronous
generator, the angle ¢. has a constant
value of 1.4¢ at no-load. With loading the
generator the angle ¢. has a maximum
value of 18.5¢ at a load angle 6 = 35¢°.

iii- Figure 11 shows the effect of the load
angle, &, and the terminal voltage, V., on
the internal circulating current [.. The
internal circulating current [. increases
with the increase of either the terminal
voltage, V., or the load angled.
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Figure 9 Variation of the circulating current
components, I, L, L with the load angle 9,
at Vo= 1 p.u
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Figure 11 Variation of the circulating current I, with
the load angle 3, at different values of the

: Figure 12 Calculated and measured values of the d-
terminal voltage, V

axis open-circuit characteristic.

Experimental Check-Up of the Internal 006 b------ Th ...... ‘_ ..... ... ..... :. -.'._[ .....
Circulating Current | : :
The accuracy of the calculated internal T ensticed *__ .............
circulating current, [., has been checked-up ‘: ! —. calculated
by two methods: é‘u.m _______ s s R SO BUCH. (RIS
i - The machine open-circuit voltage was o
measured experimentally and calculated é P N I L :
using the circulating current I. as: § f :
Tomfeo---- T G SER A — |
vy = ;C (20) FUETTTTT P
- = 001 peeeens Cemees ee o A s msdenmns deeeeas TR
The calculated and measured values of the T
1

terminal voltage, V., at different values of the Bk
field current, I; are shown in Figure 12. Itis .
satisfactory to observe the agreement of the

'ed
~

lll2 04 08 [13:]
Terminal Voitage, V1, in P.U.

calculated values of the terminal voltage with Figure 13 Calculated and measured values of the no-
those measured within an error of 5% . load iron loss, P.c, against the terminal
.. . ltage, Vi
ii- The no-load iron loss, P. ofthe RORRER N
investigated generator was also measured CONCLUSIONS

experimentally and calculated using the

: . The iron loss has been represented in the
circulating current I. as:

equivalent circuit of synchronous machines

P.= V1. cos ¢c (21) by a core resistance, R., parallel to a

The calculated and measured values of magnetizing reactance, X., across the
the no-load iron loss, P., at different values of macl’gng terminals. Matbemat1cal expressions
the terminal voltage are shown in Figure 13. describing the core resistance as well as the
Again, the calculated values of the no-load fnagnetlzmg Feactal.lce have been derived. Tl}e ‘
iron loss, P. agreed satisfactorily with those internal  circulating  current, L, in
meastired within an error of 7%. synchronous generator at no-load as well as

at different loading conditions has been
investigated. The contributions of the current
loss component, [.., and the magnetizing
current component, .., to the internal
circulating current, I., at no-load as well as

B118 Alexandria Engineering Journal, Vol. 38, No. 5, September 1999



. loading conditions are  also
ated.  From this study, one can

he core resistance, R;, decreases with
; increase of the load angle, 3, or the
output active power. It decreases also
with the change of the power factor
~ from lagging to leading.

' The magnetizing reactance, X., has a
inimum value at load angle &= 45¢
“and increases with the change of the
load angle & beyond this value. It
decreases also with the increase of the
“output active power or by changing the
- power factor from lagging to leading.

- The no-loading circulating current I,
_increases with the increase of the field
- current and terminal voltage.

. Under loading condition, the internal
r mrculatmg current I., increases with the
increase of the load angle, 3.

: - the investigated synchronous
~ generator,; the ‘internal circulating
. current ‘I, is found to be as large as
.032 p.u at no-load and up to 0.063
p.u under loading condition at rated
~ voltage.

. The internal circulating current I., is
found to be mainly due to the current
= loss component, L, and the
contribution of the magnetizing current
component, I.. , to the internal
- circulating current, .. is found to be
~ negligible at no-load and up to 0.015
p-u. under loading condition.

i - The angle ¢.. between the current I,
- and the terminal voltage varies with the
~ load angle o. For the investigated
~ synchronous generator, this angle o,
has constant value of 1.4 atno-load
‘and varies up to 18.5° under loading
condition.

As a check for the accuracy of the
- calculated circulating current, the
calculated values of the terminal voltage
using the circulating current I., are
found in a good agreement with the
measured results within an error of 5%.
~ Also, the calculated values of the no-
- load iron loss wusing the circulating
current [, are found to be in a good

b nternal Circulating Current in Synchronous Generator at No-Load and Load Conditions
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agreement with their measured results
within an error of 7%.

APPENDIX

- Representation of the Magnetic Saturation

In Reference 12, the magnetic saturation
of  synchronous machines has been
represented in the conventional d- and g-axis
frame model by replacing the unsaturated
values of the machine reactances with their
saturated values. The saturated values of the
d- and g-axis mutual reactances. Xuqs and
Xmgss could be obtained by modifying their
unsaturated values X, and Xuq. by using
two d- and g@-axis saturation factors in
addition to the cross-magnetizing effect. The

equations describing the saturated
reactances are given as follows:
: - Fq
Nmds = Sd Xmdu - (A' 1)
ATy
b
. o = qd
kmqs - sq Nmdu - AT (A_Q)
g

where Sq¢ and S, are the d- and g-axis
saturation factors. They could be obtained
from the machine d- and g-axis open-circuit
characteristic curves. For the synchronous
machine under investigation, the equations
describing the saturation factors S, and Sq
are given as follows [13]:

1.0 ATy < ATy
- e (A-3)
lAO-(Id (ATd 'A-[ds )EAldI > ATdS
1.0 AT, | < AT,
s, J i; o 54T (A-4)
[10-0 4(AT, - ATy AT | > AT,

where:

AT4 is the component of the
ampere-turns in the d-axis and is
equal to | - I4]in per unit,

AT, is the component of the
ampere-turns in the g-axis and is
equal to !Iql in per unit,

ATus,ATys are the absolute values of the

ampere-turns at which the d- and
g-axis open-circuit characteristics
start to be non-linear, respectively,
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are constants representing the
steepnesses of the open-circuit
characteristics in the d- and g-
axis respectively, ’
la’'; I are the d- and qg-axis
components of the armature
current, respectively, in per unit,
I¢ is the field winding current in
per unit,
are the changes in the d- and g-
axis flux linkages due to the
cross-magnetizing effect. In
Reference 13 both Waq and W
are measured experimentally
under loading conditions in the
form of two d- and g-axis voltage
drops Egq and Eaq. For the
synchronous machine used in
the investigations reported in
this paper, the equations
describing ‘Wqq and Yo are
given as follows [13]:

ALa , Og

'"Ildq s qud

[0.0 |AT4| < Coq

o (A-5)
l'{dq ATy ATy -Coa)|ATy] > Coq

"qu =

0.0 AT |<Cyq

g, =
. Yod ATa (AT, -Coq J]AT| > Cq

where Yaq, Yad. Coa , Coq are constants.

The Machine Used For Studies

The machine used for the studies is a
small salient-pole machine. It has wound
rotor windings on both its d- and g-axis. It is
a 4-pole machine and its nominal ratings are
as follows: 3 KVA, 220/127 V, 60Hz, 1800
rpm. The machine parameters used in the
paper are given in Table A-1.

Table A-1 The Machine Parameters

The The The machine The
machine values in parameters values in

parameters p.u. p-u.

Xmdu 1.189 Cod 0.312

Xmqu 0.716 Coq 0.263

Xla 0.091 Red 16.0

ad 0.223 Req 31.0

aq 0.104 7dg 0.260

ATds 0.624 Yod 0.160
ATgs 0.530
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Calculation Of Rc And X. Versus P And Q

For a given output active power P, reacti
power Q and terminal voltage V. the loa
angle 8 can be obtained for unsaturate
synchronous machine as follows:

¢=tnt 2 | (A7)
P (A-8)

V; cos ¢ :
— Xqcosd -Iry sind (A-9)

Vi Iy cos ¢ +IX sin ¢

Substituting from Equation A-9 in Equations
18 and 19, the values of R. and X. can be
obtained. In the case of saturated
synchronous machine, the value of X
Equation A-9 will be replaced by its saturated
value X,s as reported in Refence 12 and
described in the first part of the Appendix.
The value of load angle 3 can be obtained
through an  iterative procedure using
Equations A-1 to A-6 in addition to Equation
A-7 to A-9. Subsequently, the variations of R.
and X. with P and Q can be obtained using
Equations 18 and 19.
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