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Introduction

Phasor diagrams and equivalent circuits are widely
used for analysis of all AC electrical machines. Different
variants of the phasor diagram for the salient pole
synchronous machine are composed using the principle of
two reactions, which was proposed by A. Blondel in 1895.
Variants of the equivalent circuit of such machines are
known as well. Despite the fact that the phasor diagrams
and equivalent circuits for the considered machines have
been used for a long time, development of those by various
evaluation of the machine power is presented in this paper.

Main assumptions

The phasor diagrams and equivalent circuits are
examined neglecting the armature winding resistance
(because evaluation of this resistance does not change
principal results). The unsaturated machine is examined.
Phasor diagrams are presented for generator action,
showing voltage drops across the corresponding reactances
(and resistances).

Phasor diagram for the non-salient pole synchronous
machine

First of all the phasor diagram for the non-salient pole
synchronous generator could be reminded (Fig. la).
Calculation of the output power according to the phasors U
and / yields well-known expression:
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where m is the number of phases, x; is the synchronous
reactance.

The same expression can be got according to phasors
E and [, that is according to developed power
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Fig. 1. Phasor diagram (@) and equivalent circuit () for the non-
salient pole synchronous generator

The identity of (1) and (2) is apparent, because
phasors of the voltage drop -jx,/ and current / are in
quadrature, ant they develop any power. So, the presented
phasor diagram in terms of powers is complete.

In Fig. 1b the per phase equivalent circuit for the non-
salient pole synchronous generator is shown too.

Phasor diagram for the salient pole synchronous
machine

Phasor diagram for the salient pole synchronous
generator can be constructed from the following equation
(that is, finding the terminal voltage U by subtracting
voltage drops from the excitation electromotive force E):

(€)

where [, is the direct-axis current, /, is the quadrature-axis
current (the corresponding components of the armature
current /), x, is the direct-axis synchronous reactance, x, is
the quadrature-axis synchronous reactance. It is to notice
that these reactances are treated as fixed parameters.

The conventional phasor diagram according to (3) is
shown in Fig. 2.

Calculation of the output power from the phasors U
and / results well-known expression:
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Fig 2. Phasor diagram for the salient pole synchronous generator

Still another expression for power results when the
developed power is calculated according to the phasors E
and /, (because the phasors £ and /, are perpendicular):
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This wrong result is got despite the fact that phasors
of the voltage drops across the corresponding synchronous
reactances and phasors of the current components are
always in quadrature, and these pairs of phasors develop
any power. That signifies that the conventional phasor
diagram, as is shown in Fig. 2, is not complete. Possible
complement of such diagram is presented in the next
section.

Exact expression of the machine power should be
derived from the conventional phasor diagram (Fig. 2), if
the sum of voltage drops across the synchronous
reactances x, and x,; was evaluated as the voltage drop
across some equivalent non-linear reactance xg,. Such
phasor diagram is presented in Fig. 3.
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Fig. 3. Developed phasor diagram for the salient pole
synchronous generator

In Fig.3 the armature current / is divided into
components /,;, and [,,, where the first component is in
quadrature with the voltage drop across the reactance xg,,
and the last component is in cophasal state with the
mentioned voltage drop. Thus, this current component /,,
develops some power, and it is necessary to evaluate that
as additional power in the expression (5). This additional
power AP (per phase) can be derived as follows:
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It is easy to ascertain that the sum of (5) and (6) leads
to exact expression of the salient pole synchronous
machine power (4):
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As we can see, the presented in Fig. 3 development of
the phasor diagram enables to calculate rightly the machine
power in different way.

Equivalent circuit for the salient pole synchronous
machine

Construction of equivalent circuit for the salient pole
synchronous machine based on the voltage equation (3) are
problematical because it is necessary to sum up the voltage
drops caused by different components of the armature
current. Therefore mostly only abstract view of an
equivalent circuit is presented, as it is shown in the sample
of Fig. 4 [1].

Fig. 4. Equivalent circuit for the salient pole synchronous
machine [1]

As we can see in Fig. 4, the synchronous reactance is
depicted in generalised mode (as some set of the direct-
axis and quadrature-axis synchronous reactances). Here the
components of armature current are presented
schematically too.

There are other variants of the considered equivalent
circuit. For example, we can find an equivalent circuit,
which is composed according to principle of the
transformer equivalent circuit (e.g. Fig.5 [2]).
Unfortunately, such equivalent circuit is not convenient to
analyse salient pole synchronous machine.

f; d --—I'i q _.il'_'
B
Edp “Tre “ h+fTq
5 TR
Zod lfmf Tag UET
fi
& el

Fig. 5. Equivalent circuit for the salient pole synchronous
machine [2]

Naturally, the generalised equivalent circuit can be
presented with non-linear synchronous reactance x,, as it



is shown in Fig. 6. However, such equivalent circuit also is
not convenient to analyse the considered machine.

Fig. 6. Generalised equivalent circuit for the salient pole
synchronous machine

If we would like to specify the equivalent circuit, first
of all the armature current / must bifurcate into two
branches with different components of the current /; and /,.
This procedure is presented in Fig. 7.
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Fig. 7. Specified equivalent circuit for the

synchronous machine
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The current [ is divided in the branch points into
their components shunting the direct-axis and quadrature-
axis reactances by additional elements z, and z, (indefinite
thus far). Parameters of these elements are determined by
condition that voltage of the parallel elements caused by
different components of the current are the same. Thus,
this condition gives:
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Upon solving equations (8) and (9) for z, and z,, there
results:
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It is naturally that the addition elements are the
resistances because of the phasors /; and /, are being in
quadrature. On the other hand, these additional resistances
are depending on the phase angle y, that is, are non-linear.
It is very important that the resistance r, is negative (that is
possible in equivalent circuits).

The equivalent circuit in Fig. 7 can be rearranged into
ultimate form, which are shown in Fig. 8.

Fig. 8. Developed equivalent circuit for the
synchronous machine

salient pole
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It is to accentuate that the non-linear reactance xg,
(Fig. 6) in fact has included some resistances 7, and 74
(positive and negative).

The developed electrical power of the considered
machine can also be expressed from the equivalent circuit
depicted in Fig. 8. In this case, it is necessary to subtract
from the power according to phasors £ and /, (5) the power
AP, in resistances of the equivalent circuit r, and r,. Thus,
this power AP, (per phase) is:
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As we can see, this power is equal to the negative
additional power from the intermediate expression (6) (in
fact, this is an additional power developed in the salient
pole synchronous machine due to variable permeance [3]).
Consequently, the calculated according to the equivalent
circuit Fig. 8 electrical power will be the same true power
presented in expression (4). This situation corroborates
expedience of the proposed equivalent circuit for the
salient pole synchronous machine.

The phasor diagram can also be constructed from the
equivalent circuit. Such phasor diagram is shown in Fig. 9.
In fact, here the completed conventional (see Fig. 2) phasor
diagram is got. Naturally, the true electrical power of the
considered machine can be calculated in any way from this
phasor diagram. So, the proposed equivalent circuit
enables to complement properly the conventional phasor
diagram for the salient pole synchronous machine.
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Fig. 9. Complemented phasor diagram for the salient pole
synchronous machine

Conclusions

Traditional phasor diagram for the salient pole
synchronous machine constructed on a basis of two
reactions is not complete, and it enables to calculate
machine power only in separate way (from the U and /
phasors).

It is possible to develop an equivalent circuit for the
salient pole synchronous machine, in which the direct-axis
and quadrature-axis synchronous reactances and additional
resistances are presented, as well as the corresponding
components of armature current are shown.

The developed phasor diagrams and equivalent
circuits for the salient pole synchronous machine enable to
calculate power of the machine in various ways.
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Phasor diagrams and equivalent circuits are widely used for analysis of AC electrical machines for a long time. Different variants of
the phasor diagram for the salient pole synchronous machine are composed using the principle of two reactions. Variants of the
equivalent circuit of such machines are known too. Traditional phasor diagram enables to calculate machine power only in separate way
(from the phasors of external voltage and armature current). The developed phasor diagrams and equivalent circuit, in which the direct-
axis and quadrature-axis synchronous reactances and additional resistances with the components of armature current are used, are
presented in the paper. They enable to calculate power of the considered machine in various ways and more successful to analyse them.
I11. 9, bibl. 3 (in English, summaries in English, Russian and Lithuanian).

C. Kynapayckac, JI. CumanuHeHe. Pa3BuTue BeKTOPHOW AMAarpaMMbl M cXeMbl 3aMellleHHS] CHHXPOHHOI SIBHOIOJIIOCHOI
MAIIUHBI // DJIEKTPOHUKA M dj1eKTpoTexHuka. — Kaynac: Texnonorus, 2007. — Ne 6(78). — C. 13-16.

BekropHble aiuarpaMmbl U CXEMbI 3aMEILEHUS YK€ JOJITHE IOJbl UCIIOIb3YIOTCS A aHaIN3a JIEKTPUYECKUX MAIlUH IIepeMEHHOTO
ToKa. Pa3nuuHble BapuaHTB BEKTOPHBIX JUAarPaMM CHHXPOHHBIX SBHOIOJIIOCHBIX MAIMH CTPOIOTCS Ha OCHOBE METOJA ABYX PEaKLHUil.
OnHAaKoO TPaAMIOHHBIE BEKTOPHBIE AMArpaMMBbl MO3BOJSIOT BBIPA3HUTh MOIIHOCTh MAIIMHBI €JHUHCTBEHHBIM CIIOCOOOM — C
UCTIOb30BAHHEM BEKTOPOB BHEIIHETO HAMPSDKEHUS M TOKA SKOps. B cTaThe mpeacTaBieHbl pa3BUThIE BEKTOPHbIE AUArpaMMBI, a TaKKe
CcXeMa 3aMEIIEeHHsI C HCHOJB30BAaHWEM IPOJONBHOTO M IONEPEYHOT0 CHHXPOHHBIX PEAKTUBHBIX COTMPOTHUBICHHH H JT0OABOYHBIX
AKTHBHBIX CONPOTUBIICHUH C BBIACIICHUEM COCTABISIONINX TOKA B OTAEIBHBIX BETBSIX. DTO MO3BOJSET MOTYYUTh BEIPAKEHNE MOITHOCTH
MallIMHBI Pa3INYHBIMA crIoco0aMy, a Taroke Oojee yJOOHO aHAIM3UPOBATh CBOMCTBA MAmUHEL M. 9, 6ubim. 3 (Ha aHrIMiickoM sI3bIKE;
pedepaTsl Ha aHIIMICKOM, PyCCKOM H JINTOBCKOM f13.).

S. Kudarauskas, L. Simanyniené. RySkiapolés sinchroninés masinos vektorinés diagramos ir ekvivalentinés schemos plétojimas
/I Elektronika ir elektrotechnika. — Kaunas: Technologija, 2007. — Nr. 6(78). — P. 13-16.

Kintamosios srovés masinoms analizuoti nuo seno naudojamos vektorinés diagramos ir ekvivalentinés schemos. Ryskiapolés
sinchroninés masinos vektoriniy diagramy ivairlis variantai sudaromi taikant dviejuy reakciju metoda, taCiau tradicinés vektorinés
diagramos tinka masinos galiai skaiCiuoti tik vienu biidu — pagal iSoring itampa ir srovg. Straipsnyje pristatomos iSplétotos vektorinés
diagramos, taip pat ekvivalentiné schema, kurioje panaudotos skersiné ir iSilginé induktyviosios varzos bei papildomos aktyviosios
varzos ir atskirose grandinés Sakose yra iSskirtos inkaro srovés skersiné ir i$ilginé dedamosios. Tai jgalina teisingai apskai¢iuoti masinos
galia jvairiais biidais, sékmingiau analizuoti jos savybes. 1. 9, bibl. 3 (angly kalba; santraukos angly, rusy ir lietuviy k.).
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