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ECE 523: Synchronous Machine Steady-state
Equivalent Circuit

Rotor flux pulls the stator flux
in a generator, vice versa for a motor

T =k(Bsx By

Electric Circuit Equivalent:

Va(t) = 1a-15(t) + d N 1, 1s the copper loss in the stator winding.
dt

e Jiscalleda flux linkage.
e [f'we ignore saturation then

A= N-oP

e Faraday's law, for a transformer:

e:i)\=N.i(j)

dt dt
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e However, for a rotating machine, the number of turns coupled by the flux will also vary since the
windings are distributed.
e Sothe Faraday's Law equation becomes:

Rotor Axis

(Field Flux) Phase B
Stator Flux

e= i)\ = Ni o (t) + (I)iN(‘[)
dt dt dt

e The machine case is further
complicated by the coupling
between phases, so A, will be <

Phase A
Stator Flux

impacted by the currents in the
other phases and in the field circuit

e Recall that when we discussed
magnetic circuits, we defined a term
called "Reluctance"

2

- N Phase C

Rel Stator Flux

e  We canuse Ltorelated the flux linkages to the currents in each coupled circuit

N = Lagia(t) + Lapip () + Lac-ic(t) + Lap-if
e [, isthe selfinductance of phase A

e L., is mutual inductance between phases A and B
e L,.is mutual inductance between phases A and C
e [ ,pis mutual inductance between phases A the field winding F

We will find later that each of these inductances each have a constant part and a part
that varies with time as the rotor turns

e Asa firstapproximation, we can break the L, into:

N SZ N = Stator_turns

Li,=L,.o+L where: L,.0 =
aa aa( al aa( 3 Relag

Reluctance across the air gap

L, = Leakage
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L.y = Laap-cos(120deg)
Note that only the self term has leakage (leakage is not

Lye = Lyao-cos(~120deg) part of the mutual inductance.
L,r = L¢ cos( 0o + w- t) note that this varies with time.
Nf 'Ns
Lt 2Relyg

Then we can rewrite the flux linkage equation as:

N = Laao-[ia(t) - (@] - (kf)ﬂ + Laria (1) + Lg-ig-cos( 69 + w-t)

e Note impact of cos(+120) and cos(-120)

Assume balanced three phase circuit:
h+ip+ic=0  or ia = —(ip + ic)

So we can rewrite the expression as:

3
N = > aa0'ia (1) + Larria (1) + Lg-if-cos( 69 + w-t)
Then the voltage equation becomes:
3
Va(® = Taria() + T2y = 1ia() + > Lag- g () + Lot ig(6) — w-Lpvig-sin( 09 + w-1)
dt 2 dt dt

Note derivative of cosine term
Define:

e Voltage due to B,

ea(t) = —w-Lg-if sin(eo + w-t) = UJ'LF'if'COS(g + 0¢ + w-tj

Define: -

=—+0
5 Yo

Phasor form: E_a - |Ea| ' ej-é
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e Voltage due to By (armature reaction)

3 d.
—Laao-—1a(t)
2 dt

Now define the direct axis synchronous reactance:
3 . . .
X4 = 2-m-60Hz E-Laa() + Lg Dominatedby L,,o since leakage is small

So the voltage equation becomes:
_ . d.
Va(t) = 1a°1a(t) + Ls'gtla(t) +ea(t)
Or in phasor form:
7a = ra'ﬂ +j'Xs'i1 + E_a

Think back to dc machine, this implies current entering machine (motor operation)

Generator equation:

7a = E_a' -1y _j'Xs'I_a

Per Phase Equivalent Circuit (assumes Y connected):

l'a_gengrator

I < a_motor

AN AVAYA

Rf . Xs Ra
Vf N f Ea Va
Ea
W 5 Generator Relation

» Va

e Foralarge machine it is generally possible to neglect R,
e Normally the X/R ratio is over 20
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Salient Pole Machine Equations

Inductance Equations:

Direct axis inductance of phase "s" (round
rotor term)

0T legf 70
L = h-k-st k= Hor et T
4
N
orwecouldsay: L=
2' Relag
Saliency adjustment term:
Ah
L= 22N
2
Coupling to rotor:

Ah
LSf = (h + T)kNSNf

Self inductances:

Laa(6r) = (Lss + Lis) — La-cos(2-6;)

Lbb(er) = (Lss + Lls) — LA-cos 2-(6r - 2_1Tj

Lec(6r) = (Lss + Lis) — La-cos 2-(er+ 2—“)

Stator to stator mutual inductances

_LSS

Lab( er) = 3

Lbc(er) = ? - LA-cos(2-9r)

2.
— LA-cos(z-er _on

j Lae() = =

Rotor Axis

(Field Flux) Phase B

Stator Flux

-
Phase A
Stator Flux

Phase C
Stator Flux

= (LSS + Lls) - LA-COS(z-er +

= (LSS + Lls) - LA-COS(z'er -—

_LSS

2.
— LA-cos(z-er + Tﬂj

all symmetric: Lab = Lba andsoon.
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Stator to rotor mutual inductances

Laf(6r) = —Lyr-sin( ;) Lor(6r) = - sf'Sin(er_ 2%‘]

Ler(6r) = —Lgp- sin(er + 27“]

Rotor inductance:

Lir(6;) = (h + %}'k'Nfz + Lig

Electric Circuit Equivalent (generator convention):
d

Va(t) = —Taa(1) ——Ng
dt

>\a(t) = >\aarm + >\af = Laa'ia(t) + Lab'ib(t) + Lac'ic(t) + LaF'if

Na(t) = (%-LSS + Llsj-ﬁ- |IS| -cos(we-t — Gi) — %-LA-\/E |IS| -cos(we-t + 91) + Lsf'If'COS(UJe't + gj

Phasor form:

— J .0 _.e:
A, = Lsf.I_fe + (%.L55+L1Sj' |Is| CJ 61_%,LA. |Is| e AR

V2

(SR

Field term Round rotor term Salient pole
adjustment term
. T
— 1 £ J: E
e = ﬁ ' "Phasor" for field current representing angle of rotor axis
Aar = Lep-Ig
3 -j-0;

Aaarm = (%'Lss + Llsj' |Is| e_j.ei - E'LA' |Is| €
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Aarm = %L$+hg(wqay@g4@»_§4A¢q(w4@yusm@g)

Ao = %%ﬁdk_%hg¢q(m4@»_(%%U4%+%Lg¢qsm@0
Define quadrature and direct axis inductances:

3 3
L= —L+Lig——L
q > SS Is > A

; ; Note the cause of the difference between Lq and L
Ly= —Ly+Lig+—L
d > SS Is > A

Define quadrature and direct axis currents:

gl = |IS| -cos(ei) o0

= [ sin(0) &0 = |1 -sin(65) >
Therefore:
Agarm = Lg-Tag + La-Tag
_a = _af + A_aq + :1 = Lsf'I_f + Lq-gl + Ld'il recall the angle of the field current
:1 = Lq ;1

Aad = Lsp-Ip + Lg-Iag

Back to the voltage equation:

. d
Va(t) = —Ta(1) ——Ng
dt
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as a phasor equation:

Vo= Ty —jwe Ay = _ra'Ia_j'we'Aaq_j'we'Aad

Va=r12]y _j'we'Lq'Iaq —J-We Ly lag — J- we- Ls-If

Xq = we'ly
Xd = we'ly
Xsf = we-Lsr

_ (w 71)
— J .
= 2 2) _ -0
Eq = WeLgr-lg-e = X |If| e Note that this is reference angle in this derivation

Va=Es—1a'ly _j'Xq'Iaq —J-Xq1ad




