ECE 330
POWER CIRCUITS AND ELECTROMECHANICS

LECTURE 19
SYNCHRONOUS MACHINES (3)

Acknowledgment-These handouts and lecture notes given in class are based on material from Prof. Peter
Sauer’s ECE 330 lecture notes. Some slides are taken from Ali Bazi’s presentations

Disclaimer- These handouts only provide highlights and should not be used to replace the course textbook.
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SALIENT POLE THREE-PHASE SYNCHRONOUS

MACHINE
* First we consider a salient pole three-phase machine as

opposed to a round rotor machine

 Salient pole machines are used in hydro-generators and
low-power single-phase synchronous motors.

» \We consider a two-pole machine.

* There are three stator coils distributed so that each coill
creates a sinusoidal mmf around the periphery.

 The rotor has a field coil that carries a constant current ir.
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SALIENT POLE THREE-PHASE SYNCHRONOUS MACHINE

‘b" axis

ECE ILLINOIS TirriNnors



SALIENT POLE THREE-PHASE SYNCHRONOUS MACHINE

The stator colls are separated mechanically.
relations can be derived as

he flux current

A, L,+L,cos26 M, +M ,cos2(6—-60°)
A1 |-M,+M,cos2(0-60") L,+L,cos2(6—-120")
Al [-M, +M,cos2(6+60°) —-M,+M,cos2(6—180°)
A | M cosé M cos(6-120°)
M, +M, cos2(6+60) M cosd  |[i,

-M,+M,c0s2(60-180") M cos(6-120) || I,
L, +L,cos2(0+120°) M cos(8+120°) || I,

M cos(6+120°) L

r
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SALIENT POLE THREE-PHASE SYNCHRONOUS MACHINE

/la La M ab M ac M ar ia

ﬂb I\/Iab I—b |\/Ibc I\/Ibr
A M, M, L M,_|i
I-r

C ac C

Al (M, M, M

r ar

* Inductance matrix Is symmetric.

r

« all inductances except L, are functions of ¢
« Also M, = Lo and L, =M,.
2

 All windings have the same number of turns and there is

no leakage flux.
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SALIENT POLE THREE-PHASE SYNCHRONOUS MACHINE

wo=tripeliipaliizedi
2 2 2 2

_HalblvI ab T Iach ac T Ibch bc

+L UM +LEM +1 M,

Te o OWy _ iZ dL, 2olLb i> dL

00 2 do 2d¢9 2 do

dM dM dM,
+Hi_i, +i i +ii,
dé dé dé
dM, .. dM, .. dM.,
+i i +il +i i
dé dé dé
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ROUND ROTOR THREE-PHASE SYNCHRONOUS
MACHINE

L
For round rotorcase L, =M, =0 and M, = ?0
L M, -M, Mcosd |
L(0) = -M, L, -M, M cos(6-120)
-M, -M, L, M cos(6+120)
'Mcos¢é Mcos(@-120) M cos(6+120) L |
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ROUND ROTOR THREE-PHASE SYNCHRONOUS
MACHINE

1, ., 1

Wrr: ZELOIa MOiaib +ELOib2_MOiaiC
.. 1., .
—M I, 1, +§LO|C +1,1 .M cosé

+1,1 .M cos(60—-120")+1i1_1 M cos(<9+120°)+%Lrif
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ROUND ROTOR THREE-PHASE SYNCHRONOUS MACHINE

Since L =L =L =M_=M_=M, = constant

. OW' . dM_ .. dM_ . .. dM,

T° = =11 +11 +1.1
00 do déo déo

=—1,1 .M sin@d—-1,1.M sin(60-120") —i1_1.M sin(6+120°)

In steady-state AC conditions and in terminal conditions.
p. =T o,
Whatever happens in phase a, happens in phase b , 120 deg.

later and in phase ¢, 240 deg. later.
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ROUND ROTOR THREE-PHASE SYNCHRONOUS
MACHINE

Assume a balanced set of currents In the stator
I, =1 coswt
I, =1 cos(ot—-120")
. =1 cos(ot+120)

I =1 = constant

r
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ROUND ROTOR THREE-PHASE SYNCHRONOUS
MACHINE

T° =—1_1,M[sin@cos it +sin(6—120") cos(e,t —1207)
+sin(6+1207) cos(a,t +120°)]

sin(@ + wt) +sin(6 — w,t)
2

:—|m|r|v|[

N sin(@ + ot —240°) +sin(6 — w,t)
2

N sin(@+ ot +240°) +sin(¢9—a)st)_
2
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ROUND ROTOR THREE-PHASE SYNCHRONOUS

. L MACHINE
Using the identity

sin(@+ ot) +sIin(@+ ot —240") +sin(@+w,t +240°) =0

We get, re = ~Inl M3sin(0-oyt)
2
|m:\/§|a , l,=rms | O=wt+y

Te=_2 Ia2|r M sin(w t+y —at)
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ROUND ROTOR THREE-PHASE SYNCHRONOUS

MACHINE
For T¢ to have an average value, o, = @,, which is called

the synchronous speed.

-3 :
T°=—1_1_M sin
J2 ’
The synchronous speed @, Is equal to the electrical
: : 27tN
frequency o, in radians per second, @, = 720 > = 27f

where N_ = synchronous speed in rpm.

For two pole machine N, = f x60 =3600 rpm.
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VOLTAGE IN STEADY-STATE(ROUND ROTOR CASE)

Compute v, In steady state
O=ot+y=at+y
dA di, di, di, dM

v, =—==1L, b ——+M_ +1, =
dt dt ® dt " dt dt

0" m™s

—L,l o, sinat +%I o, sin(o,t —1207)

+% | o, sin(ot +120") -1 M o, sin(ot +y)

Adding and subtracting _L_| o, sinwt

2
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VOLTAGE IN STEADY-STATE(ROUND ROTOR CASE)

V, =— 3|2'° | o, sinat + L2 ~a.[sinat +sin(at —1207)

+sin(ot +120°)]-1 M @, sin(ot +y)

o \/_

S I t — . I t—
V, = Re[v2V N g’ s ]=Re \/E gLOa)s |ae ™%’

M | i
+Re|V2—=Cwel7e’ se 2
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VOLTAGE IN STEADY-STATE(ROUND ROTOR CASE)

la=1 20°, e'2=]

2= gLoa)Sl_a+j M1, w.e

J2

L,o, =X, (synchronous reactance)

17
oM 1e” oM Irl(zﬂ/j

N | w <

SR AN B
\7a — jXSTa +Ear

E. (voltage phasor proportional to field (rotor) currentl )
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VOLTAGE IN STEADY-STATE (ROUND ROTOR CASE)

Jig

Va — jXSIa+Ear
i : : T I T _ 0 My Ty
The equivalent circuit W) = [

I, =1_Ccosat= \/flacosa)st

1.=1,£0° Reference phasor.

Real power into the source P, = Re [Earl_;]

P, =Re (COSMIV L(ZM/DIa
V2 2 | am
J2

~ 1 siny
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VOLTAGE IN STEADY-STATE(ROUND ROTOR CASE)

Power In three phases: P. =3P,

P. :_—3a)sl\/llrlasin7/

2

The mechanical power output: P, =T w,_ .

Since we have DC field excitation, o =0 .

from the frequency condition @, = @, —®,  we have @, = @,
For a conservative system, P. = P,

T :_—BI\/IIaIrsiny

J2
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POWER IN TERMS OF VOLTAGES

7. 1=

SIN3¢:3VaIa:WaIa49P_F R
\.r‘.lf_f_. i E;FLS—.

— V. .£00-E, Zo
Sinzg =3V, ZL0°( _ )
JX s

~ 3?90 3V,E, 290 -§
IN 3¢ — —
XS XS

V. E V. E
Prnag = —————008(90" =) = —————sin o
X X
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POWER IN TERMS OF VOLTAGES

P A E
-I-e: IN3¢:_ axarsin5
5<0 Motor “ s
o >0 Generator
0 v: V. E. 5
- —2 _ COS
IN 3¢ Xs Xs

Quss <O Overexcitation (E,, coso >V, )

Qs >0 Underexcitation (Ear COS S <Va)

Note: Qa4 isdetermind by E__  (excitation)
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CONVENIENT PHASOR NOTATIONS

a(g) — '
\7a —= —jXSTa + Ear Py P
— _ — — E; ‘_Mech.
Ear — JXs | +Va
I_ _E—ar _V—a
T ix V. E.
s P gy = ————sino
XS
V. E 3V 2
Qray =————C0S56 ——-2
Xy X
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POWER IN TERMS OF VOLTAGES

o0<0 Motor

o >0 Generator

Qs >0 Overexcitation  (E,, coss >V,

Qns, <0 Underexcitation (E, cosd <V, )

Note: Q,,, isdetermined by E, (excitation)

I
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EXAMPLE 6.1

A three-phase wye-connected 60 Hz synchronous machine
with two poles has synchronous reactance x, =5.0Q /phase.
Operating as a motor: 30A, 254 V, PF= 0.8 leading,

windage, friction, and core losses = 400 W

Find: E, and T1¢ , useful shaft torque, efficiency
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EXAMPLE 6.1
The equivalent circuit

V. =254/0°
cosd =0.8=6=36.87

1. =30,36.87° A

Ear =V_a—jXS|_a jxsla
Ea =254.0°—(j5)30.£36.87° Ear
=364.3,-19.23°V o
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EXAMPLE 6.1
The torque angle Is 6§ =-19.23° and o, =w, =377 rad / sec

_ —3(364.3)(254)sin(-19.23')

P =18286W
5
The torque of electric origin Is
Te=tr 18280 oo Nm
) 377

Overall efficiency _ 18286=400 _ ;740014986 = 97,80
18286

17886

Useful shaft torque = ——=4744 N-m
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EXAMPLE 6.4
A two-pole, three-phase, 60 Hz, wye-connected synchronous
machine, x, =2Q , Is operating as a generator
1905 V per phase, 350 A , PF of the load is 0.8 lagging.

Find . Ear, 8 and the torque of electric origin

V . =1905./0° V

1.=350-,-36.87" A

cosd=08=>60=36.87
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EXAMPLE 6.4

Ea =V a+ jX 12 =190520" + j 2(350£ —36.87°)

= 2325+ j560 = 2391/13.54°V O =13.54
3E.V_sIno
o - EaVasing 3(2391)(19;)5)(.23416) - 1600.000W = 1.6 MW
XS
P =T°w =1600,000 W E, = 2391[13.54°

o, = o, two —pole machine
=377 rads /sec

ix, I =700 [53.13°

36.87° V, = 1905[0°

:1600’00024244ON—m )
377 I, =350|36.87°

-I-e
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MULTI-POLE MACHINES

The number of poles in a machine is defined by the

configuration of the magnetic field pattern.

3 phase supply DC supply

Source: machineryequipmentonline.com Source: electricaleasy.com
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MULTI-POLE MACHINES

When the Instantaneous current Is

In the direction indicated, the resulting
flux lines effectively create

an electromagnetic field with

North (N) and the South (S) poles
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MULTI-POLE MACHINE
For four slots carrying coils connected In series with

polarities indicated by dots and crosses. It can be one phase

of a three-phase winding. In this, we effectively have a four-

pole machine

Electromagnetic field due to the flow of current

in
Source: electronics-tutorial.ws
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MULTI-POLE MACHINES
For four-pole, three-phase machines the rotating field

completes two cycles (720 degrees. Electrical) in one

mechanical revolution of 360 degrees.

eelec = 2Hmech
Since d_t&’ =0= 0,, =20 ..,
_ pa)mech
Q) —
elec 2
—_— pa)m )
a)s = 9 C()S — 27Z'f :12072'
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MULTI-POLE MACHINES

_ 27N S _ po, Poles (p) | w,, (mech.) Speed
., = o — 2 1207 rad/sec | 3600 rpm
60 2 4 607 rad/sec | 1800 rpm
_ PN . 6 407 rad/sec | 1200 rpm
— 120 ) 307 rad/sec | 900 rpm
10 24w rad/sec | 720 rpm

In mathematical terms, the relationship between the number

of poles and synchronous speed is reflected in mutual

Inductance. M cos@ becomes M cos%‘g and the frequency

condition becomes @ =(xw, tw. )/ p

_ Pa,
= Q. —
C()r O : S 2
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SUMMARY FOR P POLE MACHINE

Generator action

With the generator convention for current, P. =P, >0

p = 3E,V,8Ino _ p =

Xs P P oo e
= R E;:.._ ._L];:h Ve i - <‘F>E“'
Ear = jX la+Va | _

Per-phase equivalent circuit
In the phasor diagram 5>
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SUMMARY FOR P POLE MACHINE

Motor action

With the motor convention P. =P, >0

—3E_V,sino -
PT = = Pm JXs |
XS P P —

- " = "+ 1 <_> —
Elec. Mech. Ya ') ! 7 Eu

V.= jxTa+Ex

Per-phase equivalent circunt

In the phasor diagram  s5<0
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SUMMARY FOR P POLE MACHINE

Both for motor and generator o, = %a)m
95 is the supply frequency

o, 1S the synchronous speed in mechanical radians per

120f
second. the synchronous speed N, T In rpm

The power factor is cosine of the angle between terminal voltage V. and termina
current L. It is called leading PF when Io leads V. It is called lagging PF when I,
lags Va. & is called the torque angle and is the angle from Vo to Es.ltis positive for

generator action and negative for motor action. E; is a dependent voltage source
proportional to field current I .

ECE ILLINOIS TiLriNoOTsS



