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Lecture #4-1

References for Electric Machinery |l

Text: A. E. Fitzgerald, Charles Kingsley, Jr And Stephen D. Umans, E/ectric
Machinery. Mc Graw Hill, 7th Edition

Reference 1: P.C. Sen, Principles of Electric Machines and Power
Electronics. Wiley, 3rd Edition

Reference 2: P.S. Bimbhra, E/ectrical Machinery . Khanna Publication
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Electrical Machine Ill Syllabus
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« Effects of Salient Poles; Introduction to Direct and Quadrature-Axis Theory
« Steady-State Power-Angle Characteristic of Salient-Pole Machines
* Permanent Magnet Synchronous Machine
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Lyq =7

Synchronous-Machine Inductances; Equivalent Circuits

Lecture #4-1

L., =L, = Mcos6

Laa

Lba
Lca

 Lirq

Log = Lpp = Lee = Lggo + la

L., = Ly, = Mcos(6 + 120)

Lab Lac Lar_ la|
Lpp  Lpc Lpr||ip
ch Lcc Lcr ic
Lrb ch er_ ir-

o T
1

Lap = Lpg = Lge = Leg = Lpe = Lep = —5 Lgao

2

L.. =L, = Mcos(0 —120)
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Synchronous-Machine Inductances; Equivalent Circuits  lecture#4-1

Motor Configuration:

dA
+ _ . a
Vig = Ryl +
vta ta a*a dt
Generator Configuration:
+ ., dg
Vta Vig = —Rglg + dt
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Synchronous-Machine Inductances; Equivalent Circuits  lecture#4-1

Motor Configuration:

., d4q
< + Vig = Ryl + 7
/ Vta
>

. d . . . .
Vig = Ryl + % (Laala + Laplp + Lgcle + Larlr)

- d 1 1 . .
Vig = Rglg + E ((Laao‘l'lal)la — ELaaOlb — ELaaOlc + MCOSle>

_ 3 di, d
Vig = Ryig + (g + §Laao) o + o (Mcos(wt + &)1, )
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Synchronous-Machine Inductances; Equivalent Circuits  lecture#4-1

Motor Configuration:

i, . dlq
< + Ve = Rglg + dt
/ Vta
> _
_ 3 di, d
Veg = Rgig + (I + ELaaO) s + o (Mcos(wt + &)1 )
» 3 .
Steady state condition V., =R, I, + (lywj + ELaaoa)])Ia + Eqf
(phasor notation) _ |
Vo = Ralg + (Jxgp + jxgr)lg + Eaf
. Mwl
Vo = Rglg +jxgly + Egf ‘Eaf‘ — r
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Synchronous-Machine Inductances; Equivalent Circuits  lecture#4-1

Motor Configuration:

da,
dt

Va = Rqlg + ] (Uj)la + Eqf
v, =a + (j+j@)1a + Vo = Ralq + 53la + Ea

E,r = Generated Voltage R, = Armature Resistance

vt —_ Raia +

X, = Armature Leakage Reactance X, = Armature Reaction Reactance

x; = Synchronous Reactance
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Synchronous-Machine Inductances; Equivalent Circuits  lecture#4-1

Motor Configuration:

@;:+ (jxo +

Va = Rolg + jxsly + Egf

3

With same procedure V. = R..L.
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Synchronous-Machine Inductances; Equivalent Circuits  lecture#4-1

Motor Configuration:

Vo = Ralg + (xg + jxgr)lg + Eaf

Generator Configuration:

+ - dA,
vt _Rala +
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Synchronous-Machine Inductances; Equivalent Circuits  lecture#4-1

jxar jxal Ra Ia
+ Motor Configuration:
+ "
Eaf(? ) IET 'a Vo = Ralg + (X1 + jXgr)lg + Eaf
l ar _' al Ra . .
o5 R ; > + Generator Configuration:
Ea’fGD-F IET : v, Vo = —Ralg — (Xa1 + jXar)la + Eqr

- Eaf = Rolg + (xgq1 + jXar)lg + Vg

11
Dr. Ali Karimpour July 2024



Lecture #4-1

Electrical Machine Ill Syllabus

1. Introduction

4. Synchronous-Machine Analyses
« Synchronous-Machine Inductances; Equivalent Circuits
« Steady-State Power-Angle Characteristic
« Steady-State Operating Characteristic
« Open- and Short-Circuit Characteristics
« Effects of Salient Poles; Introduction to Direct and Quadrature-Axis Theory
« Steady-State Power-Angle Characteristic of Salient-Pole Machines
* Permanent Magnet Synchronous Machine
« Transient Behavior of Synchronous Machine. or Al Karimpour July 2024



Steady-State Power-Angle Characteristic Fecture a1

Vo = Ralg + (Jxg1 + jXar)lg + Eaf

Remark 1: Size of diagram?

Remark 2: Comparison of E. and V,

Remark 3: Comparison of E_ and V,
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Lecture #4-1

Steady-State Power-Angle Characteristic

jxar

.;’xai

Ra
YW > 4+

1L

7JI0

Iq Eaf =V,+Roly + (xXg + jXgr)g

Remark 1: Size of diagram?

Remark 2: Comparison of E. and V,

Remark 3: Comparison of E_ and V,
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Lecture #4-1

Example 1: A 460-V, 50-kW, 60-Hz, three-phase synchronous motor has a
synchronous reactance of x, = 4.2 Q, stator resistance of 0.1 Q and an armature-
to-field mutual inductance, M=max(Laf(6)) = 83 mH. Armature leakage
reactance is 5% of synchronous reactance. The motor Is operating at rated
terminal voltage and an input power of 40 kW.

Calculate the magnitude and phase angle of the line-to- neutral generated voltage
E,f, air gap voltage E; and the field current I if the motor Is operating at (a) 0.85
power factor lagging, (b) unity power factor, and (c) 0.85 power factor leading.

Solution (a):
1% +60 <01 0000 < -1(0.85), R,=0.1Q 0.210Q 3.99 O
= — A, = —CoS .85), = 0.1, x,,=0. , X, = 3.
RV “ /3460 % 0.85 ‘ o “

Eqr = Vo — Raly — (jXa1 + jXar)]q = 265.6 < 0 — 0.1(59 < —31.8) — 4.2 < 90(59 < —31.8)

E. =V, — Ryl — jxgyl, = 265.6 <0—0.1(59 < —31.8) — 0.21 < 90(59 < —31.8)

Dr. Ali Karimpour July 2024



: _ Lecture #4-1
Solution (a):  E,r = 265.6 < 0—0.1(59 < —31.8) — 4.2 < 90(59 < —31.8)

= 245 < —58
E, =2656<0—-0.1(59 < —31.8) — 0.21 < 90(59 < —31.8)

i —R.1
= 254 < —1.7 JXaila g ala

10 times bigger
V2E,; = Mwl;

I =114
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Example 2: A 200-MVA , 15.75-kV, 50-Hz, three-phase synchronous Lecture #4-1

generator has a synchronous reactance of x, = 2.64 Q, and stator resistance of
0.0012 Q (r=1.1 m, g=0.1 m, 1=4.62 m, N,=126(0.8 winding factor) , N,=10(0.8
winding factor) ). Armature leakage reactance is 3% of synchronous reactance.
The generator Is operating at rated terminal voltage and provides its rated output
at 0.8 power factor lag.

a) Calculate the magnitude and phase angle of the line-to- neutral generated
voltage E;f, air gap voltage E;. and corresponding phasor diagram.

b) Calculate the field current I .

Solution:

V4 15750 <0,I 200000099 < ~1(0.8), R 0.00120 0.0790Q 2.561()
= ) = —COS .0), = V. , Xq1= U, , Xgr — 4. ,

a \/§ a \/515750 a al ar

Eqr = Vo + Ralg + (jXg + jXar)lg = 9093 < 0 + 0.0012(7331 < —37) + 2.64 < 90(7331 < —37)

E. =V, + Ryl + jxgl, = 9093 < 0+ 0.0012(7331 < —37) + 0.079 < 90(7331 < —37)
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. Lecture #4-1
Solution: Eqr =9093 <0+ 0.0012(7331 < —37) + 2.64 < 90(7331 < —37)

=25857 < 36.8
E, = 9093 < 0 + 0.0012(7331 < —37) + 0.079 < 90(7331 < —37)
— 94596 < 2.8
4k N k. N
M — wr+'r'vw a‘uorl
"9 Ear % el
M = 0.0656 H
V2E,; = Mwl;
E
Ir = 1775 A r__ 1
(X gl &t
% v, N™¢ R

a'a 18
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Steady-State Power-Angle Characteristic Fecture a1

jxar jxal Ra Ia
T —Wh<—— 4

4‘\\ A

E + v A ! S

af(? - T a ") k.
’
- ' /
I /
] ] I )laf /

Vo = Raly + (xg + jXar)lg + Eaf || !
v,
|/

: ! _jxalla RaIa

Different Flux in Cylindrical
Synchronous Motor
_jxarla
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Steady-State Power-Angle Characteristic Fecture a1

.xtIT .'xai Ra
e —We—> 4 B~o_ Aar
. + lq ) \ ‘~\*
af("')- ET' a \\ ?
i \
\
\\ Aaf
" " \
Vo = —Rglqg — (Xgr + jxgr)lg + Eaf \\ Ar

\
\
\

Different Flux in Cylindrical
Synchronous Generator
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Steady-State Power-Angle Characteristic Fecture a1

Active and reactive power in synchronous motor JXs  Rg g
— TN — W< 4
Va
Va
\/?;
Iq
Eaf
af

Motor that absorb Motor that produce Motor with no

reactive power (L) reactive power (C) reactive power
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Steady-State Power-Angle Characteristic Fecture a1

Active and reactive power in synchronous generator jxs R,
~T—IW—>—~ 4

+
Euf (....) Vi,

Eqf
Eaf Eaf
Iy
> >
v, Iq Va
Iy
Generator that produce Generator that absorb Generator with no

reactive power (C) reactive power (L) reactive power.
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Steady-State Power-Angle Characteristic Fecture a1

Active and reactive power in
synchronous motor

ij 1{1
—N +
TOMEE
AN “ P =3[V ||alcosp = 3|V,||I|cose
3|V 3V
= 2l iralcosp =21l |g, psing = ViallBorusl
xs xS .X'S

Remark: It is also valid for synchronous generator.
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Steady-State Power-Angle Characteristic

Lecture #4-1

Active and reactive power
In synchronous motor

ij ]{1
— T —<— +
E <>+ v
“ - “ Q — \/ 3|VLL||Ia|Sin<p — 3|Va||1a|5in‘,0
A . 3|V,
= Xs|lg|sing = (|Eqflcosd — |V )
X X

_ V|
Xs

(|EafLL|COS5 ViLl)

Remark: It is also valid for synchronous generator.
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Constant active power locus In synchronous generator/motor  Lecture #4-1

P=\/§|VLL||Ia|COS<,0 9
Va
Limitation on reactive power??!!

|
I L
— WLL”E“fLLlSmg e e Armature current limitation
| - - -
*s | - Rotor current limitation
4 » Power angle limitation --
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Constant reactive power locus in synchronous generator/motor ; Lecture #4-1

Q= \/§|VLL||1a|5in<P

|Val
xS

(IEqrlcoso — |Vql) lq

Limitation on active power??!!
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Steady-State Power-Angle Characteristic Fecture a1

Per Unit Calculation
Sb =77 Vb =77 Zb:? 7

Ansaldo Geneartor: A 200-MVA , 15.75-kV, 50-Hz, three-phase synchronous
generator has a synchronous reactance of x, = 2.64 Q.

S, = 200 MVA
V, = 15.75 KV
15.752
7, = =1.24 0

200
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Example 3: A 200-MVA , 15.75-kV, 50-Hz, three-phase synchronous generateruhas-1
a synchronous reactance of x, = 2.64 Q, and negligible stator resistance. The
generator Is operating at rated terminal voltage and provides 75% of its rated output

at unit power factor.

a) Calculate the generated voltage E, (Line-Line), and corresponding phasor
diagram.

b) Repeat part (a) in p.u.

Solution(a):
v 15750 <0 ] 200000000 * 0.75 <0 R 0 5 640)
j— ) j— ) j— ) x j— .
“ 3 . V315750 : ’
Eaf = Vo +Jjx5lq

= 9093 < 0 + (2.64 < 90)(5499 < 0)=17130 < 58

E, =+317130 = 29670V
fiL
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Example 3: A 200-MVA , 15.75-kV, 50-Hz, three-phase synchronous generateruhas-1
a synchronous reactance of x, = 2.64 Q, and negligible stator resistance. The
generator Is operating at rated terminal voltage and provides 75% of its rated output

at unit power factor.

a) Calculate the generator voltage E, ¢(Line-Line), and corresponding phasor
diagram.

b) Repeat part (a) in p.u.

Solution(b):
2.64 Q)
1.24 Q)

V,=1<0,I,=075<0, x,= p.u.=2.129 p.u.

Eaf = Vo +Jjx5lq
=1<0+4(2.129 < 90)(0.75 < 0)=1.884 < 58
= 1.88 p.u.= 1.88 * 15750 =296/7/3 V

Eag),
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Steady-State Power-Angle Characteristic Fecture a1

Different working condition for a synchronous machine

 Machine connected to an infinite bus. (I, = cte.) : +<’“‘>

[
) (]| o 40
| : +
<
i 8

 Machine connected to real system. (, isn't cte.) C%

Generator/Motor External system

e~ Y

 Machine(generator) connected to a load. (V, isn't cte.). e : [j Load

ol
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Steady-State Power-Angle Characteristic Fecture a1

Different working condition for a synchronous machine

+0

» Machine connected to an infinite bus. (I, = cte.) e ,

ol

What happens when the machine connected to infinite bus?

In this situation the terminal voltage of the machine constant.

31
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Example 4: A 200-MVA , 15.75-kV, 50-Hz, three-phase synchronous generateruhas-1
a synchronous reactance of x, = 2.64 Q, and negligible stator resistance. The
generator Is operating at rated terminal voltage(connected to infinite bus) and
provides its rated output at 0.8 power factor lag.

a) Calculate the generated voltage E, ¢, and corresponding phasor diagram.

b) Consider that the active power is constant but rotor(field) voltage reduced by
20% draw the new phasor diagram.

c) Consider that the active power Is constant what is the minimum

admissible rotor voltage. Eqr
Solution(a):

V= 15750

3

Eaf = Vo +Jjx5l,

= 9093 < 0+ (2.64 <90)(7331 < —37)=25855 < 36.8 I
a

_ 200000000

= < —cos1(0.8), R,= 0, x.= 2.64Q
V315750 * ’

<01,

V,
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Solution(b): Analytical solution Lecture #4-1

|Eqr| = 0.8 + 25855 = 20684

3% 20684 * 9093

160000000 = T sind, 5; = 48.5

20684 <485 =9093 <0+ (2.64<90)(I, < 1)

I, < 9,=6123 < —16.6
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Solution(b): Graphical solution Lecture #4-1
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. Lecture #4-1
Solution(c):

3 % E™N" 4 9093 .
af $in90 min _15684

160000000 = XY af —

maximum reduction of rotor voltage =1-15684/25855=0.4

35
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Example 5: A 1.5 MW, 2300-V, unity-power-factor, three-phase, 50 Hz, 4 pokesye #4-1
Y-connected, synchronous motor has a synchronous reactance of 1.0 p.u. For this
problem all losses may be neglected.

a) Motor connected to rated voltage and working in the nominal condition. Derive
phasor diagram and generated voltage in this situation.

b) What is the breakdown torque(T,,,,,) of motor?

c) Derive torque versus power angle(d) characteristic and torque versus speed
characteristic.

d) Specify the power angle(o) for output torque of 50% of T,,,,, (Note that there
are two equilibrium point and just one of them is acceptable.)
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Solution(a):

V,=1<0 I[,=1<0 Iq

Eqr = Vg — jxgl, =1 <0 —(1<90)(1 < 0)=1.41 < —45°

(b): P= |EarL LIIVar-Ll Sing

Xs

E Var- 2.82
Prax = | afL'L” at-| sin90 = 1.41 p.u.= 2.82 MW Togxy =——= =18 kN — M
Xs 157
c) Ty o
18 18 b
(d)
9
5 ns(1500) n (rpm)

Lecture #4-1
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Steady-State Power-Angle Characteristic Fecture a1

X Xkq

Different working condition for a synchronous machine (%; 2

+0

+
Eaf

 Machine connected to real system. (V, isn’t cte.) - _

<
| : +
L £

Generator/Motor External system

What happen when the machine is not connected to infinite bus?

In this situation the terminal voltage of the machine is not constant.

Xeo=0 Infinite bus
Smaller  Xgq A strong power network

Bigger Xgo A weak power network

38
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Example 6: A 2000-hp, 2300-V, unity-power-factor, three-phase, Y-connectedst36+4-1
pole, 60-Hz synchronous motor has a synchronous reactance of 1.95 Q)/phase. For
this problem all losses may be neglected.

a) Compute the maximum power and torque which this motor can deliver if it is
supplied with power directly from a 60-Hz, 2300-V infinite bus. Assume Its
field excitation is maintained constant at the value which would result in unity
power factor at rated load. Repeat part (a) in p.u.

b) Instead of the infinite bus of part (a), suppose that the motor is supplied with
power from a three-phase, Y-connected, 2300-V, 1500-kVA, two-pole, 3600
r/min turbine generator whose synchronous reactance is 2.65 Q) /phase. The
generator Is driven at rated speed, and the field excitations of generator and
motor are adjusted so that the motor runs at unity power factor and rated
terminal voltage at full load. Calculate the maximum power and torque which
could be supplied corresponding to these values of field excitation.
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Lecture #4-1

Solution(a):
v 2300 <0 =1328<0° P = 2000 * 746 = 1492000 W
T —— j— j— %k j—
SERE lq Vo
1492000
g = < cos 1(0) =3745<0°
V3 % 2300 x 1

Eapm = Va = JXsmlq
= 1328 < 0 —-(1.95<90)(374.5 < 0)=1517 < —29°

Solving in p. u.

2
V, = 2300 V S, = 1492000 VA Zy = ——— = 3.5456

1.95
3.5456

Egrm = Vo — jXsmla = 1< 0 — ( < 90)(1 < 0)=1.1413 < —29°

2625
= 1517V -

afm | — \/§ Dr. Ali Karimpour July 2024

|Eqmul = (1.1413)(2300) = 2625V |E



|Eqrir] = (1.1413)(2300) = 2625V

P, .. = 2200X2%2° ¢i190=3096 KW
n 21 120

We = 27T—S — t ﬁ; —
60 60 p

Tax = ~22=123.2 KN.M

I, =77

41
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Solution(b): | | Lecture #4-1

2300

V,=——< 0 =1328<0° P =2000*746 = 1492000 W
V3
1492000 4
q = < cos +(0)=3745<0°
V3 % 2300 x 1

Eapm = Va = JXsmlq
= 1328 < 0—-(1.95<90)(375.4 < 0)=1517 < —29°

Eafg =W +jxsg1a
= 1328 < 0 + (2.65 < 90)(375.4 < 0)=1659 < 37°

_ 3X1517X1659

Pox = ot CE sin90=1641KW

T, 0 = 2222 =653 kN.M

81
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: : : . ' Lecture #4-1
Exercise 1: Try to find terminal voltage and armature current in the maximum power output"

afg
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Steady-State Power-Angle Characteristic Fecture a1

Different working condition for a synchronous machine R
 Machine(generator) connected to a load. (V, isn't cte.). e 3 ‘ \Lnad

Assume a generator with zero armature resistance is connected to a load.

Assume the speed of the generator, determined by an external prime mover, is constant, but the input torque

can vary.
The field winding current can be constant or adjusted by the user.

Why Might the user change the field current?

/ Variation in the Magnitude of Current |1,
Examine the effect of load variation on

terminal voltage (variation in |,). <
Variation in the Phase of Current <I,

44
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Steady-State Power-Angle Characteristic

Machine(generator) connected to load(lsolated generator)
E,

Changing the Magnitude of Load
Current(Phase Lag Scenario)

!/ //
\ Possibility of Possibility of Fixing Terminal
I )

A T Changing I Changing E, Voltage V<p
IA,
What is the required change in field current? Analytical solution?

fo
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Steady-State Power-Angle Characteristic

Machine(generator) connected to load(Isolated generator)

-
ffffff
- - /
e -7
’f \
-
-

Changing the Magnitude of Load
Current(Phase Lag Scenario)

-

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
- -
- -
T e
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-2
P

/ Possibility of Possibility of Fixing Terminal
l/'/]I.XSIA Changingl. ChangingE, Voltage V,
Possibility of
) Fixingof I, — Fixingof E, ——> Changing Terminal
I, . Voltage V,

Analytical solution?

What is the effect of increasing the load current magnitude on the phase terminal voltage of
the generator for different types of loads (lagging, leading, and unity power factor)2. s shevoan



Steady-State Power-Angle Characteristic

Machine connected to load(Isolated generator)

E4 , Changing the Phase of Load Current(Phase
x Ea Lag Scenario)
]Xs Iy
Possibility of Possibility of Fixing Terminal
o Ve Changingl, ChangingE, Voltage V,
N
I,
- - o £ 5 Analytical solution?
What is the required change in field current:
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Steady-State Power-Angle Characteristic

Machine connected to load(lsolated generator) (g ,ui; ;o sb oy asl; s

, Changing the Phase of Load
Xelif Current(Phase Lag Scenario)

e
P et
- -
- -
P
-
-

T awee ‘lX‘;}A POSSlblllty Of POSS'blIlty Of Fleng Termlnal
Changing I Changing E, Voltage V(p
Vo Possibility of
\ ) Fixingof I, —— Fixingof E, —— Changing Terminal
h Voltage V,

Analytical solution?

What is the effect of increasing the load current phase on the phase terminal voltage of the
generator for different types of loads (lagging, leading, and unity power factor)? ~" ™" =



Steady-State Power-Angle Characteristic

\Voltage regulation in synchronous Machines

Voltage regulation in

an fl
VR = v x 100% synchronous generator
fl

¥4
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| ecture #4-1
A synchronous machine with a synchronous reactance of 1.28 per unit 1s

operating as a generator at a real power loading of 0.6 per unit connected to a
system with a series reactance of 0.07 per unit. An increase in its field current
1s observed to cause a decrease 1n armature current.

a. Before the increase, was the generator supplying or absorbing reactive
power from the power system?

b. As aresult of this increase in excitation, did the generator terminal
voltage increase or decrease?

c. Repeat parts (a) and (b) if the synchronous machine is operating as a
motor.
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Lecture #4-1

38 a1 gisa 5565 05 OS5 pm Aiskn JS a1 (1 Sew 510 gisa 1 S
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Sl )2 ladad & e a1 Gl S5 1800 & Jsa i Jilg 9 9 2000 (g pSien g8 535 Sy 08 a8 il

A Spaadd a8 L adg g0S)) ) A g8 ) @ ) 558 )5 G aa Ja 3 g0 40

IEREEEEEI P m oo ool o s Jla s 55
C,uﬁ-u CE.&ILA :_&51 Sistaa) 9 .JLl ‘_,Slﬁr. B\
A )2 558 ) O e b g 4 S, & s B LB Glg

@ - b B 2 osdila L Ol 4 S,

W 2l 4 0 60 9 O O gl S Sl 9 1800 ¢ Jsasi Jilg 9 g 3600 Cug s il 5 S 0ah Al s Rl
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Lecture #4-1

% 39 (4 0338 IS 13 5O guSas (e S5 1505
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A 1000 48y 5 40 @ 1000 4883 5 yg3 j) siaS (5,48
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A Sl Gua gl b sl @ S e Cha b liia,
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