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Electrical Machine Ill Syllabus

1. Introduction
* Iranian Power System Network
2. Introduction to Rotating Machines

* Voltage Generation in Electrical Machinery
o AC Machines
o DC Machines
« Force and Torque in Electrical Machines
o Rotating MMF Waves in AC Machines
o Electromechanical Energy-Conversion Principles
o Determination of Magnetic Torques Through Magnetic Field View Point
o Torque Production Condition
o Determination of Magnetic Torques Through Coupled Circuit View Point
3.  Generation of Sinusoidal Voltage in a Synchronous Generator
« Rotor Winding Factors
«  Stator Winding Factors
o  Stator Distribution Winding Factor
o Stator Pitch Winding Factor
o Generator Connections
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.
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Voltage Generation in Electrical Machinery
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Voltage Generation in Electrical Machinery

AC Machines (Two poles one phase)
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Voltage Generation in Electrical Machinery
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Voltage Generation in Electrical Machinery

AC Machines (Four poles one phase)
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AC machine basic idea
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Voltage Generation in Electrical Machinery
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View of the 200 MVA bipolar generator at the Shirvan power plant, Iran

MINISTRY OF ENERGY I ANSALDO I O&M Manual
I.P.D.C.

IRAN — SHIRVAN C.C.P.P. Ansaldo Energia S.p.A. Electrical Generator

GENERATOR TYPE TY10546

10320
8140

9900 3360
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Specifications of the 2-Pole 200 MVA Generator for Shirvan Power
Plant, Iran

WEIGHTS and Dimensions FOR TRANSPORTATION AND LIFTING

Generator height m 4.3
Generatorm width m 3.8
Generatorm length m 10.3
Stator core weight ton 110
Stator winding weight ton 15

Stator frame weight ton 37

Slip rings housing ton 2.5
Rotor winding weight ton 5.9
Rotor complete weight ton 41

Stator complete without bearings and coolers weight ton 168
Generator complete weight ton 224
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Specifications of the 2-Pole 200 MVA Generator for Shirvan Power Plant, Iran

Shivan Generator Specification

Generator type - Air cooled
Rated output at 40 °C mA 200
Rated power factor - 0.8
Rated voltage W 15750
Rated frequency Hz 50
Rated current A 7331
Rated speed rpm 3000
Excitation system type - static type
Excitation current at rated load A 1417
Excitation voltage at rated load W 296
Excitation current at no-load rated terminal voltage A 459
Short circuit ratio (Calculated values) - 0.47
Synchronous direct axis reactance (Calculated values) % 238
Transient direct axis reactance unsaturated (Calculated values) 2% 23.4
Subtransient direct axis reactance unsaturated (Calculated values) % 17.9
Conventional efficiencies according to IEC 34 Std. at rated load % 98.54
Conventional efficiencies according to IEC 34 5td. at 25% rated load % 96.25
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Specifications of the 2-Pole 200 MVA Generator for Shirvan Power Plant, Iran

Shivan Generator Specification (stator & rotor)

m SLOT BOTTOM LINER

[3] comoss Protecmon

GROUND INSLILATION
MICA-GLAS

WERTICAL SEFARATOR
GLASS CLOTH & EF00T RESIM

CONDUCTIVE RIFPLE PACKER

LASE TAPE & BPONY RE S

Core length cm 462
Inside core diameter(stator) cm 115
Outside core diameter(stator) cm 25.1
Number of stator slots - 60
Height of the stator slot cm 26
Width of the stator slot cm 2.6
Lamination thickness mm 0.5
Stator coil pitch in terms of slot pitch - 25
Turn per phase in series(stator) - 2
Number of parallel circuits per each phase(stator) - 2
Number of conductors per slot(stator) - 2
Winding connection(stator) - Y
Cross section of the stator bar mm2 1375
Outer diameter(rotor) cm 105
Number of wound slots - 36
Effective turns per pole - 96
Cross section of rotor conductor mm2 265
Resistance at 75 °C ohm 0.188

5]

[E] mewaTED coPFER: STRAND

TRANEPOSITION FILLER
WBCA & EFDNT RES R

SPRACER BETWEEN TOF AND BOT. B/
DO CTRE CLASS. EPDIY

TOF FILLER UMIDER THE WEIDSGE
GLASS CLOTH & EP0WY RESIM

TOF RIPFLE SPRING

WEDGE
GLASS CLOTH & EPOKY AESM

Stator slot cross section
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Rotating MMF Waves in AC Machines
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Rotating MMF Waves in AC Machines
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Rotating MMF Waves in AC Machines
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Rotating MMF Waves in AC Machines
AC machines with one phase

I, = I,,cos(wt)
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Rotating MMF Waves in AC Machines

AC machines with one phase

I, = I,,cos(wt) -

wt=10

rTadil 4‘kwNala SN 4kWN wt=60

0 =0 H, = T cos6 H, = — Zgalmcos(a)t)cos(e) o o e 150
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Rotating MMF Waves in AC Machines

AC machines with one phase

= [,,cos(wt)
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Rotating MMF Waves in AC Machines
4k, N,I
—___waa I, = I,,cos(wt)

H, = —Y cos6
——~ 4k,N 1 4k, N 1
H, =——"I,-cos(0 — wt) + ————1,, = cos(8 + wt)
T 29 T 29
4 k Nﬁ\ oy
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N
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Rotating MMF Waves in AC Machines

Iq = Iipcos(wt) I, = I,cos(wt + 120) I. = I,cos(wt — 120)
— 4k,N 1 4k, N 1
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Rotating MMF Waves in AC Machines

I, = Iycos(wt) I, =I,cos(wt+ 120) I, = Lcos(wt —120)

0 =0 . 4ky,N, 1 4k,N, 1
Ha=; 27 Imzcoss(e—a)t)+E 29 Imzcos(e +Sa)t)
2 "
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Rotating MMF Waves in AC Machines

I, = I,,cos(wt) l /\ l

I, = I,,cos(wt + 120)
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Rotating MMF Waves in AC Machines

I, = Iycos(wt) [, =1, ,cos(wt+ 120) 1. = Lycos(wt —120)
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Rotating MMF Waves in AC Machines

I, = Iycos(wt) [, =1, ,cos(wt+ 120) 1. = Lycos(wt —120)
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Rotating MMF Waves in AC Machines

I, = Iycos(wt) [, =1, ,cos(wt+ 120) 1. = Lycos(wt —120)
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Torque determination in cylindrical AC Machine (Electromagnetic view poifitj™

ezo‘

I, = I,cos(wt) S
. v
I, = L, cos(wt + 120) H, = kaNa Imicos(H _ wt)
T 29
I. = L,cos(wt — 120) N

What does happen if we change two currents?

What does happen if we have a three-phase four poles machine?

What does happen if we have a two-phase two poles machine?

What does happen if we apply a capacitance in phase b and then use same 1 |
voltage for both phase.
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Electromechanical Energy Conversion Principal
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Torque determination in electrical Machines (Magnetic field view point]
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Torque determination in electrical Machines (Magnetic field view point]
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Torque determination in electrical Machines (Magnetic field view point]

4 k,N, 3 4 Ky Ny

mz Hr

S r

T 29 w29

T = —portgrl|Hg||Hy|sinds,

T = —M07T97”1|Iis||Hr|Sin5sr T = —Uongrl|Hg||Hgy|Sindg T = —uongrl|H,||Hg,|sino,
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Torque Production Condition

T = —portgrl|Hg||Hy|sinds,
Osr

- H
Now let suppose that H, rotates at speed of w and H,. rotates at speed of w™.

T = —uorgrl|H||H,|sin(...)
657"
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Torque Production Condition

H,
w
T = —portgrl|Hg||Hy|sinds,
W
551" \
7 Hs
DC Machines: AC Machines ??
H?"
nS
g HS \ H
/n;
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Torque Production Condition

I, = Iycos(wt) I, = I,cos(wt +120) I, = Iycos(wt — 120)

—. 4kyN, 3

H, = 2 I, =cos(6 — wt) 2
— 4k,,.N
H. = - Vg':g r I cos(0)
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Torque Production Condition

I, = IL,cos(wt) I, =I,cos(wt+ 120) I. = [,cos(wt —120)

— 4k,N 3

HS:E ‘ggalm—cos(e—wt) Yo
— 4k,.N

Hr:g Vg:qur cos(6) I, = cte.

HotgDl :
T=— 5 |Hg||Hy-|sindg,

Synchronous machine
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Torque Production Condition

I, = I,,cos(wt) I, = I,cos(wt + 120) I, = I,cos(wt — 120)

— 4k,N 3
s =————1,=cos(6 — wt) v

m 2g

- UortgDl ,
- e T=— |Hs||Hr|Sln55r
S . 2

Asynchronous machine/Induction machine
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Torque Production Condition

“““““““ =N Hsr

HotgDl :

T=— 5 |Hg||Hy|sindg,

AC Machines ?7?
HT'
nfT‘

> HS > i,
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Torque Production Condition

Example 1 (Final Exam, December 2022): In the figure below, 8 is the angle between the stator coil axis and the rotor axis.
The coil a carries a constant current of 20.

Guidance: To solve this problem, you should rely on physical understanding; mathematical
relationships are not required. Determine the direction of the torque in terms of clockwise (cw)
or counterclockwise (ccw).

a) For 8 =90° determine the existence and direction of the torque.

b) For 8 =0°, determine the existence and direction of the torque.

a) For B8 =45°, determine the existence and direction of the torque.

b) For 8 =-45°, determine the existence and direction of the torque.

Example 2 (Final Exam, January 2023): Consider the diagram below. Assume that the positive gt
current enters from the side marked with a cross and exits from the other side. -
Given the applied currents, comment on the speed and direction of the rotating magnetic
field in the stator.

i, = 5sin(1007t + 33),i, = 5sin(100mt + 123)
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Torque Production Condition

“““““““ =N Hsr

HotgDl :

T=— 5 |Hg||Hy|sindg,

AC Machines ?7?
HT'
nfT‘

> HS > i,
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Torque Production Condition

The motor can just work at the
speedof ......In..... or......

A constant direct

An alternative current (ic=l)

current i_=l_ sinwt
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Torque Production Condition

The motor can just work at the
speedof ......In .....

An alternative
current i,=I_ coswt

A constant direct
current (i=l;)

An alternative
current i, =l sinwt
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Torque Production Condition

The motor can just work at the
speedof ......In ..... or.....

|

|

/ia

An alternative
current i=I_ sinwt
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Torgue determination in cylindrical two phases AC Machine (Coupled circuit view point)

Rotor
Stator cop
"a” winding
winding
‘ Stator |
‘6b)7
winding
, 1, 1 5, 1 . . .
Wrrg = ELaala + ELbblb + Eerlr + Laplalp + Larlaly + Lpriply
qonr
T =
a0
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Torgue determination in cylindrical two phases AC Machine (Coupled circuit view point)

, r ., 1 ., 1 . .. .. .
Wrg = ELaala + ELbblb + Eerlr + Laplalp + Larlgly + Lpyrlply
Aa Laa Lab Lar la
Ap| = |Lba Lbp Lpr||ip
/17” Lra Lrb er Ly

Aq
Log =—| _ o Ag = ko Ng@q
la lb lr
4 kN *3 4k, N,i
i . 273 KylNglg
B, = — “)Zga 1o COS ©, = fBadA P, = j_% - 24 UocosOrldo
4k2 N/ 2 N2
aa g Ho Log = Lpp = Lggo + la Ly = 70_:_; - uorl + 1y
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Torgue determination in cylindrical two phases AC Machine (Coupled circuit view point)

: T, 1 5 1 . . .
Wrg = ELaala + ELbblb + Eerlr + Laplalp + Larlgly + Lpyrlply
_Aa- _Laa Lab Lar- -ia- 0
Ap| = [Lba  Lpp  Lor||i
_/11”_ _Lra Lrb er_ _lr_
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Torgue determination in cylindrical two phases AC Machine (Coupled circuit view point)
1 1 1

w}ld = ELaaiczt + ELbbig + ELWL? + Labiaib + Lariair + Lbribir
—Aa_ —Laa Lab Lar_ -ia_
Ap| = |Lba Lbp Lpr||ip
_Ar_ _Lra Lrb er_ _lr_

A
Lyq = Loy = l'_(: |ib — i =o A =k, N,.@,cos6
4 k,N,ig, f t24k,N,i,
B, T 2 UoCOSO Pa ad o j_% T UocosOrldo
4k, N _ I = = 4k Ny-k, N P
Qg = g uorli, ra = Lar = g HoTlCOS L,y = Ly, = Mcos(6 + 90)
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Torgue determination in cylindrical two phases AC Machine (Coupled circuit view point)

: 1, 1, 1 - - .
Wrrg = ELaala + ELbblb + Eerlr + Laplalp + Larlqly + Lpriply

Laa = Lpp = Lago + lai Ly = Lypo + 1y Lap = Lpg =0

Lyq =Lg = Mcos6 L., =Ly, = Mcos(8 +90)

aw}ld C o o
T = T =—Mi,i,sin0@ — Mi,i,.sin(6 + 90)
20
i, = I,cos(wt) i, = I,cos(wt + 90) i, = I. = cte.
T=—MIL,I.sin (6 — wt) T, = —MI,I.sin(6)
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Torque determination in cylindrical AC Machine (Coupled circuit view poffit} ™

Stator “a”
winding

Rotor “r”

winding
Stator “b”
winding

Stator “c”
winding

w]’fld — ELaaiczl + ELbbilg + ELccig + EeriE + Labiaib + Laciaic + Lbcibic + Lariair + Lbribir + Lcricir

_ Owrg
00
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Torque determination in cylindrical AC Machine (Coupled circuit view poffit} ™

/ S T R T
Wrrg = ELaala + ELbblb + ELcclc + Eerlr +

Lab lalp T Laclalc T Lbclb le T Larlalr + Lbrlb Ly + Lcrlclr

dw;
.
06

_Aa_ _Laa Lab Lac Lar_ _ia
Ap Lpa Lyp Lpc Lpr||ip
/10 Lca ch Lcc Lcr ic
_/11"_ Lra Lrb ch er_ -ir
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Torque determination in cylindrical AC Machine (Coupled circuit view poffit} ™

_Aa_ _Laa Lab Lac Lar_ _ia-
Ap Lya Lpp Lpc Lpr||in
)Lc Lca ch Lcc Lcr ic
_/11‘_ -Lra Lrb ch er_ -ir-

Ag
Laaz-_li — o= o Ao = ko Na@q
la b c r
T
4 k,N,i _ "24 kyNqlq
By =~ wzga ~ ocoso Pa = fBadA Qg = ]_% —Y HocosOrldo
4k2 N? 4k2, N2
Laa = g Hotl Laa = Lpp = Lee = Lago + la L. = k;‘;; r uorl + 1
L,q0 61
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Torque determination in cylindrical AC Machine (Coupled circuit view poffit} ™

_Aa_ _Laa Lab Lac Lar_ _ia-
Ap Lya Lpp Lpc Lpr||in
)Lc Lca ch Lcc Lcr ic
_/11‘_ -Lra Lrb ch er_ -ir-

Stator mutual inductances

Ab
Lba_._l _ i o— i o— .
la b e Ly
. _ Aqc0s120 B 1L
ba — ia i =i, =i =o - 2 aa0
1
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Torque determination in cylindrical AC Machine (Coupled circuit view poifitj”

0
_/la_ _Laa Lab Lac Lar_ _ia-
Ap| _|Lva Lop  Loc Lopr |l
)Lc Lca ch Lcc Lcr l.c
_)[r_ -Lra Lrb ch er- Ly . O
Stator and rotor mutual inductances a' ® X .
Lya = 2T Q'
ra Z lib =i, =i =o Ay = kyr Ny oy = k., N,.@p,cos0
T
24k, N,i 4k, Nk, N
Pa = jﬂ - wzga auocoserlde Lya = wrﬂ; - auorlcose
2
M

L., =Ly = McosO
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Torque determination in cylindrical AC Machine (Coupled circuit view poifitj”

6
_/la_ _Laa Lab Lac Lar_ _ia-

Ap| _|Lva Lop  Loc Lopr |l / b

Ac Leca Lep Lec Ler l_c o %
_/11‘_ -Lra Lrb ch er_ Ly

Stator and rotor mutual inductances 2 ® % 4
rl
4k, N,k N, ®
L., = UorlcosO \
T[g . "" O CI /
o \_//
L., =L, = McosO Ly, =Ly, = Mcos(60 + 120) ‘ L.. =L, = Mcos(0 — 120)‘
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Torque determination in cylindrical AC Machine (Coupled circuit view poffit} ™

/ S T R T
Wrrg = ELaala + ELbblb + ELcclc + Eerlr +

Lab lalp T Laclalc T Lbclb le T Larlalr + Lbrlb Ly + Lcrlclr

Logg = Lyp = Lee = Lggo + lai

1
Lap = Lpg = Lge = Leg = Lpe = Lep = _ELaaO

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

= = —Mi i, sin@ — Miyi,sin(8 + 120) — Mi i,.sin(6 — 120)

65
Dr. Ali Karimpour June 2024



Torque determination in cylindrical AC Machine (Coupled circuit view poffit} ™

. 2 1, 1 . - .
(‘)}ld — ELaalczl + ELbblg + ELcclg + Eerh% + Lablalb + Laclalc + Lbclblc +

+Lariair + Lbrib ir + Lcricir

T = —Mi,i,sinf@ — Mi,i,.sin(6 + 120) — Mi_i,.sin(6 — 120)

i, = L,cos(wt) i, = I,cos(wt + 120) i, = L,cos(wt —120)
I, = I. = cte.

T =—MI,I. cos(wt) sin@ — MI,,I, cos(wt + 120) sin(8 + 120) — M1, I,.cos(wt — 120)sin(6 — 120’

3
3 3 T.. = —=Mlpyl, sin(8
T = —EMImIr sin(f — wt) = —EMImIrsin(cY + w,,t — wt) S8 2 Tmir (6)
4kwrNrkwNa
= ,u6%rl
ﬂw_om




Torque determination in salient-pole two phases AC Machine (Coupled circuit vieWgomt)

0|

§ , 1 _ 1 1
b' \ Wrpg = ELaalczl + = > Lypis + = > Lyri% + Lopigip + Lorigly + Ly ipis
| g}\ \ Ly, =77 Lyg = Ly + Lycos26 Lyp = Ly — Lycos26
Lyp = Lypo + 1l Ly, =77 L,p, = —L,sin20
J / Ly =77 L, = Mcos6 Ly, = Mcos(8 + 90)
i, = IL,cos(wt) i, = L,cos(wt +90) i, = I, = cte.
aw}ld ,
=" = L,sin20(i; — i2) — 2L,c0s20i,i, — MsinBi i, — Msin(0 + 90)i,i,

T = —L,12%sin20cos2wt + L,1%,cos20sin2wt — M1, I..sin(6 — wt)
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Torque determination in salient-pole two phases AC Machine (Coupled circuit vieWgomt)

: 1, 1, 1 - - .
Wrrg = ELaala + ELbblb + Eerlr + Laplalp + Larlqly + Lpriply

T = —L,I%sin20cos2wt + L,1% cos20sin2wt — M1, 1,.sin(8 — wt)

T = —L,I2 sin(20 — 2wt) — M1, I.sin(0 — wt)

T = —L,I2 sin(28) — M1, I.sin(5)
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Torque determination in salient-pole one phase AC Machine (Coupled circuit viewB6int)

Example 3: The magnetic circuit of following figure consists of a Rotor axis
. . . . . E)

single-coil stator and an oval rotor. Because the air-gap is nonuniform, ~ ~

the coil inductance varies with rotor angular position, measured

between the magnetic axis of the stator coil and the major axis of
the rotor, as

Stator axis
Air gap

L(#) =Ly + L>cos (20)
where L, = 10.6 mH and L, = 2.7 mH. Find the torque as a function of 6 for a coil current of 2 A.

i2 dL(8) i

R ) (—2L,s1n(28))

Th(0) =

Tha(@) = —(1.08 x 107%) sin(26) N-m
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