GTU - Elektronit Miihendicligi

Elektromebanik Enerji Doniigimii

Final notu — elektromekanik doniigim, DC ve acenkron makineler

Original notes: Final-notu.pdf

UYARL Bu belge, el yazisi ders notlarindan Clavde (Anthropic) yardimiyla dijitale aktarilmistir.
Yardimcl kaynak olarak hazirlanmistir; hata veya eksik igerebilir. Litfen orijinal notlari ve ders

kaynaklarini esas alin.

NOTICE This document was transcribed from handwritten lecture notes with the help of
Claude (Anthropic). It is meant as a supplementary resource and may contain errors or
omissions. Always check against the original notes and official course material.

Chapter 3

externally force move the conductor opposite to the magnetic force, mech. energy converted into

electric energy

Energy
output  loss  change in stored energy

e e e e —————————_— ———————_——————— -+
i |
! V Figure: Printed figure: N-turn coil on a i

|
I: magnetic core, source e(t), current i, flux . :
i (in the original notes, p. 1) i
| |
it b g R e e D e e R B e e b e e e D Tt e o et e e et e o e —-

In a conservative system:

dw; = vidt  (input energy)

= —eidt
e__@ __dne
Tode T de

The energy supplied by the source stored in the system as mag. energy (W; = Wpy,)

NO
L:l.

(inductance)
A = total flux linkages — dW; = idA = NidD
= W;= Jio(?\ = NJ/’OI@

In a linear system the energy stored in the system

W = INDI = JLi?
Ni=HL and ®(t)=AdB = W,-=€AJHd@
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Elektromekanik Enerji Donigiimi

3.3 Magnetic Field ac a Medivm

Cace 1. Constant Flux

A magnetic circuit is moved by a distance dx in time dt in a region where the flux is held

Final notu - elektromekanik doniigim, DC ve acenkron makineler

constant. The energy supplied by the source must be zero because the initial and final values of

the flux are the same.

For a conservative system
dWp

Fnclx + Wy =0 Fon = ——
X

The mechanical force acting on the magnetic circuit.

Case 2. Constant Current
For a change in flux dd when I is held constant. the energy input:

dW;=Idd and dWy = ITdd = dW;= 2dW,,

dw,
For conservative system Fydx+dWy = 2dWy  Fy = Txm
When the flux is constant  Fp, = —ana.E:b'X)
AW (T, x)

When the current is constant F,, =

ox
The rate of change of stored magnetic energy (constant flux)
dwy,, 1 oi 1,00 1.20L
=-NO_—=——=i“— Fm = —
dx 2 ox 2" ox m= 2 0%

total airgap inductance

Magnetic Circuit with Air Gap

i & Figure: Printed figure: magnetic circuit with air gap
i (fixed member, movable member, gap x, winding N, force F).
|

(in the original notes, p. 1)

Wf:(’,AJHd@

so the energy in each air gap
1
Wy = SuoHgAx = TegAx

Ho
Bo = Hotto
When the Flux constant ® = BA
1
Fo = —duoH2A=———B3A
9 2 0 ZP'O 0
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Elektromebanik Enerji Doniigiimi Final notu - elektromekanik doniigim, DC ve acenkron makineler

u relative permeability ‘

N2 0
L= o R = ﬁ Fgmvitg =mg
tork |
Fspring = %
The rotor of dc machine called armature.
Wound machine (mach. with electromagnets)
Generator Action
gy g g S +

& Figure: Printed figure: cross-section of a 2-pole machine (yoke,

(in the original notes, p. 1)

|
i stator, magnets, rotor, air gap); student’s labels: YOKE, stator, Rotor, Air.
|

2 pole machine.

mechanical Angle 0, = 0 (Electrical Angle)
The arc by the coil = 180° = full pitch coil
less than 180° fractional pitch coil

& Figure: Printed plots: (&) N and S magnet poles over the yoke,
(b) flux per pole set by the magnets, (c) flux passing through a
coil rotating at a constant speed, induced emf in the coil. Student’s
labels: “Flux per pole set by the magnets”, “Flux passing through
a coil rotating at a constant speed”, "Induced emf in the coil”.
(in the original notes, p. 1)

I

i 7 Figure: Printed figure: “2 pole ac current generator” (rotating
i coil between N and S poles, forces F, speed wy, torque Ts).

i (in the original notes, p. 1)

|

If ¢p is the flux per pole: ¢ = dpcos®

0: the angular position of the coil in electrical degrees

_ do _ do do .
e==—F = ¢psin® — T where il the angular freg,

e=ppwsinwt } 0 =0y in 2pole machine.

Multiple Machines
Ex: 4 pole machine = 0 is 220° while 8, still 360°

p
If there are P poles in a machine 0 = EOM
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Elektromekanik Enerji Donigiimi Final notu - elektromekanik doniigim, DC ve acenkron makineler

angular f. of the induced emf w = gwm — angular f. of the rotor

rpm
w=2nf = f= —wm } Wy = 27 m
rad/s 60
P 120f
TR | T
The max value of the induced emf in a single turn coil
P 2mP
Em = ppw = Ed)pwm = @‘bp/\/m

In a dc machine, the average value of the induced voltage in a single turn coil is

2 P P Em
Ec= —En=—bpwy = =—=bpN Eerf = —=
T atm ﬂd)p m 30¢p m eff \/5
Force on a Conductor
Lorentz equation:
magnetic flux density
F= J i ol X &
lenght of the current carrying element

For linear current-carrying conductor:
F=ilxE
Motor action: the force on the upper conductors of the coil

F= iLBdg (the same down)

Fc = 2iBL total force experienced.

Torque: Tg = Fe - r = 28Bilr for each conductor

Revolving Field of a Three Phase Motor:

| |
i & Figure: Printed figure: “2 pole, three phase motor” (three-phase I:
: stator winding with coil sides 1, 1, 2, 2 3, 3’ closed-loop rotor). i
5 (in the original notes, p. 1) E
| |

i1 = Ipsinwt
i = Iy sin(wt—120°)
i3 = Imsin(wt+120°)

Tnstant] (w = 0) = @1 = /3 + 3 + 20,03 cos(60)
= 1,50,
Instant2 (wt = 60°) = O, = 1,50y
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Instant3 (wt = 120°) = @3 = Oy and 120° phase shift

In a 2 pole motor, the time taken by the flux to complete one revolution along the periphery of

the air gap is the same as input. T

P
For P pole: Ts = 57’

1
the speed of the revolving field in revolutions per second ns = 7 %c
S
120f anf 2
Ns = - [rpm], TsF =75

Sabit frekansli bir kaynak igin hiz sabit.
Slip speed: (the difference between synchronous and rotor speed)
Ny =Ns—=Np, wy=ws—wy — rotor speed
Wy _ Ws— Wy

Per unit slip: s = — =
Ws Ws

S wp=0-s)ws, Npy=(0-s)Ns

Revolving Field of two Phase Motor

i1 = Imsinwt [ iy = Ipsin(wt —A0°) = —I,, cos wt
D= Oy sinwt [ Dy = —Dy, cos wt

Synchronove Motor

power angle d: rotor lags, revolving field
The power is proportional sind
Under no load, § is almost z2ero

The torque developed max @ & = 40°

Reluctance motor:

_ 29 | .
r(0) = A — effective airgap

0 = 0 = air gap min
L(8) = 0,5(Lg + Lg) + 0,5(Ly — Lg) cos 20

1T 5dt
Torque developed by rotating the system Tg = 5/'2%
2
Wy = —-w
rotor speed P

]
Torque exerted on the rotor T, = —5"2(%{ —Lg)sin 20

=
0=wnt+d = Te= _§i2(cd ~ Lg)sin [2wmt + 28]

= To(avg) = 0,125 (Ly — Lg)T% sin 25

which max when § = 45°
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Elektromekanik Enerji Donigiimi Final notu - elektromekanik doniigim, DC ve acenkron makineler

Direct current Generators

Induced emf Equation:

Average value of the induced emf E. = ;d)PwM YF= %wm YNy = %}Jf (of induced v.)

Let N, be the turns per coil, C total number of coil (slots for a 2 layer winding) and a the number
of parallel paths (a = 2 for wave, a = P for lap winding)

cturns per coil
The total turns per parallel path: N, = ” N turns between negative and positive

brushes

27 = plC/\ICw,V,d)P }2=2CN. total number of conductors

between two terminal nodes 7t

€a = kabpwm = kg = % (machine constant)
The electrical power developed by the generator:
pd = EaIa = kacbpwm:[a = wam
Since in mech system: Py = Tywm = Ty = KadpIa

L
The actual pole area: Ay = 2% — length of the machine

Effective: Ae = ApX armature% } by = BA,

c
Ecoil = ;661 % Eturn = Ecoitfturns
Zl
€conductor = col } Torque experienced by a single turn, current-carrying coil in a uniform magunetic field: T

Tc = 2BLrI. (Average torque)

The average torque developed by a dc machine:

2BLrI BLrz
Ta= |22 love) = =21,
a
The torque developed by the dc machine:
P2
Tq = i BAsIs = kabpIa

(I)P = kfIf, é_a = k1kfIf

Wm2
€2 F = Eal
Wm1

i & Figure: Printed figure: magnetization curve (induced emf €, at no load i
I versus field current Ir or field mmf; air-gap line and magnetic circuit curve). i
i (in the original notes, p. 1) i
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Elektromebanik Enerji Doniigiimi Final notu - elektromekanik doniigim, DC ve acenkron makineler
Voltage regulation

V-V
Ve = " TFL 100
FL

rotational loss  friction windage = magnetic loss

For generator

Power Flow diagram: Vi, = Vi + IR,

Po = Tswm — Pr — Pcy

Pr Pe w
N j"iz Eata =Ti-'/\ .

p;;:_ g o T Po= vele

original drawing, p. 1

A seperately Exited DC Generator

original drawing, p. 1

Ve = Te(Rpn + Rec) = TeRe
€a = Vt + IQ,QG
IL = Ia

Pinm = Py + Py
Pin = Piam + Vel¢

Pout
Pin

T]:

A Shunt generator

|
|
& Figure: Printed circuit: shunt generator (field |
|

winding Ng, Rpy, Re armature €y, Ry, load By, V). !
(in the original notes, p. 1) i

|
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Elektromekanik Enerji Donigiimi Final notu - elektromekanik doniigim, DC ve acenkron makineler

Ip =1 +1Ir
Vt = If/?f
V{_— = I(_)QL = Ea —Ia,ea

A ceries Generafor

|

l: P o Figure: Printed circuit: series generator (series
i field s, Ns, diverter Ry, armature E,, Ry, load R).
I: (in the original notes, p. 1)

|

—————————————————————————————————————————————————————————————————————————————— El
V(_— = Ea —Ia,ea —15,25
15)25 = Id’Qd
Is=1, =Is + Io{

Compouvnd Generators
R A e A e g il
|
I: & Figure: Printed circuit: compound generator (series field Rs, Ns |
|
E with diverter Ry, shunt field Ry, Np, R, armature €4, Ry, load R). :
E (in the original notes, p. 1) i
R e e i e L gy 3]

Short chunt

R
d I,
)20( + R
Vt = ea —Iapm —Is)es } Vf = é-a —Ia)ea
mmf = TN = ToNs — mmwfgy

Ia:I[_ +If}15:

Maximom Efficiency Criterion
For a PM dc generator, the power output is
Po = VeIL } Pip = VeI + IERs + Py

VeI,

_ Py
VeI, + I2R, + Py

YI2Ra = Pr Iim =1/ o=
R

Ul

Max efficiency
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Elektromebanik Enerji Doniigiimi Final notu - elektromekanik doniigim, DC ve acenkron makineler

Seperately excited: Ifmlea =P+ Ifzfgf

Shont : T2 Ra = Pr+ I2(Ra + Ry)

Series: IgM(Ea +Rs) = Py

Short-Shunt: T2y (Ra + Bs) = Py + I2(Ra + Ry)
Long Shunt: IgM()Qa +Rs) = Py + IfZ(IQm + Rs + )

Qanwti

Tq = kad)pIa YEa= kad)pwm

Applied voltage across armature
-€
TIa -

\

Y Vs =€, + TuR

total resistance at armature

Speed Regulation

oo = Nmnt =Nwee 100 = ©mat = Omre 400
mEL WmFEL

w‘fwﬁ“ € -
'-/t/\—/—j Cun /\P{
>

=
C:n=VsIL Pd=Ealq Pa="TTs W
:’..1;! wm

original drawing, p. 2

A ceries Motor

[ e L e e e e e e e e e e e e B el
I ]

1
i * Figure: Printed circuit: series motor (field R, N, :

|
:' rheostat Rux, armature Ry, currents Iy, Is, I;, source V). :
5 (in the original notes, p. 2) E
I ]
D T e e e e “+

¢)P = kfIa } e_a = kakfIawm

T, = KadpT, k/I} Ve T IR
= = k
d T *IF R =R, +Rs+ Ryx
Ve — TaR Ve
= = T I, = 41—
Bm = kT, |~ T kv R

Py = Eala = [Vs —Iapa:\l-a
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Elektromebanik Enerji Doniigiimi Final notu - elektromekanik doniigim, DC ve acenkron makineler

The max power developed when

P, = 152 when I, = ﬁ
dm ~ 1 gp am T R
A chunt motor
Td = Kad)PIa = Kl—a

|
o~ Figure: Printed circuit: shunt motor (starter rheostat Ry, E
armature €4, Ry, Iy, shunt field R, Nf, Re, If, source Vs, Ip). i
(in the original notes, p. 2) i

]

€Ea
k = —
adp W,
Vs — IR
€a=Vs—IaRs } Ea = kad)pwm Ywm = %
<a¢p
Ra
Wm = Wmp — k'Ia } = W = Vs/kad)p
abp

As Ry — O, the speed of shunt motor wy — Wy In other words, a shunt motor is basically a
constant speed motor.

T _ kdd)PVS i kgcbgw }P N V52
d )ga )ea m d max 4)2@
V.
Ten = ES Peunt = Iazlea + Ifzigf
f
Po
ea: Vs—IaEa}p,”:VSIL}pd:EQIa}n:P'
n

! I
i & Figure: Printed circuit: compound motor (starter resistor E
I
: Rax, series field winding Rs, N, shunt field winding Rg,, i
i Ng, Rg,, armature E4, Ra, Ts, Wy, source Vs); the student i
i marked the short shunt and long shunt connections in red. :
o o7 7 |
i (in the original notes, p. 2) E

d)P i d)sh T =1 l kfl-a
= Ty = kalabsp * kakeI2
Vs — Ia(Ra + Rs)

k“(d)sh * kfIa)

Wy =
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Methode of Speed Control

Armature Regcistance Control

For series or a compound motor:
Wy = ————— where R = R, + Rs + R,

for a shunt motor
R =R, + R

Field Control method

Inserting an external resistor in series with the field winding.

For same torque o) doE,
Tan = P Ta } Nun i N
new d)pm d)pnea

Pin = Vs(Tan + Ig) Pan = Eanlan

Braking or Reversing DC motore

Plugging: Reverse Supply connections to the armature terminals. At any time during the plugging,

Ea:/(ad)pwm
_VstEx Vs €a

= 2T R, = 2T 2. + 2T, — external Res.

Ia

So the braking torque:
Tp = Kaladp = k1¢p + k2¢gwm

R — K2

el 2. 5 = 2+, for series motor

1

For shunt: T), = k3 + kgwm,
k3 = /(1(I)P and kq = kz(bg

When the speed reach O, T}, = k3.

Dynamic Braking

The armature disconnected from S. connected across a variable resistor R. The back emf produce
a reverse current.

At any time in ¢ 2 O:
Ea _ kabpwm
R+ Ry R+ Ry

Braking torque:

for series motor: T), = sz%IgwM } for shunt: T), = kqwm
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Polyphase Induction Motors

The Synchronous Speed of the revolving field is

120fF anf
FTarT = ws = 771 (f of the current in the stator.)

Ns
(slip) revolving field relative rotor speed

Ny=Ns—Npy Wy = ws — W N,  wy .
s=—=— (per unit)
N/VI = (1 —S)NS (.UM = (1 —S)ws NS wS

rotor emf _ PNy _ P(Ns—Np) _ PNs [Ns—Npy
’ 120 120 120 Ne

fr = sf | At stand still, the slip is T and f, = f

D i T =g T3 iy = 5 s’ i e s s o gt e i e oy e g g ' ey s e gy e e s g . s ey e gy’ i g e iy sy s s s ey s e e ey pp g

[} |
i & Figure: Printed per-phase equivalent circuit of the induction motor with i
i ideal transformer a : 1 (Rq, jX7, I7, V4, L Re) jXmi Le, Im, Ey; rotor side Ry, jXy, |
E Iy, €r); labels re-written by hand, rotor branch marked 2,/s, jX; (“de olabilir”). 1:
i (in the original notes, p. 2) i
| I

Per phase eq. circuit

e é_r _ Séb €b _ N1kw1
»

= - = - = - a =
/2, +JX,/ /2, +jSXb ()2,//5) +JXb Nzsz

per phase emf in rotor cct.
a44q

27
\/i StO\tOYV‘\;V. fac.

per phase induced emf in the stator winding.

é1:

~ 27
€, = ——=FNok,>D
per phase induced emf in the rotor winding under blocked-rotor condition.
& Figure: Printed equivalent circuit referred to the stator (B, jX1, Ra/s,

X2 Ty Iy T2, Rey jXmi Iy I, €1); student’s note: "€ reflected to stator”.
(in the original notes, p. 2)

= Iz IRy .
/225612/2,,})(2:612)%}1—2:;',}51: 252+J12X2

€ 3
EFREAYEE NP EES RN
Rc JXm

Vi = €+ I1(Ry + jX1) } Py, = 3I3R/s
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]
& Figure: Printed equivalent circuit with load resistance B5(1 — s)/s i
|

(/21,])(1, /22,])(2, I1, I¢ (excitation), Iz, )Qc, jXM, IC, IM, 6-1). i

(in the original notes, p. 2) E

total core loss

total stator cct. 5 (magnetic loss) b
Pim = 3V1I1 cos 0 } Psc( = 311 /21 } PM = 3Ic 725
312p5
Pag = Pin=Poci = Pm = —2—= } Pre( = 3I5R5 = 5Pag
air gap S
% £ & . V'~ T N N
Py E Pag - Pretl= 31509k (1= $)Pag Zillegible: sPag
——+ 7 (|=3)Pag if iliegibie :
N Ws

& Figure: Printed power-flow diagrams of the induction motor (Pj, =
3ViI1c0s0, Po = 3IZRy, Py = 3I2Rc, Pag = 3I2R5(s, Py = 3I3R2, Py =
(1=5)Pag, Po = TsWm, Pr = Py +Pse in the first diagram and Py = Pp,, + Pgp + Py
in the second), labels re-written by hand; notes: “when core loss sim. by
R (first diagram) and “treated as a part of rot loss” (second diagram).

(in the original notes, p. 2)

Tha 2 & 28 =2 = | Jp,[=P; L P}

Speed Torque Characteristic

When s =1
&1 o 3I5R;

) ds =
2 2 Ws
\/)21 +X2

~ &1

i

When the slip falls (below breakdown slip s,,), the hypothetical resistance becomes the
dominating factor.

I = — starting torque

because (Ry < X5)
I

)22/5 > X

3
Is|= % The torque developed by the motor is now proportional to the slip s
2

* Y badlantidaki hat gerilimine V¢ dersek faz gerilim V, = Y olur.

V3

Clavde notu: muhtemelen /2% + X% olmali.
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The stator current

Iri= YJ = a/0 } pf = cos(B)
Zin

An approximate Eq, circuit

& Figure: Printed approximate equivalent circuit of
the induction motor (121,])(1, )22,])(2, I1, Id)' 12, Re, jXM,
Ie, I, load Ro (1 — s)/s); labels also written by hand.

(in the original notes, p. 2)

Moaximum Power Criterion
,23 :}2’{4',22 }Xe :X‘|+X2

. r
Zo = |Re + Kol = \/R2 + X2 = 512(1 —5p)
P

P4 is max when the equivalent *Pload resistance is equal to the magnitude of the standstill
impedance of the motor.
2
VT

R
,22 + Ze

3
:>5P: :}PO{M:5

Maximom Torgue Criterion

3VZR,[s
2
d2 L, [»22(1 —5)] , 2ReRs (1 —s)] N

To{ =

S S

R2
Sp =
breakdown slip \/)212 + (Xq + X2)2

I 3Vv2 1
dm =
205 | g, + \/)212 + (X1 + X5)2

} Po = Togm (1= sp)ws

* If the stator impedance is so small

R 32111 32
When the stator sb=7§, Tom E [ }— 1 [Sb}

2ws E T 2ws )2'2
7 Z - 3I3R; | 3v2 25
Rofs + Xy ' SWs (R2/s)? + X% SWs

To( _ ZSSb
Tdm s2 + Sg

When the core loss is considered a part of the rotational loss the power input to the motor using
the approximate circuit.

Pipn = 3V4I5cos® « pf angle } Py = 3V4I5 cosO — 315()21 +Ry) =Py
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The motor efficiency is

2illegible

3V1I, cos 0 — 3I5(Ry + Ry) — Py
n=

313()21 +R5) = Py as the criterion for the maximum efficiency of an induction motor. (stator and
rotor copper losses.)

Equivalent Circuit Parameters

The Stator resistance test:

The blocked-Rotor Test:

|

i & Figure: Printed circuit for the blocked-rotor test (source
i Vi, current I, Ry, jXq, Ro, jX2); labels written by hand.

:| (in the original notes, p. 2)

|

—————————————————————————————————————————————————————————————————————————————— -
X = X31=0,5K5
P
Re= 2L} Ry = Re— Ry
I
r
V
Zo= 2"} Xe =\ 23~ 12
br
The No-load test
Woce = power input } Toc input Current } Vo rated applied voltage
Let Pg,, be the friction and windage loss on a per-phase basis.
Then, the power loss in B¢ is Poc = Woc — Prve
V2 w. 2
B & 1 0o = —2 Y Xy = -0
‘ Poc } o5 Boe VocIoc } " TocsinBoc
2 2 Ve
Soc = Vocloc } Qoc = \/ S5c — Wac }Xm T g
QOC
B G S S S e B Lo s F s o o o A o Oy s VA S £
i & Figure: Printed circuit for the no- 5
E load test (source Vo, current Ioc, Re, jXm)- i
i (in the original notes, p. 2) i
] |
A e e e e e e e e e e e e e e e e e e e e -

The load test
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