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* In rotary machines, speed is measured in (radian per second[r/s])

or (revolution per minute [rpm])
1[rpm] = X [r/s]
Where [r/s] < [rpm]

* In all motors and generators, electric power is measured in Watts[W]
On the other hand, mechanical power is measured either in watts|[W ]
or in Horsepower|[hp]

1[hp] = 746[W]

Where [hp] < [W]

* It should be noted that the mechanical power can be computed
from the torque and speed as:

Power [W] = Torque [N.m] X speed [r/s]

* Electrical power can be computed as:

—DC Machines — Power|[W] = current[A] X voltage|V]
—AC Machines — 1g(©nephase) _,

Active power[W] = current[A] X voltage[V] X cos6
—AC Machines — 360 —

Active power[W] = V3 x line current[A] x line voltage[V] X cos@

Active power[W] = 3 X phase current[A] X phase voltage[V] X cosO




Magnetic field

* The total flux in the core due to the currenti in the winding is

NiA
@ = BA = V1 L N = Num of turns,i = the current in the coil, A — the cross —
c

sectional area of the magnatic field, L. — the average path in which the mag field flows,u -
permeability

Where @(magnatic field)in Webers[Web], B(magnatic field dencity)in
Webers per square meter[Web/m?]

known as Tesla|T]

*right hand rule:-four fingers in the direction of the current
-the thumb in the direction of the magnatic field

-palm of the hand in the direction of the force

In the magnetic circuit:

* The reluctance of a magnetic circuit is the counterpart of electrical resistance, and

its units are ampere — turns per weber

@ = BA = ,UHA F — magnetomotive force of circuit
Ni . (UA
@ =Uu (_) A= Ni (,u_) @ — fluc of circuit,’R — reluctance
L¢ L¢
A F
@ =F (M_) == H - magnetic field intensity
B = uH
Linear DC Machine

* the equation for the force on a wire in the presence of a
magnetic field:

F =i(LXB) - F =iLBsin6




where F — force on wire,i - magnitude of current in wire, B — magnetic flux density vector

L — length of wire.with direction of L defined to be in the direction of current flow

* the equation for the voltage induced on a wire moving in a
magnetic field:

eing = WX B).L - ey = (VBsinO;)L cosb,

where e;,q — voltage induced in wire, v — velocity of the wire, B
- magnetic flux dencity vector, L — length of conductor in the magnetic field

« Kirchhof f's voltage law for this machine

VB—iR—emd=0—>VB=emd+iR=0

*Newton’s law for the bar across the tracks:

Linear DC Machine cases:

First case: (Ideal motor)

R
T —AMW .
=0 — X X x
in B
+
— Vs €ina / t.'”
X X - X

V
1.closing the switch produces a current flow i = FB (starting current)

2.the current flow produces an induced force on the bar given be
Finq = ILB
Find _ Av

m At

3. The bar accelerates due to the induced force asa =

4. The bar moves to the right, producing an induced voltage e;,; = vBL as it

speeds up




5. This induced voltage reduces the current flow i = (vg — ejna T)/R
6. The induced force is thus decreased F;,,; = i | LB until eventually F;,; = 0 At that
point.e;,q = Vg,1 = 0,and the bar moves at a constant no — load speed

vgs = Vg/BL where a = 0 (note that F;,,; = 0)

Second case: (real case of DC motor)

xif a force Fi,,q is apllied to the bar in OPPOSITE direction of motion
hence the net force is F,,,; = —F;,4q and the following events occure:
1. The bar decelerates due to the load force as a = F,,,;/m = Av /At since F,,; < 0
note that Fipqq < Fing
2. The effect of this net force will reduce e;,; = v | BL as the bar slows down

3. This induced voltage increases the current flowi = (V3 — e;,4 1)/R

4, The induced force is thus increased F = i T LB until |Fj,,4| = |Fjpqql| at a lower speed v

5. An amount of electric power equal to ¢;,,41 is now being converted to mechanical

power equal to Fj,;v, and the machine is acting as a motor.




Third case:

* If a force Fyy, is applied to the bar in the SAME direction of motion, hence

the net force is Fp,.; = Fypp, and the following events occur:

1. The bar acelerates due to the load force as a = F,,,;/m = Av/At since Fp,; > 0

2. The effect of this net force will increase e;,; = v T BL as the bar speeds up

3. This induced voltage reverses the direction of the current flowi = (Vg3 — e;jq T)/R

since (Vg < €jna)

4. The induced force is thus reverses its direction due to the reversed current

—Fing = —iLB until |Fypq| = |Fypp|- Note that Fyer = Fopy — Fing in this case

5. An amount of mechanical power equal to Fy,,,v is now being converted To electric power equal to

€;nql, and the machine is acting as a generator.

DC Machines-simple rotating loop

* If the rotor of this machine is rotated, a voltage will be induced in the wire loop.
* To determine the total voltage e;,; on the loop, we need to examine each segment
of the loop separately and sum all the resulting voltages. The voltage

on each segment is given by




VBL positive into page under the pole face

epa = WX B).L = {0 beyond the pole edges™

(1)

e.p = 0,because of thetas in sin and cos .....(2)

VBL positive out of page under the pole face

0 beyond the pole edges ~(3)

edc=(v><B).L={

e.d = 0,because of thetas in sin and cos .....(4)
The total induced voltage on the loop e;,, is given by:
€ind = €pa T €cp T €4c T €4q

_ {ZvBL under the pole faces
€ind =9 beyond the pole edges

Cion

Bl
vBi m r
I
-vBI- ' '
~2vBi-

Givenv =rw,?d = A,B, and pole surface area of A, = mrL,an

=]

alternative expression can be obtained.

_ {erBL under the pole faces
€ind = beyond the pole edges

_ )=A,Bw under the pole faces
€ind = \T
0 beyond the pole edges

P { %@w under the pole faces
nd 0 beyond the pole edges

Vp
2rLB

-This is for single loop (speed of rotor w = whenVg = e;j,q)




* Suppose a battery is connected to the machine how the torque is

developed inside it.(P11 in slides)

.: Current into ;

c-d page
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F,, = i(L X B) = iLB (tangent to direction of motion)...(7)
The torque on the rotor caused by this force is

Tap = rFsin@ = r(iLB)sin90° = riLB CCW....(8)

Fp. = i(L X B) = 0since L is parallel to B....(9)
Therforet,.,=0....(10)

F.q = i(L X B) = iLB (tangent to direction of motion) ....(11)
The torque on the rotor caused by this force is

T.q = rFsin@ = r(iLB)sin90° = riLB CCW....(12)

Fy, = i(L X B) = 0 since L is parallel to B....(13)
Therforety, =0.....(14)

* the resulting total induced torque on the loop is given by
Tind = Tap T Toc T Ted t Tda

2riLB under the pole faces

Tina = {O beyond the pole edges""(ls)

By using A, = ntrL and ¢ = A,B
2 .

oy = {; @i wunder the pole faces""(w)’ P=1w
0 beyond the pole edges




this is in single loop if it's more than this - will be represented as another constant(K)

Power flow and losses
* the copper losses for the armature and field windings are given by:

Armature loss: P, = I* 4R,

Where P, —» armature loss, I, - armature current, R, —» armature resistance
Field loss: Pp = I*[Rg

Where Pr — field circuit loss,Ir — field current, Rp — field resistance

* the brush losses it is given by the equation:

Pgp = Vpply

where Pgp — brush drop loss,Vgp — brush voltage drop, I, » armature current
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Piony = Tind®Wm

Peony = Egqly

* The ef ficiency of a DC machine is defined by the equation
Pout Pout

n=—-2¢%x100% 1= x100%
Pin Pout + Ploss
Pi,—P

n= _in_ " loss 100%

Pin




DC Machines-Motors

« the speed regulation (SR)of a motor is defined by

Wn — Wy
SR = BT X 100% (nl - noload, fl - fullload)
fl
n,—n
sR=—"—"x100%
nﬂ

Separatelv Excited and Shunt DC Motors

I mohoh R
——MWA——+ AMN—— o+
Sometimes Laged
lumped um|
together and together and

| /§/
g

Iy
Rugy
Rg
Le

Vr

called Rg called Rp
E, Vr Ey
vV, i

M ] &
lr= gt

VT
Vp= Eq+ 4R, Ip= gt

=1, Vym Ey + IRy
{a)

FIGURE 9-5 Io=la+ir
(a) The equivalent circuit of a separately excited dc motor. (b) The equivalent circuit of a shum (b
de molor,

E, n
* Speed of the motor — E "

a0 Ny
#Changing the Field Resistor Control Method:
1.Increaseing Ry causes Ir = (Vip/Rp 1) to decrease.
2.Decreasing I decreases @
3.Decreasing @ lowers E,; = (KO | w).
4.Decreasing E, increases I, = (V;y — E4 L)/Ry)
5.Increasing 1, increase 1,4 = (KO | I, 1), with the change
in I, dominant over the change in flux.

6.Increasing t;,q makes ti,q > Tjpqq, and the speed w increases

7.Increasing w increases E; = (KQw T) again.




8.Increasing E, decreases I 4
9.Decreasing I, decreases ti,q untill t,,5 = T;yqq at a higher

speed w

#Changing the Armature Voltage Control Method

1.Increasing Vyincreases I, = (V; T —E4)/Ry)

2.Increasing 1, increases Ti,q = (KQI, 1)

3.Increasing t;,q , makes ti,q > Tjpqq and the speed w increases
4.Increasing w increases E, = (KQw T)

5.Increasing E, decreases I, = (Vy —E4 1)/Ry)

6.Decreasing I, decreases tj,q until t;,,; = T;,,q at a higher speed w

#Inserting a Resistor in Series with the Armature Circuit
1.Increasing R, dicreases I, = ((Vr —E4)/Ry 1)

2.Decreasing I, decreases t;,q = (KQI, !)

3.decreasing t;,q , makes t;,q < Tjpqqa and the speed w decreases
4.decreasing w decreases E; = (KQw 1)

5.Decreasing E, increases I, = (Vr —E4 1)/Ry)

6.Increasing 1, increases tj,q until t;,4 = Tpqq At a lower speed w

the internal generated voltage of a DC machine with its speed
expressed in revolution per minute is given by

e, =k'On

the relationship between the speeds and internal generated

voltages of the motor at two dif ferent conditions is thus
Eypp K'on, . — E,»
Esi  K'Ong




The induced torque for any other load can be found from
the faCt Pconv = EAIA = Tindw —
Ealy
w

Tind =

the ef fective shunt field current of the motor is

* TAR
| F = IF_N— ,:FAR[A.turnS]
F




#HTransformers:

*|deal transformer
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(a)
FIGURE 2-4

(a) Sketch of an ideal transformer.

* Faraday's law of induction
Adg
At

e:induced emf, N:numper of loops, A® /At:rate of change of flux with time

E=—N

minus sign from lenz's law

x Lenz's Law

The induced B field in a loop of wire will oppose the
change in magnetic flux through the loop.

[f you try to increase the flux If you try to decrease the flux
through a loop, the induced through a loop, the induced
field will oppose that increase! field will replace that decrease!

.4 V»
<
R — <
i ra

Binduced Binduccd




* Since the magetomotive forces are equal in primary

and secondary windings

. . Np s

TP ZCDRZJ:S—)NPI,P =N5ls—)F=i—= fp(n ) N, i,[.l}

S P . — . ® —_— +
where a is the transformer turns ratio v, (1) i E Vs (1)
* From faraday's laws i )

ip (1) N, A, ig ()
V is proportional to N (V «< N) e =
Ve Np (0 § § K
—_—=—=Q _ -
VS NS (b)
FIGURE 2-4

*k VPiP = VSiS - Sin = Sout ({b) Schematic symbols of a transformer.

* Py = Vpip(0p), * Pyyr = Vsig(Os)

* since V,i,, = Vsis and since voltage and current angles are unaf fected

D

by an ideal transformer then 6, = 6,

* The primary and secondary windings of an ideal transformer have the same




power factor then P;,

= P, and then Q;;, = Q¢

#If Np < Ng = Vp < Vs = ip > i (step — up transformer)

#If Np > Ng > Vp > Vs = ip < is (step — down transformer)

* The impedance of a device or an element is defined as the ratio of the phasor

Voltage across it to the phasor current flowing through it

_Vp_aVS _
_IP_IS/a_

- Z,L == QZZL

*Z,L

V
Zline + Zload

* ljine =

2 Vs

Is

z, =2
L I IL
L , —
v
v L
L z, Z = I_
L
ia)
Ip Is
. — —_—
+
. .
Ve
Z'=— {1V, i E Vs| Z
Ip
(b)
FIGURE 2-§
(a) Definition of imp 2. {b) Imp e scaling gh a ir: mer.

#Operation of real transformer
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FIGURE 2-10
Mutual and leakage fluxes in a transformer core.

#The questions about this case will be concept questions

— — 2 — !
’ Vload - Iline Zload ’ Ploss - (Iline) Rline rZeq - Zline +7Z load




* The flux in the primary coil of the transformer can thus be divided into two components: a mutual
flux, which remains in the core and links both windings, and a small leakage flux, which passes
through the primary winding but returns through the air, bypassing the secondary winding:

Dp = Dy + DPyp

®p: total average primary flux, ®,,: flux component linking both primary and secondary coils,

@, p: primary leakage flux

* There is a similar division of flux in the secondary winding between mutual flux and leakage flux which
passes through the secondary winding but returns through the air, by passing the primary winding:

CDS == CDM + CDLS

®g: total average secondary flux, ®,,: flux component linking both primary and secondary coils,

®,s:secondary leakage flux

* Since in a well designed transformer ®,, > ®;, and ®,; > P, the

ratio of the total voltage on the primary of a transformer to the total voltage on
the secondary of a transformer is approximately

* The smaller the leakage fluxes of the transformer are, the closer the total transformer voltage

ratio approximates that of the ideal transformer

vp(t) _ & — 4
vs(t) Ng

* Open — circuit test:

‘Wattmeter

(&) ..
+

ip

Transformer

—@— Ammeler
—@ Voltmeter

FIGURE 2-19
Connection for transformer open-circuit test.




o The conductance of the core — loss resistor is given by

© The susceptance of the magnetizing inductor is given by

1

By = —

O Since these two elements are in parallel, their admittances add, and the total

excitation admittance is

Yp =G, —jBy
V. = 1 1
R
o the following relations can be obtained
I
Vel = =
T Ve
P P
PF =cos(8) = —2X =59 = cos‘l( oc )
Vocloc Vocloc
I I
Ye=—rz—02Y, =2/ —cos Y (PF)
Voc Voc
1 1
RC = =
G. Ygcos(6)
1 1
XM =

By - Yesin(0)




x Short — circuit test:

Wattmeter ip (1) (1

O 1. -
o) () o3 |

Transformer

FIGURE 2-20

Connection for transformer short-circuit test.

o The magnitude of the series impedances referred to the primary side of the
transformer is
_ Vs
|Zsg| = T
SC

o The following relations can be obtaind

P P
PF = cos(f) = —=— = 9 = cos‘1< 5¢ )
Vsclsc Vsclsc

I S N

Req = Zsgcos(0)

ya,

SE

Xeq = ZSESin(H)
Zsg = Req + jXeq = (Rp + a®Rg) + j(Xp + a*Xs)




x DC test:

®

[ ] [ ]
+
Vo ®
(variable) -

Transformer

e Using Ohm’s law and measurements of voltage and current, the internal
resistor of the winding can be determined as

R=V/I

e It should be noted that this test can be done on both sides of the
transformer

e Moreover, the DC power supply should be adjusted so that maximum DC
current is not exceeded.

® Note that the coil can handle a DC current that is certainly less than the
rated AC current.

* Voltage regulation (VR)

Verr =V
VR ==L "SI 100%
Vs fi
Vp/a—V
VR = p/ S 100%
Vs s

Vp .
07 = VS + RquS +]XquS




* Efficiency

Transformers are also compared and judged on their efficiencies. The efficiency of
a device is defined by the equation

P

n= Pout X 100%
in
out

n= X 100%

Pout + Ploss

Pin - Ploss

=—————x100%

g Pin ’

To calculate the efficiency of a transformer at a given load, just add the losses the
equation of efficiency such that
Pout == VsIsCOSBS

V¢lgcosOg

= X 100%
PCu + Pcore + VSISCOSBS 0

n

Pcy = (IS)ZReq

_ (Vp/a)?

PCOTE RC




* In rotary machines, speed is measured in (radian per second[r/s])

or (revolution per minute [rpm]))
1[rpm] = Z [r/s]
Where [r/s] < [rpm]

* In all motors and generators, electric power is measured in Watts[W]
On the other hand, mechanical power is measured either in watts[W|]
or in Horsepower |[hp]

1[hp] = 746[W]

Where [hp] < [W]

* It should be noted that the mechanical power can be computed
from the torque and speed as:

Power [W] = Torque [N.m] X speed [r/s]

* Electrical power can be computed as:

—DC Machines — Power|[W] = current[A] X voltage|V]
—AC Machines — 1g(onephase)

Active power|[W] = current[A] X voltage[V] X cosO
—AC Machines — 36 —

Active power[W] = V3 X line current[A] x line voltage[V] X cos6

Active power|[W] = 3 X phase current[A] X phase voltage|V] X cos6




Magnetic field

* The total flux in the core due to the currenti in the winding is

NiA
@ = BA = V1 7 N = Num of turns,i - the current in the coil, A — the cross —
c

sectional area of the magnatic field, L. — the average path in which the mag field flows,u -
permeability

Where @(magnatic field)in Webers[Web], B(magnatic field dencity)in
Webers per square meter[Web/m?]

known as Tesla|T]

*right hand rule:-four fingers in the direction of the current
-the thumb in the direction of the magnatic field

-palm of the hand in the direction of the force

In the magnetic circuit:

* The reluctance of a magnetic circuit is the counterpart of electrical resistance, and

its units are ampere — turns per weber

@ = BA = ,UHA F — magnetomotive force of circuit
Ni . (1A
@ =U (_) A= Ni (”—) @ — fluc of circuit,’R = reluctance
L¢ L¢
A F
O=7F (M_) == H — magnetic field intensity
B = uH
Linear DC Machine

* the equation for the force on a wire in the presence of a
magnetic field:

F =i(LXB) » F =iLBsin6




where F — force on wire,i —» magnitude of current in wire, B - magnetic flux density vector

L - length of wire.with direction of L defined to be in the direction of current flow

* the equation for the voltage induced on a wire moving in a
magnetic field:

eing = WX B).L - ey = (VBsinf,)L cosb,

where e;,q — voltage induced in wire, v — velocity of the wire, B
- magnetic flux dencity vector, L = length of conductor in the magnetic field

« Kirchhof f's voltage law for this machine

VB—iR—el-nd=0—>VB=eind+iR=O

*Newton’s law for the bar across the tracks:

Linear DC Machine cases:

First case: (Ideal motor)

R
T — MW .
=0 — x X *
i M
+
=" u ¢ -
X x X

V
1.closing the switch produces a current flow i = FB (starting current)

2.the current flow produces an induced force on the bar given be
Finq = ILB
Find _ Av

m At

3. The bar accelerates due to the induced force asa =

4. The bar moves to the right, producing an induced voltage e;,; = vBL as it

speeds up




5. This induced voltage reduces the current flow i = (vg — ejq T)/R
6. The induced force is thus decreased F;,; = i I LB until eventually F;,,; = 0 At that
point.e;,q = Vg, 1 = 0,and the bar moves at a constant no — load speed

vgs = Vg /BL where a = 0 (note that F;,,; = 0)

Second case: (real case of DC motor)

xIf a force Fi,,q is apllied to the bar in OPPOSITE direction of motion
hence the net force is F,,,s = —F,4q and the following events occure:
1. The bar decelerates due to the load force as a = F,,,;/m = Av /At since F,,; < 0
note that F,qq < Fing
2. The effect of this net force will reduce e;,,4 = v | BL as the bar slows down

3. This induced voltage increases the current flowi = (Vg — ejq 1)/R

4. The induced force is thus increased F = i T LB until |Fj,,4| = |Fjpqql| at a lower speed v

5. An amount of electric power equal to e;,4i is now being converted to mechanical

power equal to F;,;v, and the machine is acting as a motor.




Third case:

* If a force F,,, is applied to the bar in the SAME direction of motion, hence

the net force is Fp,o; = Fgpp and the following events occur:

1. The bar acelerates due to the load force as a = F,,.;/m = Av/At since F,o; > 0

2. The effect of this net force will increase e;,; = v T BL as the bar speeds up

3. This induced voltage reverses the direction of the current flowi = (V3 — e;q T)/R

since (Vg < ejna)

4. The induced force is thus reverses its direction due to the reversed current

—F;,q = —iLB until |F,,4| = |Fapp|.Note that Fnee = Fapp — Fing in this case

5. An amount of mechanical power equal to Fg,,, v is now being converted To electric power equal to

€;nal, and the machine is acting as a generator.

DC Machines-simple rotating loop

* If the rotor of this machine is rotated, a voltage will be induced in the wire loop.
* To determine the total voltage e;,; on the loop, we need to examine each segment
of the loop separately and sum all the resulting voltages. The voltage

on each segment is given by




VBL positive into page under the pole face

epa = WX B).L = {0 beyond the pole edges"”

(1)

e., = 0,because of thetas in sin and cos .....(2)

VBL positive out of page under the pole face

0 beyond the pole edges ~(3)

€dc = (va).Lz{

e.d = 0,because of thetas in sin and cos .....(4)
The total induced voltage on the loop e;,, is given by:
€ind = €pqa + €ch + €dc + €ad

_ {ZvBL under the pole faces
€ind =0 beyond the pole edges

Cion

Bl
vBi m r
1
-vBI- ' '
-2vBi-

Givenv =rw,9 = A,B, and pole surface area of A, =mnrL,an

=]

alternative expression can be obtained.

_ {erBL under the pole faces
€ind =0 beyond the pole edges

2
eg = {;ApBw under the pole faces

0 beyond the pole edges

20w under the pole faces
Cinda =13y ™ T . (6)
0 beyond the pole edges

Vp
2rLB

-This is for single loop (speed of rotor w = whenVg = €,q)




* Suppose a battery is connected to the machine how the torque is

developed inside it.(P11 in slides)

,: Current into ;

e page
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( r Sso Current out of page
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F,, = i(L X B) = iLB (tangent to direction of motion)...(7)
The torque on the rotor caused by this force is

Tap = rFsin® = r(iLB)sin90° = riLB CCW....(8)

Fp. = i(L X B) = 0 since L is parallel to B....(9)
Therforet,.=0....(10)

F.q = i(L X B) = iLB (tangent to direction of motion) ....(11)
The torque on the rotor caused by this force is

T.q = rFsin@ = r(iLB)sin90° = riLB CCW....(12)

F4, = i(L X B) = 0 since L is parallel to B....(13)
Therforety, =0.....(14)

* the resulting total induced torque on the loop is given by

Tind = Tab + The T Ted T Tda

_ {ZriLB under the pole faces (15)
Tind =0 beyond the pole edges™"
By using A, ~ ntrL and ¢ = A,B
2 .
oy = {; @i under the pole faces""(16)l P= 1w
0 beyond the pole edges




this is in single loop if it's more than thlS; will be represented as another constant(K)

Power flow and losses
* the copper losses for the armature and field windings are given by:

Armature loss: P, = I 4R,

Where P, —» armature loss, I, - armature current, R, — armature resistance
Field loss: Pr = I*[Ry

Where Py — field circuit loss, I — field current, Ry — field resistance

* the brush losses it is given by the equation:

Pgp = Vpply

where Pgp — brush drop loss,Vgp — brush voltage drop, 1, — armature current

Page(42 in slides)
FO’D-'
| |
el it wn = Exly
Sy losses losses
- (8) Generator
P, - \

T
|
|

P, =Vl |
oV EAlx= int wm
|

|
\ |
. echanical losses
Core  joses
17 R losses losses

(hMotor

Piony = Tina®Wm

Peony = Egly

* The ef ficiency of a DC machine is defined by the equation
Pout Pout

n=—2%%x100% n= X 100%
Pin Pout + Ploss
P, —P

N = in loss % 100%

Pin




DC Machines-Motors

* the speed regulation (SR)of a motor is defined by

Wy — Wy
SR = BT X 100% (nl — noload, fl - fullload)
f
n,—n
SR=—""Tx100%
nﬂ

Separately Excited and Shunt DC Motors

:

Sometimes
lumped Lumped
together and together and

called Rp called Rp
Ey Vr Ey

V)
Ip= £ -0
F= R

Vp= Eq+ LiR, le=

o,
]

=1,
i)
FIGURE 9-§ Io=ia+lF

(a) The equivalent circuit of a separately excited dc motor. (b) The equivalent circuit of a shum (b
de molor,

Vym Ey + IRy

* Speed of the motor — ﬂ -2
a0 My
#Changing the Field Resistor Control Method:
1.Increaseing Rr causes I = (Vg /Rp T) to decrease.
2.Decreasing Iy decreases @
3.Decreasing @ lowers E, = (KO | w).
4.Decreasing E, increases I, = (Vy —E4z 1)/Ry)
5.Increasing 1, increase t;,4 = (K@ | I, 1), with the change
in I, dominant over the change in flux.
6.Increasing t;, makes t;,q4 > Tj;pqq, and the speed w increases

7.Increasing w increases E; = (KQw T) again.




8.Increasing E, decreases 1,
9.Decreasing I, decreases T, untill t;,q = T;yqq at a higher

speed w

#Changing the Armature Voltage Control Method

1.Increasing Vy increases 1, = (VT —E4)/Ry)

2.Increasing I, increases T, = (K@I, 1)

3.Increasing t;,, , makes t;,q > Tjpqq and the speed w increases
4.Increasing w increases E; = (KQw 1)

5.Increasing E, decreases I, = ((Vr —E4 1)/Ry)

6.Decreasing I, decreases t;,q until t;,4 = T;,44 at a higher speed w

#Inserting a Resistor in Series with the Armature Circuit
1.Increasing R, dicreases I, = (Vr —E4)/R4 1)

2.Decreasing I, decreases t;,q = (KQI, )

3.decreasing t;,; , makes t;,5 < T;pqqa and the speed w decreases
4.decreasing w decreases E, = (KQw 1)

5.Decreasing E, increases I, = (Vr —E4 L)/Ry)

6.Increasing I 5 increases Ti,qg until t,,; = T;yqq at a lower speed w

the internal generated voltage of a DC machine with its speed
expressed in revolution per minute is given by

es = k'On

the relationship between the speeds and internal generated

voltages of the motor at two dif ferent conditions is thus

Eypr K'On, E,»

= >N, =——ny
Ey,y K'Ong E4q




The induced torque for any other load can be found from
the fact P .ony = Eqly = Tipgw —
Eql,
w

Tind —

the ef fective shunt field current of the motor is

F
I*F = IF —Ni: ,TAR[A.turnS]

* I1f Eqq = E4p the equation of motor speed reduces as
_ @,n, D4

= - n1 =
P1ny D,

Series DC Motors

1

h R, Rs Ls Is I

— — —

AM—M—— o

E, Vr

0 -
IA .’S-IL

V7-=EA +IA (RA *Rs)

FIGURE 9-20
The equivalent circuit of a series dc motor.

* The output characteristic of series DC motors can be derived from the
induced voltage and torque equations of the motor plus Kirchhoff's
voltage law such as

¢ =cls =cl,sincel, =Igthen¢ = cl,

Recall t,5 = I,K¢p = cKI3 = tppq < I

T; T: CT:
Note that 1, = /C";{d andqb:cfcn;{d: , I?d




VT = EA +IA(RA +Rs) - K¢(l)+IA(RA +Rs)
* The output characteristic of series DC motors can be derived from the induc¢d

voltage and torque equations of the motor plus Kirchhoff's voltage law such as
CTind Tj

1 R,+R
w + nd(RA+RS)=>w= (R s)

4
VT = K -
K cK VeK [T cK




#HTransformers:

*|deal transformer

e N\
ip (D) i (0
~. N L
+ o y b q 3 o +
, \
v, (0 g N, Ns 4 4 v (1)
\ q b b /
- o—f — © —
N J
- J
(a)
FIGURE 2-4

(a) Sketch of an ideal transformer.

* Faraday's law of induction
Adg
At

e:induced emf, N:numper of loops, A® /At:rate of change of flux with time

E=—N

minus sign from lenz's law

x Lenz's Law

The induced B field in a loop of wire will oppose the
change in magnetic flux through the loop.

[f you try to increase the flux If you try to decrease the flux
through a loop, the induced through a loop, the induced
field will oppose that increase! field will replace that decrease!

.4 V»
<
R — <
i ra

Binduced Binduccd




* Since the magetomotive forces are equal in primary

and secondary windings

. . Np s

TP ZCDRZJ:S—)NPI,P =N5ls—)F=i—= fp(n ) N, i,[.l}

S P . — . ® —_— +
where a is the transformer turns ratio v, (1) i E Vs (1)
* From faraday's laws i )

ip (1) N, A, ig ()
V is proportional to N (V «< N) e =
Ve Np (0 § § K
—_—=—=Q _ -
VS NS (b)
FIGURE 2-4

*k VPiP = VSiS - Sin = Sout ({b) Schematic symbols of a transformer.

* Py = Vpip(0p), * Pyyr = Vsig(Os)

* since V,i,, = Vsis and since voltage and current angles are unaf fected

D

by an ideal transformer then 6, = 6,

* The primary and secondary windings of an ideal transformer have the same




power factor then P;,

= P, and then Q;;, = Q¢

#If Np < Ng = Vp < Vs = ip > i (step — up transformer)

#If Np > Ng > Vp > Vs = ip < is (step — down transformer)

* The impedance of a device or an element is defined as the ratio of the phasor

Voltage across it to the phasor current flowing through it

_Vp_aVS _
_IP_IS/a_

- Z,L == QZZL

*Z,L

V
Zline + Zload

* ljine =

2 Vs

Is

z, =2
L I IL
L , —
v
v L
L z, Z = I_
L
ia)
Ip Is
. — —_—
+
. .
Ve
Z'=— {1V, i E Vs| Z
Ip
(b)
FIGURE 2-§
(a) Definition of imp 2. {b) Imp e scaling gh a ir: mer.

#Operation of real transformer

7 e R ~
/ \ oy . \\
’ . \/ A ’ N \
r \
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o+ \ i / +
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' d —b \ f 1 . — 1
! || \
H <:_—‘ ‘. ln ;l ! ] |
— 11 )
| “"“; e A CH |t I
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\ Ve P [ | ] I o Vi
\ et 1 ' i N =t h
I ‘-—-—-—-.) ! I‘ ] I | —t— !
i
| :"““: | h ‘| ! | ot— |
\ C—-._._) 1 I \ \ | ot — N
\ ol | T ' \ \ P !
[ S— P ! 1} : =T —'— ¢
1 ! \ 1 !
) / i / * ! ¢
\ I
\ 7 \\ / \ \ / / \ ,
~ “ ’
N\ \
N \/ / 'y N So
FIGURE 2-10
Mutual and leakage fluxes in a transformer core.

#The questions about this case will be concept questions

— — 2 — !
’ Vload - Iline Zload ’ Ploss - (Iline) Rline rZeq - Zline +7Z load




* The flux in the primary coil of the transformer can thus be divided into two components: a mutual
flux, which remains in the core and links both windings, and a small leakage flux, which passes
through the primary winding but returns through the air, bypassing the secondary winding:

Dp = Dy + DPyp

®p: total average primary flux, ®,,: flux component linking both primary and secondary coils,

@, p: primary leakage flux

* There is a similar division of flux in the secondary winding between mutual flux and leakage flux which
passes through the secondary winding but returns through the air, by passing the primary winding:

CDS == CDM + CDLS

®g: total average secondary flux, ®,,: flux component linking both primary and secondary coils,

®,s:secondary leakage flux

* Since in a well designed transformer ®,, > ®;, and ®,; > P, the

ratio of the total voltage on the primary of a transformer to the total voltage on
the secondary of a transformer is approximately

* The smaller the leakage fluxes of the transformer are, the closer the total transformer voltage

ratio approximates that of the ideal transformer

vp(t) _ & — 4
vs(t) Ng

* Open — circuit test:

‘Wattmeter

(&) ..
+

ip

Transformer

—@— Ammeler
—@ Voltmeter

FIGURE 2-19
Connection for transformer open-circuit test.




o The conductance of the core — loss resistor is given by

© The susceptance of the magnetizing inductor is given by

1

By = —

O Since these two elements are in parallel, their admittances add, and the total

excitation admittance is

Yp =G, —jBy
V. = 1 1
R
o the following relations can be obtained
I
Vel = =
T Ve
P P
PF =cos(8) = —2X =59 = cos‘l( oc )
Vocloc Vocloc
I I
Ye=—rz—02Y, =2/ —cos Y (PF)
Voc Voc
1 1
RC = =
G. Ygcos(6)
1 1
XM =

By - Yesin(0)




x Short — circuit test:

Wattmeter ip (1) (1

O 1. -
o) () o3 |

Transformer

FIGURE 2-20

Connection for transformer short-circuit test.

o The magnitude of the series impedances referred to the primary side of the
transformer is
_ Vs
|Zsg| = T
SC

o The following relations can be obtaind

P P
PF = cos(f) = —=— = 9 = cos‘1< 5¢ )
Vsclsc Vsclsc

I S N

Req = Zsgcos(0)

ya,

SE

Xeq = ZSESin(H)
Zsg = Req + jXeq = (Rp + a®Rg) + j(Xp + a*Xs)




x DC test:

®

[ ] [ ]
+
Vo ®
(variable) -

Transformer

e Using Ohm’s law and measurements of voltage and current, the internal
resistor of the winding can be determined as

R=V/I

e It should be noted that this test can be done on both sides of the
transformer

e Moreover, the DC power supply should be adjusted so that maximum DC
current is not exceeded.

® Note that the coil can handle a DC current that is certainly less than the
rated AC current.

* Voltage regulation (VR)

Verr =V
VR ==L "SI 100%
Vs fi
Vp/a—V
VR = p/ S 100%
Vs s

Vp .
07 = VS + RquS +]XquS




* Efficiency

Transformers are also compared and judged on their efficiencies. The efficiency of
a device is defined by the equation

P

n= Pout X 100%
in
out

n= X 100%

Pout + Ploss

Pin - Ploss

=—————x100%

g Pin ’

To calculate the efficiency of a transformer at a given load, just add the losses the
equation of efficiency such that
Pout == VsIsCOSBS

V¢lgcosOg

= X 100%
PCu + Pcore + VSISCOSBS 0

n

Pcy = (IS)ZReq

_ (Vp/a)?

PCOTE RC




#Autotransformer:

V, =V, (2-70) Iy
VH'= VC'+VSE (2—?” ] e+
- I Isg
Ip=Tc+Ige (2-72) v
SE N
IP IH = ISE (2-73) IL SE
+0o ‘0 -
Is .
o+ Vy
L L
Ne
Ve v
Nl’ N‘. V. L \"C
(= Ne) (= Nsg) s I Ic
-0 0 — - O o —
(a) (b)

FIGURE 2-32

A transformer with its windings (a) connected in the conventional manner and (b) reconnected as an

autotransformer.
VL = \’C
Iy
— v” = Vc- + st
O
* Ip=Tc+ I
Iy =l
( Ise l Nse
I
Vy e
R
| el 3n "
O Q

FIGURE 2-33
A step-down autotransformer connection.

(2-70)
(2-71)
(2-72)
(2-73)




*Voltage relationship:
VH = VC + VSE But VC/VSE = NC/NSEISO —

N
Vy =V + %Vc,noting that V;, = V. then we get =
C

Nsg Ngg + N¢

VH:VL+N_CVL= NC VL_)
VL Ne
Vy  Nsg + Nc

*Current relationship:

I, = I¢ + Isg,also Ic = (Nsg/N¢)lsg, so -

N
I, = #ISE + I, Noting that Iy = Isg, then we get —
c
Ngg Ngg + N¢
[ =—Ily+Ily=—7—Iy-
L=y, H T N, H
I,  Nsg+ Nc
I N

*Apparent Power Rating Advantage
Sin = VoI, and Sy = Vyly

Sin = Sout = Si0

Sw = Vel = Vsglsg

Sw=Vele =V, (I, — Iy) =V I, =V, Iy




N¢ N¢
SW - VLIL - VLIL (—) - VLIL (1 _—)

S =V (NSE+NC—NC)_ ( Ngg )
W N +NC )T T2 \Ngg + NC

* Therefore, the ratio of the apparent power in the primary and secondary of the
autotransformer to the apparent power actually traveling through its windings is
S10 _ Nsg + N

= > 1
Sw N5

rmers (Connection)

b

#Three-Phase Transfo

FIGURE 2-38
Theee-phase jons and wiring diags (@} Y-Y

A

%jz%

S Lé'

¥
A
Pt
=3
= <
A=
0l
0
B

FIGURE 2-38
(b) Y=4 jeomtinued)




Delta-Wye transformer
S2 S3

P1, P2, P3 nodes of he pamary winding (Delis)
§1, 52, 83 nodes of Me secondary winding (Wys)

FICURE 2-™
1€) A-Y (consineed)

L] - V v
Ve _Yee_, a-a
Ne2 N Vis V‘s
¢ o—1 N—a "
NS’! N.ﬂ

(dy

FIGURE 2-38
(d) A-A jconciuded)

* The impedance, voltage regulation, efficiency, and similar calculations for three
— phase transformers are done on a per

— phase basis, using exactly the same techniques already developed for single

— phase transformers.




*Basic Concepts of Operation

The speed of the magnetic field's rotation is given by
120f,

nsync - P

, fe: System frequency in hertz, P:num of poles

The voltage induced in a given rotor bar is given by the equation
einga = (VXB)-l
v:the velocity of the bar relative to the magnetic field,

B:the magnetic flux density vector,

[:the length of conductor in the magnetic field

The induced torque in the machine is given by

Ting = kBr X Bg

Note that k = K/u and K is a constant dependent on the construction of the machine

In fact, the parameter k will not be constant since p varies with the amount

of magnetic saturation in the machine.

Two terms are commonly used to define the relative motion of the rotor

and the magnetic fields

(1)One is slip speed, defined as the difference between synchronous

speed and rotor speed:

Nstip = Nsync — Nm

Ngip: the slip speed of the machine, 1,y : the speed of the rotating magnetic fields,

N, : the mechanical shaft speed of motor

(2)The other is term used to describe the relative motion is slip, which is the
relative speed expressed on a percentage basis, and it is defined as

Nsiip Ngyne — N Wsyne —

m
s = X 100% — s = X 100% —» s =
nsync nsync Wsync

w
™« 100%

*If the rotor turns at synchronous speed s = 0, while if the rotor is stationary s = 1.




* [t is possible to express the mechanical speed of the rotor shaft in terms of
synchronous speed and slip.

By Solving the previous Equations for mechanical speed yields

N = (1 = $)Ngync

wm = (1 = $)Wsync

* At n,, = 0 r/min the rotor frequency f, = f,and the slip s = 1.

* At Ny = Ngyn the rotor frequency f = OHz and the slips =0

* Based on the definition of the slip, the rotor frequency can be expressed as
fr = sfe

*From the previous equations:

n —n
fr = SYme m mfe,but Ngyne = 120f,/P so -
Nsync

P
fr = (nsync - nm) T()fefe I f;‘ = m (nsync - nm)

*Equivalent Circuit

—magnitude of the induced voltage at any slip will be given by the equation

ER = SERO

—The frequency of the induced voltage at any slip will be given by the equation

fr = sfe
—The reactance of an induction motor rotor depends on the inductance of the
rotor and the frequency of the voltage and current in the rotor. With a rotor
inductance of Lg, the rotor reactance is given by

Xgr = w,Lg = 2nf, Ly - Xg = 2nsf,Lgr = s2nf,Lg) = sXgo

Where Xg is the blocked — rotor rotor reactance.




, Rp + jXg
I JXg = jsXpo 5
Rl a-12)
Ep
+ I; = Rods + Xo (7-13)
C)lzﬁsp:m §RR RS o
FIGURE 7-9
The rotor circuit model of an induction motor.

zR.eq = RRIS +JXm

Iz iXro <

" AN

()
Y
z
Wy
.—r"’—/

FIGURE 7-10

The rotor circuit model with all the frequency

(slip) effects concentrated in resistor Rp. 0 prs P e 100 T2
My percentage of synchronous speed

FIGURE 7-11
Rotor curren! as a function of rolor speed.

—In an ordinary transformer, the voltages, currents, and impedances on the
secondary side of the device can be referred to the primary side by means
of the turns ratio of the transformer:
Vp =V'g = als
I
Ip=1g = -
Z's = a*Zg
—If the effective turns ratio of an induction motor is Aeff s then the transformed

rotor voltage becomes

E; = E'gr = aerrEro

I
12 = R
Aeff




Rp .
Zy = aqy <? +]XR0)

—The efficiency of an AC machine is defined by the equation

PO‘LI,t

= X 100%
in
Pout
n=—2%_ %100%
Pout + Ploss
P, — P
n = _tn " loss o 100%
P;

P, = V3Vl cos
Pout = TioaaWm

» From the equivalent circuit of an induction motor
and power flow diagram, the following relations can
be obtained

1 R 1
! 1 X, 2 X
+°—_m_rw-n AL
+
1|
Pac Focur
—
Air- , .
shalaul Poa™ Tl ¥, Re K L]
P 3 Vil cos 6 i i e
|
—:i Pt B vk Poc) -

o G )
Copper S o) FIGURE 7-12
loss) The per-phase equivalent circult of an induction motor.
FIGURE 7-13
The power-flow diagram of an induction molor,
_ Y
=73 (7-23)
eq
where Z, =Ry + jX, + ' (7-24)
G By + :
cTIPuT Vs + X,




Poww = Pag — Prau
PSCL - 3I?Rl con A P —_ P P _ P
5 = 3122& - 312R out — “cony F&W
P.,. = 3EiG, s 272 P
_ ¥ conv
Pao = By = PscL = e = 31% Rz(% - l) Tind = w,,
R :
222 - -
PAG 312 s Pcum, = 3[% Rz(l . S) T g — (]l S)PAG
id = (1 — $)a
ync

PRCL = 31% RR P - P
RCL — AG

PRCL = 3I§R2

Pow =P — HR P, AG
conv AG RCL Developed Torque Tind T

= P = sBg Wsync

R:onv =(l - S)PAG |

*Torque-Speed Characteristic

Pullout torgue

From utilizing the induction
motor equivalent circuit and
applying Thevenin theorem, the
torque-speed characteristic curve
can be obtained

_ W3, Ry/s
Tind = ol (Rry + Rof51 + (Xpy + XF)

Induced torque, % of full load

XH Full-load torque
Y~ Ve x + x, oo

iw)

Mechanica) speed

FIGURE 7-19
A typical induction motor torque—speed characteristic curve.

Ry~ R,(

Ry < Ry <Ry< Ry <R <R

800

ol % Ry Ry R’y R
: s = Ry
z max 2 3
é VRTH + (x'ru + Xz)
% IV

Toax —
20gg0c[R7u + VREy + (Xpy + X7
0 1 1 1 1 1 1 1
0 250 500 750 1000 1250 1500 1750 2000
Mechanical speed, r/min

FIGURE 7-22
The effect of varying rotor resistance on the torque-speed of a wound-rotor

motor,




Curves that represent the characteristics of induction motors

Ip cos g
or =
B b PFg = cos g
= cocl s _.SlmJ
PF = Lm(lan Re
My 0 L n,
(a) Moyee (c) ad
By Tind FIGURE 7-16
Graphical development of an induction
motor torque—speed characteristic.
(a) Plot of rotor current (and thus IBgl)
versus speed for an induction motor:
(b) plot of net magnetic field versus
speed for the motor; (c) plot of rotor
. power factor versus speed for the
Pyync im [ "m motor; (d) the resulting torque-speed
() T (d) characteristic.
%
Generators
Separately Excited DC Generators
I I
vo AMA—+
I R,
F RF ‘A
VF E“ VT
Lg
IL- ’A
Vr=E - I4Ry
FIGURE 9-44 Ip=LE
A separately excited dc generalor. Rp
For a constant speed | V= E; = 4R, (9-41)

» Since the internal generated voltage E, is given by the
equation E, = K@lw , there are two possible ways to
control the voltage of this generator:

1. Change the speed: If @ increases, then E, = Kgw!
increases, so V,=E 1 — I R, mcreases too.

2. Change the filed current: If R, is decreased, then the
field current increases (I = V /R /). Therefore, the flux @
in the machine increases. As the flux rises, £, = K@ tw
must rise too, so V,=E 1 — I R  increases.

» In many applications, the speed ran ge of the prime mover
1s quite limited, so the terminal voltage 1s most commonly
controlled by changing the field current.




—Voltage regulation (VR) is defined by the equation

V., —V,
VR ="t T 100%
Vfl

—The total magnetomotive force in a separately excited generator is the
field circuit magnetomotive force less the magnetomotive force due to
armature reaction (AR):

Fnet = Nplp — Far

—The equivalent field current of a separately excited DC generator is given by

—the difference between the speed of the magnetization curve and the real

speed of the generator must be taken into account:

Ey n

Esjo 1o




