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ELECTRIC POWER SYSTEMS

1.Alternator 2. Power transformer 3.Transmission lines

4.ﬂ§uhsta1innlransformer 6.Loads

Concept of electric energy transmission.
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Transmission Tower % 220kV, 132kV lines (High Voltage)
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Power systems and network

J A\
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Electrical power transmission
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- AC of 50 Hz produced by generator
- Resistance losses are smallest at high voltages and low currents
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FEATURES OF GENEARATION- SOURCES OF ENERGY, NEEDS AND
ELECTRICAL

®» Sources : Wood, charcoal, solar, hydropower, nuclear etc...
®»Here in zambia, electrical power system is mainly based on hydroelectric
“power (i.e., from water )
» The power associated is:
where p: water density= 103kg/m3;
g =9.81m/s? : : P
Q: water flow rate [m3/s], and
H: height [m]-
®» Needs/Utilisation: Heating, mechanical power, communication
® Electrical network components: Electricity supply systems havssas
power to many types of load. et M
> The greater the power supplied, for a given voltage, thejiaaae & Hi A%
current. 2 e

J A\
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Fig.1

GENERATION OF THREE PHASE E.M.F
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e.m.f.s

: Generation of three-phase

Fiis ﬁ}
Start [

Slip-rings for
phase RR;

Fig.2: Loop RR, at instant of

maximum e.m.f.

®» In Fig. 4-3.1, RRy, YY, and BB, represent three similar loops fixed to one
another at angles of 1209, each loop terminating in a pair of slip-rings carried

on the shaft in Fig.4-3.2.

®» We shall refer to the slip-rings connected to sides R, Y and B as the
‘finishes’ of the respective phases and those connected to Ry, Y; and B, as
the ‘starts..
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®» The letters R, Y and B are abbreviations of ‘red’, ‘yellow’ and ‘blue’, namely

the colors used to identify the three phases.

®» Also, ‘red-yellow-blue’ is the sequence that is universally adopted to denote
~ that the e.m.f. in the yellow phase lags that in the red phase by a third of a
Tcycle (1200), and the e.m.f. in the blue phase lags that in the yellow phase by
another third of a cycle.

€ T
e . (o ) EMF in RR, EMF in YY, EMF in BB,
—~ Start
R
Y \._.) B tO | L
1 1 ‘finish’ :
I:\. X 2 ~ - 7 1 ; :
e ~ {h 4 ~ 5 + :
N j ~ - : k- 24 S I p
- i P o = ey 0 - '[ 4 - 8
A R 60° =y N ,7120°
I“ v 7 S “} f- ’
a it ¥ _ | ’
~ - | .
- v
B L~ Y ‘Finish’ : R
W
L ; En ' . -“'/ M
R] start -
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4 T
e ' . EMF in RR, EMF in YY, EMF in BB,
———— — R e Start - m Tl e
_ to .7 -~ .
1:] ’BI ‘finish’ i . .
i il S N I 4 »
\f\ M 5 ;'} + S, : £ '-'- \\
--...\ j\:‘g ”,- ._.-" I ”I \\
N el & AN N ;
(/ ,:3/’ \\_::‘1 : . 60/ ,:rN l g
g O 4 : ‘Finish’ L,""-.
R o N e M
1 start? | v a =T
Figl: Generation of three-phase Fig.3: Waveforms of three phase e.m.f.s
e.m.f.s

Hence the e.m.f.s generated in loops RR;, YY,; and BB, are represented by
he three equally spaced curves of Fig. 3, the e.m.f.s being assumed positive
hen their directions round the loops are from ‘start’ to ‘finish’ of their
respective loops.
®» If the instantaneous value of the e.m.f. generated in phase RR; is
represented by

R m
_ . ‘ e =E sin . ._
then instantaneous e.m.f. in is o —)
: . . e =E sip . _.
and instantaneous e.m.f. in BB, is B m 7
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SINGLE LINE DIAGRAM

J A\
\

It is a diagrammatic representation of a power system in which the

components are represented by their symbols.

T1 a T2

‘31: % % 120 5 oo & % % :
32
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MODELLING OF GENERATOR AND SYNCHRONOUS MOTOR

J A\
\

?@Eg

1® equivalent circuit of generator
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1® equivalent circuit of synchronous motor




MODELLING OF TRANSMISSION LINE

R JRE RO X2 Rp L
— 12X, — 12X, — e
. . .
M type i L
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MODELLING OF TRANSFORMER
I, I. Ry Xo

& ]

J A\
\

T . ':i r - T
V4 %;R-:- Xo V,
K = E, — N, = l
El Nl I2
Ry

ROl - Rl+ RZ' = |?14_

=Equivalent resistance referred to 1°

KZ
X

Xop = X+ X, =X+ —Ki =Equivalent reactance referred to 1°
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MODELLING OF INDUCTION MOTOR

A I, I, R X
b \} . AT
I \t-IW I, 1
= ) =D
"'ir—"' = RHo XNo

1 . .

r ( — =1 ) =Resistance representing load
)

=Equivalent resistance referred to

,stator
=Equivalent reactance referred to stator
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Transmission Line Representation

A
\\

@ Short Line Model
» < 80 km in length
= Shunt effects are neglected.
@ Medium Line Model
= Range from 80-240 km in length

= Shunt capacitances are lumped at a few predetermined points along the
line.

@ Long Line Model
s >240 km in length.
= Uniformly distributed parameters.
= Shunt branch consists of both capacitance and conductance.
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Short Line

Z=z=(r+jal)l
=R+ X, )
where:
I = per- phaseesistance

L = per- phasenductance
¢ =linelength
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Medium Line — Nominal = Circuit

— Y/2

e e e e e e e e — =

Y2 A

04—»(3

»Shunt capacitor is considered.

» 1> of shunt capacitor considered

to be lumped at each end of the
line — = circuit

_ Y

Total shunt admittance, Y

Y=(g+ jaC)l

where

C =line to neutralcapacitaneperkm
g =line conductaneperkm

¢ =linelength
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Medium Line Model

e Is g=htds 1 Ip
o -3 AVAVAVAVE A A A e o e o
+ T+

—4\Y Yy '
‘@ D ko

# Using KCL and KVL, the sending—end voltage is:

_ From [1]and [2]

V.=V, +ZI, ] v
v | V.=V, +Z IR+—VR)

| =1, +1V 12] 2

R R L
2 = (1+ %)vR + 71, 3]

© SICHGROUP ENERGY




# Using KCL to obtain equation for sending—end current:

IS:|L+%VS [4]
Substitute [2]and [3]into [4]
VY (.. YZ IRY%
o =15+ Z +_(1+TJVR+Z|R_?
YZ YZ
:Y(1+TJVR+(1+7)IR .[5]
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Transmission Line Efficiency

g
\f& Total Full-Load Line Losses

__________________________________

———————————————————————————————

___________________________________________

P, P,
" R(3g) R(3¢)

o Nd)te ,t%at oFly Real Power arOIZakenr_mto acc><<)L]|'nQO
| S(3¢) S(3¢)

———————————————————————————————————————————
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Example

g
%
® A 220-kV, three-phase transmission line is 40 km long. The resistance per
phase is 0.15 Q/km and the inductance per phase is 1.5915 mH/km. The
shunt capacitance is negligible.

Use the line model to find the voltage and power at the sending end and
efficiency when the line is supplying a three-phase load of

a) 381 MVA at 0.8 pf lagging at 220 kV
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Solution

J A\
\

® (Given

R =0.15 Q/km,L = 1.5915 mH/km
S =381 MVA with pf 0.8 lag
VR(iney=220 kV

I /= R+J(DL Q

b N

JXr
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Findsendingendvoltage V. =V, +ZI,
Thereforefind Vg, Z,andl
_ VR(Line)
VR(phase ) T ﬁ
_22000°kv

V3

=127 [10°kV

Theseriesmpedanc@erphase;
Z jokm = (I‘ T Jm—)l
=(045+ j(277)(50)(1.5915m))40
=6+ ]20Q
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S =381 MVA, & =cos " 0.8=236.87°

Thus .

S. =381236.87° M4 =304 MV + ;228 .6AL var
SR =3V R(Phase) I;
o=

3V R(Phase)

N 381 £ —36 .87 °MTA

[, = — = _ P

3V ko 3(127 207417 )

[= 1000 ~ —36 87° A4 ]
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Therefore,
Vsehasey™ Vr(phass T £l &
=12700°kV +(6+ j20Q)(100
=144.3149FKV
|Vs(une) = *@|Vs(Phase)\
=/3144.3

=250V

-3687°




Find Sending - end Power. S, =3V, ./,

LmP

[, = = 1000 £ —36 .87° A4

5 = 3V R(Phase) I*R
=3 (14433 £4.93 °17 {1000 £36.87°4)
=322 MV + ;288 .6AL var

(=433 £41 8° M4 |
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Effiency,n

%

J A\

%1 = "R x100

304 .8
X

327 .8
| = 94.4% ]

100
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DELTA CONNECTION OF THREE-PHASE WINDINGS.

Finish

- ‘[8

Start
Ry

Finish

E

Start
1

Finish

E

Start
1

Fig.4-4.1: Three-phase windings

with six lines conductors

Loads

Finish

Start

Finish

Start

Finish

Start

R O
A
€R
R,
Y
T@Y €R+ €Y+ €R
YI
B
6

O

B,

Fig.4-4.2: Resultant e.m.f. in a delta-
connected winding

» The three phases can, for convenience, be represented as in Fig. 4-4.4
where the phases are shown isolated from one another; L,, L,, and L,
represent loads connected across the respective phases.
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R
Finish
ini A
% I"R Lllj Finish
2
Start Start
(] R,
N Finish Y & L.
Finish
Tey L, Loads epteytep
Start
- 4 -
Fig.4-4.3 Sart 4 Fig.4-4.4
Finish > g Finish
ep L;
% ’[ ) Ij Start 6
Start B, Bl O

®» Since the e.m.f.s are assumed acting from ‘start’ to ‘finish’, they can be
represented by the arrows e;, e, and e in Fig. 4-4.3.

®» This arrangement being cumbersome and expensive, let us consider how it
may be simplified.

» For instance, let us join R; and Y together as in Fig. 4-4.4, thereby enabling
conductors 2 and 3 of Fig. 4-4.4 to be replaced by a single conductor.

» Similarly, let us join Y, and B together so that conductors 4 and 5 may be
replaced by another single conductor.
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J A\

Fi

0. 4-4.3

;

R
Finish
% T )
Start
Ry
Y

Finish
é TEY
Start
ar Y

;

1

;

B
Finish
% IeB
Start
ar B

1

Loads

Finish

Start

Finish

Start

Finish

Start

B,

Fig.4-4.4

£’R+ €Y+ €R

6

O

»If we join ‘start’ B, to ‘finish’ R, there will be three e.m.f.s chasing each

other around the loop and these would produce a circulating current in
that loop.

» However, we can next show that the resultant e.m.f. between these two
points is zero and that there is therefore no circulating current when

these points are connected together.

» Instantaneous value of total e.m.f. acting from B, to R is:
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€r T ey T+ e
= E, {sin 8+ sin(@ — 120°) + sin(6 — 240°)} R
= E_(sin 8+ sin @ cos 120° — cos 8 - sin 120° A
» +sin 6 - cos 240° — cos 6 - sin 24(°) FL
R X
= £ (sin 6 0.5 sin 6— 0.866 cos 8- 0.5 sin 8+ 0.866 cos 6) Y‘ o
EO (5] g
‘ PM —0 & =
Yoy, 3
B O
PN
ERT
B,

Fig.4-4.5

Fig.4-4.6: Conventional representation of a delta or mesh-connected winding.

» Since this condition holds for every instant, it follows that R and B, can be
joined together, as in Fig.4-4.5, without any circulating current being set up
around the circuit.
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R
Q
PL
R,
& ©
Y z
2 g °
PM — ° (3 <5
S
Y, S
O
B )
O
PN
Fig.4-4.5 B Fig.4-4.6
1

®» By visual inspection, the algebraic sum of the e.m.f.s round the closed
circuit formed by the three windings is zero at any instant.

® It should be noted that the directions of the arrows in Fig. 4-4.6 represent
the directions of the e.m.f. at a particular instant, whereas arrows placed
alongside symbole, as in Fig.4-4.5, represent the positive directions of the
e.m.f.s.
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STAR CONNECTION OF THREE-PHASE WINDINGS.

Finish —> R o
13:3 L 1
Start R

iY

(/ Ri\ N Y\ YO Line
Finish % Y conductors
1
L 2 B 1
Start IR+ iy+ip
-
N M B B
O

Finish —
B L 3
Start Ls L, Ly
Neutral

-
Generator Load

conductor

Fig.4-5.1: Star connection of three-phase winding Fig.4-5.2: Four-wire star-connected system

®» Let us go back to Fig. 4-3.4 and join together the three ‘starts’, R;, Y, and B,
at N, as in Fig. 4-5.1, so that the three conductors 2, 4 and 6 of Fig.4-4.3 can be
replaced by the single conductor NM of Fig.4-5.1.

®» Since the generated e.m.f. has been assumed positive when acting from

‘start’ to ‘finish, the current in each phase must also be regarded as positive
when flowing in that direction, as represented by the arrows in Fig. 4-5.1.
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Finish

Start

R
Finish E— )
Start Rl Figl4- 5-2
Figl4-5l1 —)iY Rl N mﬁh YO Line
Finish p/ 5 Y, Y conductors
L, 1
/d Start iR+ iy+ip
U Y, D 5 .
N M o
Bé
B,

> 1 L, L,
lB 113
o Neutral

conductor

Generator Load

» | Ifig, iyand iz are the instantaneous values of the currents in the three phases,
the instantaneous value of the current in the common wire MN is (i + iy + ig),
having its positive direction from M to N.

® This arrangement is referred to as a four-wire star-connected system and is
more conveniently represented as in Fig.4-5.2, and junction N is referred to as the
star or neutral point.

% Three-phase motors arc connected to the line conductors R, Y and B, whereas
lamps, heaters, etc. are usually connected between the line and neutral
conductors, as indicated by L, L, and L;, total load being distributed as equally as
possible between the three lines.
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®» If these three loads are exactly alike, the phase currents have the same
peak value, ‘m and differ in phase by 120°.

#® Hence if the instantaneous value of the current in load L, is
represented by:

J A\

s =1 sin@

instantaneous current in L, 1s
i, =1 sin(@— 120°)
and 1nstantaneous current in L; is

iv=1_sin(6 - 240°)

®» Hence instantaneous value of the resultant current in neutral
conductor MN is:

3+ 1, + 15
= [_{sin 8+ sin(@ — 120°) + sin(8 — 240°)}
= ]m %=1
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nt/A

120° i 240°

|
I
I
|
I
I
| I
N /\ /\ \
;
Balanced load |

a b ¢ -10

nd line curre

J A\
\

Phase a

Generator coils

Fig.4-5.3:Three-wire star- connected system Fig.4-5.4: Waveforms of current in a balanced
with balanced load 3-@ system

very instant; hence this conductor can be dispensed with, thereby giving us the

}e. with a balanced load the resultant current in the neutral conductor is zero at
hree-wire star-connected system shown in Fig.4-5.3

®» When we are considering the distribution of current in a three-wire, three-
phase system it is helpful to bear in mind:
» That arrows such as those of Fig.4-5.1, placed alongside symbols,
indicate the direction of the current when it is assumed to be positive and
not the direction at a particular instant.
» That the current flowing outwards in one or two conductors is equal to
that flowing back in the remaining conductor or conductors ( see Fig.4-5.4)

© SICHGROUP ENERGY



VOLATGES AND CURRENTS IN STAR CONNECTED SYSTEM.

J A\
\

Fig.4-6.2:
Phasor diagram

Fig.4-6.1: Star-connected generator

(8 1)

®» Let us again assume the e.m.f. in each phase to be positive when acting from
the neutral point outwards, so that the r.m.s. values of the e.m.f.s generated in
the three phases can be represented by E,;, E\y and E,; in Figs.4-6.1 and 4-6.2.

®» When the relationships between line and phase quantities are being derived
for either the star- or the delta—connected system, it is essential to relate the
phasor diagram to a circuit diagram and to indicate on each phase the direction

in which the voltage or current is assumed to be positive. A phasor diagram by
itself is meaningless.
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Fig.4-6.2

J A\
\

Fig/4-6.1.

® Here Eg\g is obtained by subtracting E; from Eg, and E,, is obtained by
subtracting E,; from E,, as shown in Fig.4-6.2.

® From the symmetry of this diagram it is evident that the line voltages are equal
and are spaced 120° apart.

® Further, since the sides of all the parallelograms are of equal length, the
diagonals bisect one another at right angles. Also, they bisect the angles of their
respective parallelograms; and, since the angle between E,, and E,, is 60°

Eyng = 2Eyg cos 30° = V3E
ie. Line voltage = 1.73 X star (or phase) voltage
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J A\
\

Fig.4-6.2
Fig/4-6.1.

From Fig.4-6.1 it is obvious that in a star-connected system the currentin a
ine conductor is the same as that in the phase to which that line conductor is
connected.

Hence, in general, if
Ji = p.d. between any two line conductors
= line voltage
and
Vs = p.d. between a line conductor and the neutral point

= star voltage (or voltage to neutral)
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and if I, and I are line and phase currents respectively, then for a star-
connected system

— ~

A '

®» [n practice, it is the voltage between two line conductors or between a
line conductor and the neutral point that is measured.

® Owing to the internal impedance drop in the windings, this p.d. is
different from the corresponding e.m.f. generated in the winding, except
when the generator is on open circuit; hence, in general, it is preferable to
work with the potential difference, I, rather than with the e.m.f., E.

® The voltage given for a three-phase system is always the line voltage
unless it is stated otherwise.
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VOLATGES AND CURRENTS IN DELTA COONECTED SYSTEM.

Line ) Y
conductors

P

B e
O =

Figl.4-7.1: Delta-connected system with balanced load

% In Fig. 4-7.1, the load is assumed to be balanced, hence these currents
are equal in magnitude and differ in phase by 120°, as shown in Fig.4-7.2.

% From Fig.4-7.1 it will he seen that I,, when positive, flows away from line
conductor R, whereas I;, when positive, flows towards it.
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R
o >
IR II/
Line ] Y T13
conductors I
Y
B o™
[ o—>» 52
Iy

®» Consequently, I is obtained by subtracting I, from I,, as in Fig.4-15.

®» Similarly, I, is the phasor difference of I, and I,, and I is the phasor
difference of I; and I,.

» From Fig.4-15, itis evident that the line currents are equal in magnitude and
differ in phase by 120°.
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» Also
4 I, = 21, cos 30° =31,

Hence for a delta-connected system with a balanced load

Line

' conductors
Line current = 1.73 X phase current

i.e. N

Fig.4-7.1

®» From Fig.4.1.4 it can be seen that in a delta-connected
system, the line and the phase voltages are the same, i.e.

Fig.4-7.2
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POWER IN A THREE-PHASE SYSTEM WITH A BALANCED LOAD.

® If I is the rm.s. value of the current in each phase and V the r.m.s. value of
the p.d. across each phase,

& Active power per phase = [, )} X power factor
and Total active power = 3/, V}, X power factor
p P

If I, and V| are the r.m.s. values of the line current and voltage
respectively, then for a star-connected system,

Vp=—— and I,=1

% Substituting for I, and V|, we get
Total active power in watts = 1.73/, J| X power factor

For a delta-connected system
1y,

Vo =¥, and fpzlﬂ
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POWER IN A 3-¢ SYSTEM WITH A BALANCED LOAD-Cntd.

¢, Again, substituting for 7, and V;

Total active power in watts = 1.73/, V| X power factor
Hence it follows that, for any balanced load,

Active power 1n watts = 1.73 X line current X line voltage

X power factor

= 1.731, V}. X power factor

J Lt
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MEASUREMENT OF ACTIVE POWER IN A THREE-PHASE THREE WIRES SYSTEM.

STAR-CONNECTED BALANCED LOAD,WITH NEUTRAL POINT ACCESSIBLE

J A\
\

L

Balanced
load

L

O

Fig.4-9.1:Measurement of active power in a star-connected balanced load

®» If a wattmeter W is connectcd with its current coil in one line and the voltage
circuit between that line and the neutral point, as shown
in Fig.4-9.1, the reading on the wattmeter gives the power per phase:

Total active power = 3 X wattmeter reading
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4.9.2 BALANCED OR UNBALANCED LOAD, STAR-OR DELTA-CONNECTED,
THE TWO-WATTMETER METHOD.

®» Suppose the three loads L,, L, and L, are W, R R
connected in star, as in Fig.4-9.2. URNY — .

® The current coils of the two wattmeters T %‘ CRN
are connected in any two lines, say the ‘red’ | . = & N

and ‘blue’ lines, and the voltage circuits are h Y -
connected between these lines and the l oN qu VBN
third line. AL (A > B
®» Suppose Vg, Vyy and vy are the ‘s

instantancous values of the p.d.s across _
Fig.4-9.2: Measurement of power by two

wattmeters
the loads, these p.d.s being assumed positive when the respective line
conductors are positive in relation to the neutral point.
®» Also, suppose, I, I, and I are the corresponding instantaneous values of the
line (and phase) currents.
®» Therefore instantancous power in load L1 = iy vg,, instantaneous power in
load in L, = iyvy,, and instantancous power in load L; = izvg,.
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® Therefore, total instantaneous power is
Wi
= = = v

power = igVpy + iyWyy + igVpy o ™
% From Fig.4-9.2 it is seen that
instantaneous current through current coil | —> - -

. . . by
of W, is i; and instantaneous p.d. across l
Yo] tage circuit of W, is: vgy = Vyy- Therfafore, e (o
instantaneous power measured by W,is: 2
W = ig(Vgy = Vyn)
Fig.4-9.2

% Similarly, instantaneous current through current coil of W, is izand
instantaneous p.d. across voltage circuit of W, is: vgy-Vyy-

% Note that this pd. is not vy, - vgy. This is due to the fact that a wattmeter reads
positively when the currents in the current and voltage coils are both flowing
from the junction of these coils or both towards that junction; and since the
positive direction of the current in the current coil of W, has already been taken
as that of the arrowhead alongside ig in Fig. 4-9.2 it follows that the current in
the voltage circuit of W, is positive when flowing from the ‘blue’ to the ‘yellow’
line.
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% The instantaneous measured by W,
URNY —1
W, =ig(Vgy - Vyn) T
S —> =
I-Y Y
®» Hence the sum of the instantaneous
powers of W, and W, is .-
W,
Ip(vpn — 2yn) + i(vpn — Vyn)
= 1gUpn T+ 130N — (R T+ 23)VyN
Fig.4-9.2
% From KCL's law, the algebraic sum of the instantancous currents at N is zero,
1.6, g iy +ig=0
g+ g =1y

so that sum of instantancous powers measured bv W; and W, is

IRUpN T 1gUpn T Iy VyN

= total instantaneous power
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POWER FACTOR MEASUREMENT BY MEANS OF THE TWO-WATTMETERS

VRny
Wl : \\\AVRN
A Vany —1_ : Iy
_E i 207>
~ o sald
o > g S~
Iy Y M
Veny - X —
y N ;3%
Y VgNy W2 N B Y
’ Vi
$N
Iy
Fi%;l-9.3: Measurement of active power and
power factor by two wattmeters Fig.4-9.4: Phasor diagram

®» Suppose L in Fig.4-9.3 to represent three similar loads connected in star, and
suppose Vg, and Vg, to be the r.m.s. values of the phase voltages and
I;, Iy and I; be the r.m.s. values of the currents.

#» Since these voltages and currents are assumed sinusoidal, they can be

represented by phasors, as in Fig. 4-9.3, the currents being assumed to lag the
corresponding phase voltages by an angle ®.
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VRNY
"~
I\ S~
N\
I \\
| RN
| A
| ]R
|
| W0
I
PR > ¢
Feny < A -
AN 30°
o I ) P
o %
Vix "
Iy
Fig.4-9.2 Fig.4-9.3

#» Current through current coil of W, is I;. Potential difference across voltage
circuit of W, is

Phasor difference of Vyy and Vi = My
Phase difference between /; and Fyyy = 30° + ¢. Therefore reading on W, 1s
Py = Iy Vrny cos(30° + ¢)
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® Current through current coil of W, = ;. Potential difference across voltage
circuit of W 1s

Phaﬁf}l' diffCl‘CI‘lCC Of V;}N Ell]d VYN - I/lviN‘I
Wa Phase difference between I;; and Py = 30° — ¢. Therefore reading on W, is
P, = I Viny cos(30° — )

Since the load is balanced, Vany
Iy = Iy = Iy = (say) {;, numerically 1\
1 S
and i Vi
l Ix
Viny = Viny = (say) /7, numerically ! 0"
| Hence //,\\\ |9
Po=dy Vi cos(305+0) Viny € .
g 300 ¢
and
o VN do
P, =L ¥ cos(30°— 0) y

Fig.4-9.3.
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P, + P, =1,V {cos(30° + @) + cos(30° — ¢)}
P+ P, =1, V;(cos 30° - cos ¢ — sin 30° - sin ¢

+ cos 30° - cos ¢ + sin 30° - sin @)

J A\
\

P+ P,=1.731; V; cos ¢

®» This is an alternative method of proving that the sum of the two wattmeter
readings gives the total active power, but it should be noted that this proof
assurred a balanced load and sinusoidal voltages and currents.

» By division of Pl/PZ’ giV@S: i ~ 005(3004_ (IJ)

P, cos(30°— @)
~ (V3/2) cos ¢ — (1/2) sin ¢
Y7 (N3/2) cos ¢ + (1/2) sin 0

= (say)y

so that
V3y cos ¢+ y sin ¢ = V3 cos ¢ — sin ¢
from which

V3(1 =) cos p=(1+y) sin ¢
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1+ y

2
3(1—;1/] cos’¢ =sin’¢ =1 — cos* ¢ 0.6

=
[

1+ y

|
=
[}

2
1—
B 1+3(J’} cos’ = 1

Ratio of wattmeter readings
=

® A more convenient method is to draw a
graph of the power factor for various ratios
of P, /P, and in order that these ratios may
lie between +1 and -1, it is always the
practice to take P, as the smaller of the two
readings.

|
=
=N
T

-1.0
0

1 1 ]
0.2 0.4 0.6 0.8 1.0

Power factor

Fig.4-9.4: Reationship between
power factor and ratio of
wattmeter readings

®» By adopting this practice, it is possible to derive reasonably accurate values

of the power factor from the graph.
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®» When the power factor of the load is 0.5 lagging, ® is 60; and the reading on
W, =1,V,cos 90° = 0.

A
“® When the power factor is less than 0.5 lagging, ® is greater than 60° and (309
+® ) is therefore greater than 90°. Hence the reading on W, is negative.

® To measure this active power it is necessary to reverse the connections to
either the currcnt or the voltage coil, but the reading thus obtaincd must be
taken as negative when the total active power and the ratio of the wattmeter
readings are being calculated.

® An alternative method of deriving the power factor is as follows:

P,—Py=1,.V sin ¢

and

g f g3 Lt
cos @ B +P
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ASSIGNMENT ON POWER MEASUREMENT

J A\
\

Explain in details the three wattmeter power measurement method,
Its advantage and disadivantages.
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ELECTROMECHANICAL ENERGY
CONVERSION
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Electrical energy Is the most popular form of energy,
because:

Ve
\J

L/

1. it can be transmitted easily for long distance, at high

efficiency and reasonable cost.

DY)

. It can be converted easily to other forms of energy such as

sound, light, heat or mechanical energy.

© SICHGROUP ENERGY



Hidro power station, kariba

O,

J A\
\

Power consumers,
lusaka
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Electrical energy

J A\
\

Electrical energy

Electrical energy

© SICHGROUP ENERGY

/

—\

Loud speaker

Lamp

\

Sound energy

Light energy

y ~
‘ —»  Heat energy
Kettle |




Electromechanical energy conversion device:

-gconverts electrical energy into mechanical energy or
converts mechanical energy into electrical energy.

There are various electromechanical conversion devices may categorized as
under:

a. Small motion

- telephone receivers, loud speakers, microphones
b. Limited mechanical motion

- electromagnets, relays, moving-iron instruments,
moving-coil instruments, actuators
c. Continuous energy conversion

- motors, generators
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Principle of Energy Conversion

J A\

L/

According to the principle of conservation of energy, energy

can neither be created nor destroyed, it can merely be
converted from one form into another.

The total energy in a system is therefore constant.
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Energy conversion in electromechanical system

J A\
\

It is possible to write an equation describing energy
conversion in electromechanical system:

Electrical Mechanical Energy
ectrica echanica
- Increase of + converted
energy — energy to field to heat — 3.1
from load

ner
nnnnnnn energy (lnceepnc)
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Electrical Energy

Mechanical Increase of
energy — + _ + converted — 3.1
from energy to field to heat
_source load energy
; (losses)

N~

The last term on the right-hand side of Eg. 3.1 (the losses)
may be divided into three parts:

Energy L
. Friction and _
converted —  Resistance *+ nd + Field losses 3.2
to heat losses windage
losses
(losses)

Then substitution from Eqg. 3.2 in Eq. 3.1 yields
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Electrical Mechanical Increase of 3 j
energy from — energy to | 4 magnetic '
source minus load plus coupling field
resistance o friction and energy plus
losses windage core losses

losses

Ngw consider an electromechanical system (actuator) illustrated in Fig. 3.1.

Fixed steel core

r Moveable steel
_____ -—T T (I] armature

Fr

— — ot —t —t —t —) —
s L
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At any instant, the emf e induced in the coil by the change in
the flux linkage A Is

e = ﬂ volt @
at

Consider now a differential time interval dt, during which the
current in the coil is changing and the armature is moving.
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Therefore, the differential energy transferred in time dt from
the electric source to the coupling field is given by the energy
qutput of the source minus the resistance loss:

\\

dW =vidt—Ri“dt

= (v—Ri)idt
= idt

— dWe = e dt Joule @
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The coupling field forms an energy storage to which energy
supplied by the electric system. At the same time, energy is
m the coupling field to the mechanical system.

The rate of release energy Is not necessarily equal at any
iInstant to the rate of supply of energy to the field, so that
the amount of energy stored in the coupling field may vary.
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It's like a pipe system in our house.

J A\

Water tank

The water out from the tap will make water flow into the
storage tank from the supply.
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It's like a pipe system in our house.

p
NN
Water tank
|11 vwdadlel UL ITOII1 UIe ldp WII [TIdKEe vwdlel 1HOUOVV 111V UlIe SLUIng Ldlik HOIIl Uie
supply.
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In time dt, let dW; be the energy supplied to the field and
either stored or dissipated. Let dW,, be the energy converted
to mechanical form, useful or as loss, in the same time, dt.

WV

Then, by the principle of conservation of energy, the
following equation may be written for the field:

AW, = dW,, + dW, @

Field Energy

To obtain an expression for for dW; of Eq. 3.6 in terms of the system
variables, it is first necessary to find an expression for the energy stored
In the magnetic field for any position of the armature. The armature will
therefore be clamped at some value of air-gap length g so that no
mechanical output can be produced.

dW_=0 3.6
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Field Energy (continue.....)

If switch SW in Fig. 3.1 is now closed, the current will rise to
a value V/R, and the flux will be established in the magnetic
ystem. Let the relationship between coil flux linkage A and
the current i for the chosen air-gap length be that shown in

Ig. 3.2

Fixed steel core x 3 9 | )\ 1
.,
r (I] Moveal}tle steel A W
Ry | [ —— TN JNNANN
e ] Y] M e
/ —h +— | / T
il o B - f
- v ET: — x4 :
) i | |l
u I J _.1 ‘T >
(EI'('I - |
| " )
- .
fig 3.1 Flg -
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Field Energy (continue.....)

Since core loss Is being neglected,

A
gthis will be a single-valued curve A W
passing through the origin. In the A ?\\ —~— 4w
absence of any mechanical output / f
energy, all of the electric input

energy must be stored in the >
magnetic field:

dW, = dW, 3.8

Substitution from Egs. 3.4 and 3.8 in EqQ. 3.5 yields

dW, = dW, = i.edt=idd J 3.9
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Field Energy (continue.....)

If now v Is changed, resulting in a change In current

a—from i, to I, there will be a corresponding change in
flux linkage from A; to A, .

The increase in energy stored during the transition
between these two states Is A a

dw, = [ idd 3.10 AA?Z\/\/\///\

The area is shown in Fig 3.2. When the flux
linkage is increased from zero to A, the total Iy -z i
energy stored in the field is Fig 3.2.

A,
W, =["idd 3.11
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Field Energy (continue.....)

This integral represents the area between the A—i characteristic
and the A-axis, the entire shaded area of Fig. 3.2.

p
%
If it is assumed that there is no leakage flux, so that all flux
@ in the magnetic system links all N turns of the coil, then
A=N@® Wb > 3.12
From Eqs. 3.9 and 3.12, o A
dwW, = idA =Nid®= gd® J 313 » =
P [T,
where = Ni
=N A 3.14 i
F is mmf (magneto-motive force) Lo ]
Fig. 3.3

The characteristic of Fig. 3.3 can also represent the
relationship between @ and &.
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Field Energy (continue.....)

If the reluctance of the air gap forms a large part of
the total reluctance of the magnetic system, then
that of the steel may be neglected and the A-i
characteristic becomes the straight line through the
origin shown in Fig. 3.3. For this system,

A

A=-Li— Wb 315 1 .

L&
)L W\

J A\

Where L is the inductance of the coill.

1 7T a,
Substitution in Eq. 3.11 gives the energy 74
W; in several useful forms: //
A 2 Li* A i i ‘
Wf:jiom:": =2 316 | /
0 L 2L 2 2 Fig. 3.3
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Field Energy (continue.....)

If the reluctance of the magnetic system (that is, of
the air gap) as seen from the coil is S, then §=S @,

%

and from Eq. 3.13,

J A\

I

W, = ["gdA = >

2
5 53 J 3.17

If A Is the cross-section area of the core and | = 2g
IS the total length of air gap in a flux path, then
from Eqg. 3.16,

A _Fg 1

Wf:—_———HBlA J — 3.18
2 2 2

© SICHGROUP ENERGY




Field Energy (continue.....)

Where B is the flux density in the air gaps. Since
B/H=p, and IA is the total gap volume, it follows

T from Eq. 3.18 that the energy density in the air gaps
IS
W 1 1 1B’
W, =—==BH==gH*==— J/m?3
fTA 2 2:“0 2 1 3.19

Equations 3.16, 3.17 and 3.19 represent three
different ways of expressing the field energy.
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Example 3.1 The core and armature dimensions of the
actuator of Fig. 3.1 are shown in Fig. 3.4. Both parts are
¢ made of mild steel, whose magnetization curve is given in
Fig. 3.5. Given |, = 160 mm, |, = 80 mm. The colil has 2000
turns. Leakage flux and fringing may be neglected. The
armature Is fixed, so that the length of the air gas, |,= 9
mm, and a direct current is passed through the coll,
producing a flux density of 0.8 T in the air gap.

a) Determine the required coll current.
b) Determine the energy stored in the air gap.
c) Determine the energy stored in the steel.

d) Determine the total field energy.
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I
e -14_,/ -

20 mm
4_

The thickness =20 m

} Ly

u
The armature —p» t_ _______ f T
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B (Tesla) a

— |/
» // ____——  mild steel
A
1.0 / //

:: / / // cast iron
Wl A
AL/

0.2

___—+— Sheetsteel

J A\
\

» H (AT/m)
(0] 500 1000 1500 2000 2500 3000

Fig. 3.5



Solution

(a) Area, A =(20 x 103)(20 x 103) =4 x 10* m>?.

-
WV

Ni=Hl+H,]I,

. =160 + 80 = 240 mm = 240 x 103 m
,=2x9mm=18 mm =18 x 103 m

GivenB,=0.8T
B,=B,=08T

From Fig. 3.6, magnetic field intensity in the steel is,
H, = 450 A/m
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For the air gaps

B 08
=D =63662x10°
T e Alm

J A\
\

= (450(240x107°) + (63662x10°)(18x10°%)
200(

= 1156216:5.78 "
200(

(b) Energy density in the air gaps is

BZ
Wf - =
Y 2A4rx107)

= 25465x10° J/m3



Volume of air gaps = length of air gaps x area of air gaps
=0.018% 0.02 x 0.02
=7.2x10°m3

J A\

Energy stored in the air gaps,
W,, = the volume of air gaps w,,
(7.2x 10°) x 254.65 x 103

1.834 Joule.

(c) Energy density in the steel,
0.8

W, = HdB

0
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Energy density in the steel is given by the area enclosed
between the characteristic and the B axis in Fig. 3.6 up to
value of 0.8 T.

-
WV

w;, %2 x 0.8 x 450 = 180 J/m3(straight-line approximation)

Volume of steel= length of ste&larea of steel
= (240x% 1073) x (0.02 x 0.02)
=9.6x10°m?

[1Energy stored in the steel,
W; = 9.6 x 10~ x 180 = 0.01728 Joule

(d) Total field energy,

W = Wq + Wy,
0.01728 + 1.834
1.851 Joule.
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The proportion of field energy stored in the steel is,

g, therefore, seen to be negligibly.
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Coenergy

_ Coenergy, W' Is the area enclosed between the A-i
T characteristic and the i axis of Fig.3.2.

>
>

/

g
i
/

g

Fig. 3.6 Field energy and coenergy

For linear A-i characteristic, W, = W..
For nonlinear A-i characteristic, Wy > W..
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Mechanical Energy in a Linear System

_t will be assumed that the armature of the actuator in
Fig. 3.1 may move from position X, to position x,, as a
result, the length of air gaps is reduced. The A-i
characteristics for the two extreme positions of the
armature may be assumed to be the two straight lines
(linear).

J A\

%

A

r Moveable steel

______ | _ITlg :
R Ty
AUV L i} | g

1
' ox1
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Mechanical Energy in a Linear System

Consider a very slow armature displacement. It may
assumed that it takes place at essentially constant
& —current as illustrated in Fig. 3.7 (as dA/dt is negligible).
The operational point has changed from a to b.

At the moment of armature movement,

: A . :
AW, = [edt = | * idA =i, (4, - 1) 3.20
A
The change of field energy, 4 : X=X,
A C
— 17 ) —1; 2 1
AW, =351 A, =314 e
= %io(AZ —A) 3.21 i
! >
Fig. 3.7 Current is fixed® I |
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Mechanical Energy in a Linear System

From Eq. (3.6),

J A\
\

AW, = AW, + AW,
AW, = AW, — AW,

: =i,(A, = A) —31,(A, = A)
= %io(AZ _Al)
= AW,

= AW, = the change of coenergy
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Mechanical Energy in a Linear System

For small change of x or dx,

J A\
\

. dW,_ = dW,

= F . dx=dW, @

dw_ = F_dx

where

F., = mechanical force on moving part (armature)

Eg. 3.21 can be written as,

oW, (%) \ 3.22

0X i = constant

F =

Eq. 3.22 is partial differential since W; is function of more than one variable.
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Mechanical Energy in a Linear System

Consider now a very rapid differential armature

displacement dx. It may be assumed that it takes place at
Pessentially constant flux linkage A, as illustrated in Fig.
3.8. At the Instant, the current is changed from i, to I, ,

where I; > I,.
)\A
A, \/I/
dw, |
T )
| |
| |
| |
[ ] .I >|
O | |
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Mechanical Energy in a Linear System

J A\
\

—

dw, = dW_ +dW,

L-F, dx=dW,

— Fpax=34,0; —1y)

3.26

= the change of field energy

Eqg. 3.26 can be written as,

F

m

ow
0)4

f

(4,%)

A = constant

Since the electrical input energy is zero, the mechanical output
energy has been supplied entirely by the coupling field.
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Mechanical Energy in a Linear System
For a linear electromagnetic system,
A=L(X)I 3.28
G
where
L(X) = the inductance of the coil which dependent on length of
the air gaps.

From Egs. 3.11 anc 3.28,

., A . A?
W, =| idl=| L—di= 3.29
0 o L(X) 2L (X)
L(X)%i° . P
= == L(X)I
2L(x) (X) 3.30

W, =W, =3L(x)i" 3.31
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Mechanical Energy in a Linear System

J A\
\

© SICHGROUP ENERGY

F

From Egs. 3.22 and 3.31,

m

I

W,
(1,%)

0
F. =
0X

— a 1 - 2
—&(EL(XN )

— £| 2 dL(X)
2 0)'4

— EIZ dL(X)
2 ax

| = constant

| = constant

3.32

3.33




Mechanical Energy in a Linear System

From Fig. 3.1 (for linear system),

J A\

NI =H_, 29
B
=—20 3.34
Hs
From Eq. 3.18
B 2
W; = volume of air gaps ><2“
o ? H,
= A 20 x—
A29 2 3.35

where A, = cross section area of air gap

© SICHGROUP ENERGY




Mechanical Energy in a Linear System

From Fig. 3.1, it is seen that a positive displacement
” dx will correspond to a reduction dg in the air gap
length. Thus,

dx=—-dg m 3.36

From Egs. 3.27, 3.35 and 3.36 yield,

2
Fm :i(Ajzgx Bu j
B 2
21,

3.37

= F., =2A,

where
2A, = The total cross-section area of air gaps
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Mechanical Energy in a Linear System

[1 The force per unit area of air gaps, f_ IS

%

J A\

f = _u N/m? 3.38
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Example 3.2

An electromagnet system is shown in Fig. 3.9.
i

-
WV

2 2
+

Fig. 3.9: linear system

Given that N = 600, 1 = 3 A, cross section area of air gap
IS 5 cm? and air gap length is 1.5 mm. By neglecting core
reluctance, leakage flux and fringing effects, find:

(a) Force between the electromagnetic surfaces.

(b) Energy stored in the air gap.
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Solution

J A\

(a) The total cross-section area of air gap = A, Eq. 3.37

becomes,
2
F o= D 3.39
24,
For linear system,
Ni=H,, = B
Ho

= B :’UONi 3.40
u Iu
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Substitution from Eq. 3.40 in Eqg. 3.39 yields

J A\
\

2.2
L] Fm:A“IJO|\2| |
2l

u

_ (5x107)(477x107")(600)* (3)°
2(L.5x107°%)?

= 452.39 N

(b) Since the system is linear, the entire field energy Is
stored in the air gap,
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2
W, =volumeof air gapx &l

4 214,
B 2
= |u X AJ X —4
24,
= |u X Fm

= (1.5 % 10-3) x452.39 Nm

= 0.6789 Nm

= 0.6789 Joule
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ASSIGNMENT ON ELECTRO-MECH ENERGY CONVERSION

Electromagnet system in Fig. 3.10 has cross-section area 25 cm?.
-4,——TFhe coil-has 350 turns and 5 ohm resistance. Magnetic core
reluctance, fringing effects and leakage flux can be neglected. If the
length of air gap is 4 mm and a 110 V DC supply is connected to the
coll, find

(a) Stored field energy
(b) Lifting force

[T a ‘
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Electric M achine

J A\

%

m Electric machines can be used as motors and
generators

m Electric motor and generators are rotating energy-
transfer electromechanical motion dev

m Electric motors convert electrical energy to
mechanical energy

m Generators convert mechanical energy to electrical
energy
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Electric M achine

# Electric machines can be divided into 2 types
+ AC machines
+ DC machines

#® Several types DC machine”
+ Separately excite

+ Shunt connected

+ Series connected

+ Compound connected

+* Permanent magnet
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Electric M achine

o #® All Electric machines have:

+ Stationary members (stator)

+ rotating members (rotor)

+ Air gap which is separating stator and rotor

" Stator with
Brush with poles

#® The rotor and stator are coupled magnetically
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Electric M achine

#® The armature winding is placed in the rotor
slot and connected to rotatiocgmmutator
which rectifies the induced voltage

# The brushes which are connected to the
armature winding, ride ccommutatc

External armature terminal

J A\

Armature conductors

Brush
| | | in slots on rotor

Commutator

bars ! | =
Shaft . |
| [z
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Electric M achine

# The armature winding consists of identical coils carried in
slots that are uniformly distributed around the periphery of the
., rotor

# Conventional DC machines are exciteddingct currentin |
particular if a voltage-fed converter is used a dc voltage Is
supplied to the stationary field winding

# Hence the excitation magnetic field is produced by the field
colls

#® Due to thecommutato, armature and field windings prodt
stationary magnetomotive forces that are displacegDby
electrical degrees
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Magnetic Flux in DC machines
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DC Machines

A
N

# The current is induced in the Rotor
Winding (i.e. the Armature
Winding) since it is placed in the field
(Flux Lines) of the Field Winding.

F <

&

v
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Orthogonality of Magnetic Fields in DC Machines

““@mmf produced by the armature and mmf
broduced by the field winding are

orthogonal.
F=ILxB =ILBsin(9C°) L _F
L 900
Magnetic field due to
field winding B
» Magnetic field due to

armature winding
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DC Machines

D
\J

# The force acting on the rotor, is

expressedas f-= || x B
—— -
Dueto Dueto

the Armature theField

»-
= AT >

brushes—,
amature

commutator
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DC Machines

#® The Field winding is placed on the stator and the
current (voltage) is induced in the rotor winding

.
T which is referred also as the armature winding.

# In DC Machines, the mmf produced by the field
winding and the mmfproduced by the armature
winding are at right-angle with respect to each

other.
# The torque is produced from the interaction of these

two fields.

HLNOS
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Difference DC Motor/Generators

m Electric machine can be either a motor or a generator depending on
whether it drives a load or it is driven by a prime mover

~lw—Thedirection of the armature current is reversed when an electric machine
changes from motor to generator operation

m However line voltage polarity, direction of rotation and field current are the
S a m e Field Poles

Lugs
ua . Ea

Yoke

Brushes

(MOTOR) If . ua IS greater than Ea , the armature current
is positive | a

(GENERATOR) If E is greater than U, | the armature
current is negative
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The elementary dc generator produces a pulsating dc voltage.

generator with commutator and brushes DC generator output waveform.

e

A Commutator :

L T /T |
Commutation Points

Coil and output waveforms for a two-winding rotor.

; v Output
0° Coil  90° Coil

Fig.5-7a: for 2 poles with one coil conductor

Fig.5-7b: 2 poles DC generator rotor with two coils for in series.
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®» The elementary dc generator produces a pulsating dc voltage.

Effect of additional coil

~— '/ AT
( L
iN P § J "
- e
» If Z, is the number of conductors

arranged in c parallel paths between
brushes (+,-), then Z_.= Z_/c per path. |

|
o L B0 I M depes

-

for 2 poles with Z; conductors in series.
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ARMATURE WINDINGS

POSITIOH OF

FIELD POLES\—___

AR MA| UHE

Lap wound armatures
COMMUTATOR LAP WINDING

HEGMEHTS

(B)

WAVE WINDING

Wave wound armatures

for 2 poles with Z; conductors in series.
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Lap Wound Armatures:
are used in machines designed for low voltage and high current.

e e, O
-

- o
T 1
O Soes —
of coil "

A
YV {|

g T I A
®»The armatures are constructed with i §
large wire because of high current s - - N

= Eg: are used is in the starter  Fig.5-7a :2 ends of a coil are connected to adjacent
motor of almost all automobiles. segmants

« Lap Winding

~

|

I
-

|

|

|

J

l.'l P

= The windings of a lap wound 47 Y, < Lapwinding
armature are connected in parallel. AN R (single bar)
This permits the current capacity of g

each winding to be added and IR, W

provides a higher operating current.

= No of current path, c=2p ; p=no
of poles.

Close-up view of the armature coils between adjacent brushes.
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Wave Wound Armatures
are used in machines designed for high voltage and low current

T sadas of ool /q.‘\l\] |
/] -"__-:1\___ | I
N = . ;
- |
. Wave Winding —  senom s ofeos ————— i
" Thelr Wlndlngs are Odd- and even-numbered rum‘l%ctm'i are af S ' N 3 "
H . the top and bottom of the slots respectively
connected in series. : ; " Commutesr TITT] ] L';L “I'T“L
= When the windings are
Co'llneCte? in Sﬁ”e_srdthe Fig.5-7b :2 ends of a coil are connected
voltage or each winding to adjacent segmants
adds, but the current -
capacity remains the same. M,
= They are used is in the R A NS
small generator in hand- | A\ iy,
cranked megohmmeters. M.“l?.'mm wave =) |
winding —»
= No of current path, c=2 S
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» Frogleg Wound Armatures : are the most used in practical nowadays.

e Are designed for use with moderate current and moderate armatures
voltage

J A\
\

e The windings are connected in series parallel.

e Most large DC machines use frogleg wound armatures.

Fig.5-7C : Frogleg wound armatures
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Equation of the Voltage and Torque produced:

= E.m.f. induced i.e. armature voltage E_ is given by:
&
207
E = " an . K w . .
@ —L- @ = 9 " is called generated voltage equation

where k, :is called generator constant for a dcmachine andis solely

a function of the design of the machine - specifically,
the number of poles and the type of winging.

= Developed electromagnetic torque/armature torque T, is given by:

aa

“a.n
T, 2 n _2nc gr a
T

TT
W4
| =" a. IA K ;
d C as _
= T (p — Qpp
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CONFIGURATIONS AND EQUIVALENT CIRCUIT D.C. MACHINES.
» Interaction of Prime-mover DC Generator and Load

Ia
+
| N T
Prime-mover / ®m [ DCGeneratorE,/Eg s |t
(Turbine ¥ \ 3
Tm : _'|_
= E_/E is Generated voltage;
=V, /V, is Load voltage/terminal voltage ;

= T, is the Torque generated by Prime Mover;
= T, is the opposing generator torque.
d 2prp gg 5 q

E = an = 2p . a N; E.m.flarmature volt_ _ _
el () o°r L
P :
totakmagnetic flux

configutation of a dc generator.
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» Interaction of the DC Motor and Mechanical Load
IA Tload
—>
N DC \ f Mechanical
Vs | %mo Load
E, Motor ,
J \ (Pump,Compressor)
e T i

= E,, is Back EMF;

= V¢/V, is Applied voltage/supply voltage;
= T, is the Torque developed by DC Motor;
" Tioad IS the opposing load torque

pZ

E =E = ah = 2p Za n; back E......
ind b C_ @r QP —C .
totakmragratic flux

configuration of a d.c. motor.
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Types DC Generators

Generators are usually classified according to the way in which their fields are excited. Genera-
tors may be divided into (a) separately-excited generators and (b) self-excited generators.
N

D.C Genclmmrs

Separately Excited

+
3 Self Excited
—d
' |
i

t Wound I
Series Wound Shunt Woun Compound Wolnd

Yoot o | |

+ +

Load
Load

Long Shunt Short Shunt

_O
”
'E +
O -—:t
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#® Conventional separately excited DC Generator

+ Stator and rotor windings excited by dc current
+ The rotor has the commutator

* Dc voltage to the armature windings is suppliedtigh the
brushes which establish electric contact with thammutator

+ The brushes are fixed with respect to the statdrthay are placed
In the specified angular displacement

+ To maximize the electromagnetic torque, the stamak rotor
magnetic axes are displaced by 90 electrical degrsiag ¢
commutator

D
\J

0 41

Field Q Armature

F1 F2
Separately excited (armature & field separated)
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» Equivalent Circuits: E; ,, vs Terminal voltage/Supply voltage

e F? P

/] L v g Ra
Y Rf 0, Ea/ Eg L Q Supply ‘t) Vg :
. 2 Back emf voltage —»

1 = | ) - Armature

I oo T -

Prime mover ~
() dc generator (b) dc mMotor

By K.V.L, the relations are asfollows:

e Generator: V,=E_-I.R,; (a)
e Motor: Vg=E,+IR,; (b)

where

I, : armature current flowing from generator or into the motor;
R,: armature resistance ;

R;: variable field resistor;

V;: applied field voltage=> V¢=IR;, or L.=V/R;
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» Equivalent Circuits:

R, . a
V, o R
ST o E./Eg D swppy(3) Vs ’
Q Back emf voltage —
-I-‘ - » - —l_ - Armature
. €
Prime mover
VIf

(a) dc generator (b) dc mMotor

= It the equation(a) and (b)are multiplied by I,, simple power conversions
equations result:

e Generator: V, I, =E_,I -I2.R;

e Motor: VgI, =E I, +I2,R;
For the generator/ motor, the first term is the output/input
electrical power, the second term is equal to the input/output

mechanical power ( T,,®,, ), and the third term reprents ohmic
losses in the armature winding.
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» Machine Losses: All forms of dc machines may be regarded as energy
convertors. Certain losses are inherent in the machine are common tomboth
motors and generators. These are:

= Rotor losses/Magnetic circuit iron losses (P_,) due to hysteresis and
~—eddy currents. These are vary with the field the flux and the speed of the
rotor;

= Rotor coper losses in the armature (P,=R_I?,) and field coper losses
(P=RI2%f=V.,) due to the coil/wire resistance;

= Friction and windage losses (P;,,) due to the bearings and the setting
up of air currents in the machine. These are also called mechanical
[rotational losses. In most generators, cooling fans are attached to the
rotor to circulate air through the generator, thus promoting cooling and
allowing the generator to be operated at higher output currents.These
cooling fins increase the windage loss.

= Brush losses (P,); : There is power loss in the brush-commutator
interface. This loss is proportional to the rotor current and brush drop and
is V,I,. contact resistance losses at the commutator

= Stray losses (P.): by convention, stray-load losses are considered to be
1% of the rated output for dc machines.
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» Power flow diagrams Generator

Pd= EaIa

Mechanical Electrical

S Pin=Tshaft-®Om+Vels TI—I

separatetely excited generator.

J A\

I l& Pout=Vd,
Pey

Py

= Generator:

B e - - r - - RN A —

=mechanical Tuw:n =electrical power Eal mechaniecaHossest
power windage, friction

Whererthe input mechanical power toghe dc generator:, + P

d — = = out cu co .
mm o I(m(pplaoom - Eala - , . )
electric ——load= V | electreaklosses: magne=—..____.

power to the Torvl) R +R R P +P

a f f h e

Electrical P delivered to the loa
Efficiency = outEut
— t
input
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» Power flow diagrams in Motor =lacitica Mechanical

P,,=V.I,+VI; T—I l l

R.I%a Pfw Pco P,

Po=-|:shaft'(")m

J A\
\

separately excited motor.
= Moter:
in electri ff— 2 ff= d

in electric s a - Ebla + 11 cu co

a
O‘Hine

P=El =Tw = P, + P

rotional

. is called the developed power of

=
mechdhiwal load  mechanical losses due to :
= windages, bearing friction

the machine; it represents the portion of input
that isconverted to mechanical power.

Machanical P lnput—Loesses output
EfflCIGncy :N= ) output " = e
= __FElectricalP_ =____Input ~ _Qutput +| osses
input
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GENERALISED EMF EQUATION OF ALL DC GENERATOR

J A\
\

Let ¢ = [lux/pole in weber
Z = total number of armature conductors
= No. of slots x No. of conductors/slot
P = No. of generator poles
A = No. of parallel paths in armature
N = armature rotation in revolutions per minute (r.p.m.)
E = e.m.f. induced in any parallel path in armature
Generated e.m.f. E, = e.m.f. generated in any one of the parallel paths i.e. E.

iE

Therefore

1.

For a smplex wave-wound generator
No. of paralle] paths = 2

No. of conductors (in series) in one path = Z/2
©PN , Z _ OZPN|  Ingeneral generated e.m. £, = B2V x [P 2] vo
120

E.M.F. generated/path =
generaled/p 0 5

Final EMF inr.p.s

E, = K, ® N volts—where N is in r.p.s.

Average e.m.f. generated/conductor = % volt (" n=1)

Now, flux cut/conductor in one revolution 4@ = ©F Wh

No. of revolutions/second = N/60) . time for one revolution, dr = 60/N second
Hence, according to Faraday's Laws of Electromagnetic Induction,

d® _ DPN
E.M.F. generated/conductor = - 60 volt

For a simplex lap-wound generator
No. of parallel paths = P
No. of conductors (in series) in one path = Z/P

- PPN Z _®ZN
E.M.F. #r{generated/path6 = 0 “P>"60 volt

2-for simplex wave-winding
P-for simplex lap-winding
1 Zm\-’) [P] MZ[P) ) .
Also, E — .| == |DPZ |—|=——|—] volt -
S0 . 7160 1 o A volt — w1n rad/s
For a given d.c. machine, Z, P and A are constant. Hence, putting K, = ZP/A, we get

where A

1
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Brush contact Voltage drop

It is the voltage drop over the brush contact resistance when current passes from commutator
segments to brushes and finally to the external load. Its value depends on the amount of current and
the value of contact resistance. This drop is usually small and includes brushes of both polarities.

However, in practice, the brush contact drop is assumed to have following constant values for all
loads.

0.5 V for metal-graphite brushes.
2.0 V for carbon brushes.

Following are the three generator efficiencies :
1. Mechanical Efficiency

n = B _ total watts generated in armature _ EJl,
" A mechanical power supplied output of driving engine
2. Electrical Efficiency
n = C _ watts available in load circuit _ VI
¢ B total watts generated E1,

3. Overall or Commercial Efficiency

N = C _ watts available in load circuit
¢ A mechanical power supplied
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Examples 1. of self excited generator

A separately excited generator running at 1000 r.p.m supplied 200A at 125V. Whatt
Will be the load current when the speed drops to 800 r.p.m if If is unchanged?
Given that the armature resistance = 0.04 ohm and brush drop=2 V

P

Given: N1=1000rpm
N2=800rpm

|=100A
V=125V
Vb=2V
Ra=0.04o0hm

SOLUTION
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Examples 1. of self excited generator contd....

2004 |
-

J A\
\

The load resistance R= 125/200 = 0.625 ohm

Eg1 =V+ IRa + Vb
Eg1 =125+ 200x 0.04+2 =135V at N1=1000rpm

therefore

At 800rpm Eg2 = 135 x 800/1000 = 108V

If | is the new load current, then terminal voltage V is given by;

V=108-0.047-2=106~0.04
V= 108-0.04] — 2=(106- 0.041)V

therefore I= V/R =(106- 0.041)/0.625
I= (0.625-106)/ -0.04 = 159.4A
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SEPARATELY EXCITED GENARATOR CHARATERISTICS

® These are generators whose field magnets are energized from an
independent external source of direct current( Fig.4-18). The excitation

—éj—VGHEage—Vf—-> If'> q) => Eind/EG; RA
I
I, —/\/\/\/\/\/’

Coil
Fig.5-18.
= Open circuit characteristic/internal characteristic (i.e. on no load):

° W, ,=w,(rated) ; I.=0=>V,=Eg; and

e V,/V,is proportional to I; ( see magnetizing curve for saturation)
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= Open circuit/Int.characteristic-Cntd: H V=E ="""n I
L

°
3 rated flux
8 125 7 v rated voltage
_E 5 1.00 150 — "'l
W ¥
120 e
' 0.75 Lo
{90 |— +—
0.50
80 —F—1— t
0'25 30 — e — =
0 | | |
0 |
0 1 2 3 A
L | - .III
Flux per pole versus exciting current. Saturation curve of a dc generator

separatetely excited generator.
= On load/External characteristic : I_ (orI,) # O:
° W,=w,(rated) and ,,=w, (rated);

» Vyis proportional to I(i.e. I,);

V =E -RI1 =P“n -RI =kn -R1: ifn

H L G aa _C @ aa ggp aa and are constant, then
V =kn -RI =A-B.l =f |
L 9@ aa = ( 9,that is a straight line.
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On load/External characteristic contd... v

|
|
|
|
|
|
|
J
10 A

Load characteristic of a separately excited generator

| e |

Lrated & Vi ateq = @re full load values where the dc machine operates
effeciently;

Q: the intersection of the load line voltage with the generator output
characterstic called operating point.

In normal design dc machine, IR, is kept small.

e If nis kept constant, a set of curves V, vs I is produced by varying
I:(=> ®) i.e. by varying R;.
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2pZ

H L G aa ___C (p E g(p - - (I) (I)1 :-(I)
ﬂ(\faﬂﬂ PATSLPNSRNB ety | Kd D
i ? (p =3 2 ( a)’ \
that is a straight line. %fb
(Dz <@
la
= | Open load/Ext.characteristic-voltage regulation:

TNo-load.  TFulllbad. X100% =  aFullload. a2 xX100% = 100%
V E_-| = E

T Full load. G aFullload. a G R
aFullload a
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SELF EXCITED DC MACHINES

Self-excited generators are those whose field magnets are energised by the current pro-
duced by the generators themselves. Due to residual magnensm, there 1s always present some flux in
the poles. When the armature is rotated, some e.m.f. and hence some induced current 1s produced
which is partly or fully passed through the field coils thereby strengthening the residual pole flux.

= Fjeld coil excitation

— sometimes the field coils are connected in series with the armature, sometimes
in parallel (shunt ) and sometimes a combination of the two (compound )

— these different forms produce slightly different characteristics
— diagram here shows a shunt-wound generator
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SHUNT EXCITED DC GENARATOR:

Shunt generator is said self-excited because the field winding is connecte
if parallel with the genarator terminal (and the load).

& Isq depends on the armature windina.

= Onnoload:I,=0

The no-load voltage depends upon the resistance of

the shunt-field circuit.

© SICHGROUP ENERGY
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SHUNT EXCITED GENARATOR-Cntd:

v
Speed can be varied by varying V. 1

J A\
\

-
Speed

On load: R_I, voltage drop in the armature means that V| is reduced.
Consequently V¢ is also reduced and so Eg is reduced.

Eg Eg

Q
n2

ni

seperate
excited

shunt
excited

la la
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= Shunt generator (self-excited) build up of V, conditions:

e Resisual magnetism; if not present initialise magnetisation using
batteris, etc.;

J A\
\
[

Field winding being connected correctely to armature winding
such that the generated flux aids the residual magnetism ; if not swap
the terminals;

e The slope (R, :+R;) must be smaller than that of air gap line ;
otherwise reduce Rext.

= | Reasons for failure of the voltage to build up:

 No-residual voltage E;

* Direction of rotational reversed;

* Polarity of connection between armature and field reversed;
e (R.++R¢) is too high.

© SICHGROUP ENERGY



D.C. SHUNT EXCITED MOTOR.

+ =}
Field
regulator motor ——
— E Field supply
m g and output voltage
Field ( ) S

N = - (P kb ()
T ; T=25 n = .
Ola = - @2 k q@?
=2pZ-n +R
=Vs — o 1q°
n=v 'Rala =A -Bl orA -_

® n can be varied by varying Rgi.e. Iror ®.

© SICHGROUP ENERGY
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n= . - __

» Starting of a dc shunt motor: Tp __6

= |

J A\
\

e At start up n=0; and we know that in design the R, is very small

| = &

= A R
a

which is very dangerous !!

o To start an external resistance in series with the armature is provided to
limit the current(use of a start or rheostat).

o For example if the motor data are:

S

R, =0.2; and
lLat fullload — 20 A;
n=0: R +R | R +R 220
At (2 o a=220V; =( A H="r=110
R 20
R = \7“==HTRA:H—O.2=1O.SQ;
If e4was zero: —_

| = 220 =1100A>0

which is to high for R_(that will be burnt)
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SERIES D.C. MOTOR.

&
p
N
C}.—.—
a L F
I
e F= 2and
R +R | R +R | « i B}
V5=Eb+( a F) a=2LG(p+( a F) a— In ( )
L. )
R +R ko
Since (@  Fis very small in practice 1
2pZ Vs ¢ 1 =
Vs—anz | o=—.—==k;==|n —; n
S n 2pZ (0}
=P k I
T M A |T= ‘(pa—k?a(ljcpz)
k 2 k ] 1
; |T= *e = b(kf— =K—
n n
n= Y =Kk %
As Jit—p —L; at no load ie. I, =0, n becomes too high,

i.e., overspeed/runaway.
Danger : mechanical parts will fail.
Hence HAVE ALWAYS A LOAD CONNECTED.
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COMPOUND D.C. GENERATORS/ MOTOR.

so that part of the field coils is in series and part in parallel
with the armature. This category, which is termed compounding
may be sub-divided into cummulative compounding, in which the
series and shunt field coils aid one oanother in the setting up of the
main field, and differential compounding, in which the series and
shunt field coils oppose one another.

Compounded machines may also be connected in either a short-
shunt or long shunt mode.

J A\
\

A1 Cumunlative compound A1 Differential compound
A2

F1 F2i $1 §2 A2 anvther) £1 2l si 2 one-another)
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Compound DC GERENATOR/ MOTORS Contd....

—C
I O
1 Long-shunt compound Al Shorit-shunt compound
<:> (armature in series with ; Q (armature in parallel
F1 F2| s1 52 42 series field winding) F1 F2| 1 s2 A2 with shunt field winding)
o — —C)
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METHODES OF EXCITATION OF D.C. MACHINES.

®» Using a permanent magnet to provide the main field of a dc machine does
not provide a controllable field.

%?nsequentlx, in all but very small machines field coil are include, wound round
e machines pole pieces, and the main field is adjustable by varying the field

coil current.

=  These field coils may be supplied from from separed source or connected
in circuit with the armature winding, leading to to the classifications
separated excited and self-excited machines.

= To be strictly accurate, only generator may be considered self-excited. If
the term is applied to motors, which is unusual, it implies that the same
source that supplies the motor armature also applies the field coils.

= Self-excited machines may be connected, in the one of the three modes:
1) so that the field coils shunt the armature;

2) so that the field coils are in series with the armature;

© SICHGROUP ENERGY



» Starting of a dc shunt motor: T

R
e At start up n=0; and we know that in Icle=sign the R, is very small
= A R ‘

= |

J A\

%

which is very dangerous !!

e To start an external resistance in series with the armature is provided to
limit the current(use of a start or rheostat).

e For example if the motor data are:

S

R, =0.2; and
| atfutitoad = 20 A;
n=0: R +R | R +R 220
At (e e a=220v; o A e9=220_719
R 20
: R = OXtiHTRA:”_O'ZZ]O'SQ;
It *was zero: = 5 AiF
I =220=1100A>>0

which is to high for R,(that will be burnt)
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APPLICATIONS OF DC MACHINES.

» Generators: The examination of the previous characteristics figures
indicates that:

~—=—Fhe series generator is not suitable for use as a supply generator on its
own, although it may be used in conjuction with a substantially constant
voltage machine (shunt or compound) as compensation for increased
voltage drop due to increasing load current.

=  For a small system a compound generator alone can be used.

= The shunt or separately excited generator is the most commonly
used machine for local supply systems (within vehicles, etc.), the
disadvantage of the latter usually being overcome by mounting a small
shunt generator on the same shaft as the large separetely excited
machine to provide the field current.

® Motors: The examinations of the previous characteristics figures indicates
that:

= The shunt motor runs at fairly constant speed over a wide load
range. As such it is the most useful for a number of low load
applications.
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.... APPLICATIONS.

» Motors-cntd:

It would not be suitable for fluctuating loads, such as, for example,
electrically powered vehicles.

= For this use the series machine with the falling speed characteristic is
ideal since as the the speed and hence the back e.m.f. falls, the
armature current and thus the torque rises.
A serie motor runs at extremely high speeds on no load and it is
therefore never coupled mechanically to a load in any manner which could
result in load disconnection (e.g. belt drives, etc.).

= The compound motor which has a stable no load speed but retains
the series speed curve is a useful alternative to series machine in
certain applications, e.g. steel milldrive units.
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EXAMPLE ON SELF EXCITED DC MACHINE:

A long shunt dynamo running at 1000 rpm supplies 20 kW at terminal
voltage of 220V. The resistance of armature, shunt  field and series field are
0/04,110 and 0,05 ohm respectively. Overall efficie  ncy at the above load is 85%

find;

(i) copper losses
(i) Iron and friction losses
(iif) Torque developed by the prime mover

(i) copper losses

a 220V

*

20, 000
Il Load current = 230 =90.91 amp
220
o — Y.
Shunt field current, I, = 110 =2amp
Armature current, [, = 9291 amp
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EXAMPLE ON SELF EXCITED DC MACHINE: ContD.....

Input power = 20,000/0.85 = 23529 watts

Total losses in the machine = Input — Output = 23529 — 20,000 = 3529 watts

N
copper losses  Power loss in series field-winding + armature winding =92.91 2% 0.09 watts = 777 watts

Power-loss in shunt field circuit : 2° 110 = 440 watts
Total copper losses = T777+400=1217 watts
(i1) Irom and friction losses = Total losses — Copper losses
= 3529-1217=2312 watts

(iii) Let T = Torque developed by the prime-mover
At 1000 rpm, angular speed, @ = 2x % 1000/60 = 104,67 rad./sec
I'<w = Input power
T = 23529/104.67 =224 8 Nw-m
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ASSIGNEMENT SELF-EXCITED DC MACHINE:

A 4-pole, lap-wound, long-shunt, d.c. compound generator has useful flux per
pole of 0.07 Wb. The armature winding consists of 220 turns and the resistance per turn is 0.004
ohms. Calculate the terminal voltage if the resistance of shunt and series field are 100 ohms and

0.02 ohms respectively ; when the generator is running at 900 r.p.m. with armature current of 50 A.
Also calculate the power output in kW for the generator.

QUALITATIVE AC MACHINES ONE LECTURE WILL BE TAKEN B Y
MR. SALASINI .R TO PREPARE YOU FOR NEXT YEAR EE441

THANK YOU BEST WISHES IN YOUR EXAMS
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