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FIGURE 6.19 Magnetization curve of DC machine of Example 6.4.

excited generator, and the field current is adjusted to 1.25 A to obtain a terming]
voltage of 240 V at no load. The machine is run at 1200 rpm. The shunt fielq
winding has Ny = 2500 turns/pole. The armature and field winding resistanceg
are given as 0.20 ) and 200 (), respectively.

a. Neglecting armature reaction, determine the terminal voltage at rated load
current. Calculate voltage regulation.

b. Assume armature reaction at rated load will cause a reduction of 0.15§
A in field current. Determine the terminal voltage at rated load current,
Calculate voltage regulation.

¢. Assume armature reaction at rated load current will cause a demagneti-
zation of 375 A-t, and determine the field current required to produce a
terminal voltage of 240 V at rated load current.

Solution

a. From the magnetization curve shown in Fig. 6.19, for a field current
I = 1.25 A, the generated voltage is E, = 240 V. At rated load, the
line or terminal current is equal to the armature current and is givs
en by

I, = I, = 12,000/240 = 50 A
The terminal voltage is obtained as follows:

Vi = E, — IR, = 240 — (50)(0.20) = 230 V

Therefore, the voltage regulation is given by
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Voltage regulation = Yo = Vo 100% = E.— W 100%
Va Vi
240 — 230

p. Due to armature reaction, the effective field current is
I = pemal _ par — 125-0.15=1.10 A

From the magnetization curve, for Iy = 1.10 A, the generated voltage
is E, = 225 V. Thus,

W = E, — I,R, = 225 — (50)(0.20) = 215V
Therefore,

Ea B Vt
W
240 — 215

= o155 100% = 11.6%

Voltage regulation

Il

100%

c. At I, = 50 A and V; = 240 V, the generated voltage is calculated as
E, = Vi + I,R, = 240 + (50)(0.20) = 250 V
From the magnetization curve, for a voltage E, = 250 V, the field current
is Ifff = 1.4 A.

In the presence of armature reaction, the net mmf is expressed as
follows:

NI = Nprgeoel — (NeIp)™

Solving for the actual field current yields

actual
1 f

I

(L/Np)INeIE® + (N I5)™] = IEE + (NeIp)™/ Ny
1.4 +375/2500 = 1.55 A

Il

EXAMPLE 6.5

Zhe DC generator of Example 6.4 is provided with a series winding. It is op-
fated as a cumulative compound generator, and the terminal voltage is 240 V
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at both no-load and full-load conditions; that is, there is zero voltage regulation
Assuming a short-shunt connection, determine the number of series turns p,.
pole required. Take the value of the series winding resistance R to be 0.02
and assume that armature reaction causes a demagnetization of 375 A-t.

)

Solution
by

At rated load conditions, the terminal voltage and current are givey

Vi =240V
I, = I, = 12,000/240 = 50 A

The equivalent circuit of a short-shunt cumulative compound generator jg

shown in Fig. 6.20.
From the equivalent circuit shown in Fig. 6.20, the generated voltage is
found as follows:

Vi = Vi + IR, = 240 + (50)(0.02) = 241 V
12w = Vi/Re = 241/200 = 1.205 A
I, = I+ Iy = 50 + 1.205 = 51.205 A
E, = Vi + LR, = 241 + (51.205)(0.20) = 251.24 V

Il

From the magnetization curve, for E; = 251.24 V, Ifﬁ’ff = 1.41 A. Also, from
Example 6.4, Ny = 2500 turns, (NI)* = 375 A-t.

To obtain zero voltage regulation, the total (or net) mmf required at full load
must equal the resultant mmf of the shunt and series field windings less the
mmf due to armature reaction. Thus,

N:I§® = NpIE®™ + Nols — (ND™
(2500)(1.41) = (2500)(1.205) + Ny(50) — 375

FIGURE 6.20 Equivalent circuit of a short-shunt cumulative compound generator.
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solVing for N yields
N, = [(2500)(1.41 — 1.205) + 375]/50 = 17.75

say 18 turns/pole.

46.5 DC Generator Efficiency

The POWer flow diagram for a DC shunt generator is shown in Fig. 6.21. As
can be seen in this diagram, not all the mechanical power input reaches the
joad as electrical power output because there are always losses associated with
¢his electromechanical conversion process. Since the generator is assumed to
pe self-excited, the shunt field winding loss is included with the copper losses
in the power flow diagram. If the generator is separately excited, the shunt field
copper loss is supplied from a separate electrical source, and it is not included
and must be handled separately.

The various losses that occur in the DC shunt generator may be classified
as follows:

1. Electrical or copper losses. These are the copper losses that occur in
the armature and field windings. For a self-excited shunt generator, these
losses include

P, = I’R,
Shunt field copper loss P; = I2R;

Armature copper loss

|
|
|
|
Pinput =| Tapp Om

Poutput = Vi1

I2R losses

Mechanical
losses

Stray
losses

Rotational
losses

FIGURE 6.21

Power flow diagram for a DC generator.
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For a compound generator, another copper loss is present in the Serjg
field winding and is added to the armature and shunt field copper losSess
The additional copper loss is ‘

Series field copper loss P = I2R

The armature copper loss depends on load conditions and is typica]
about 5% when rated current is delivered. The field copper losses ane
typically from 1% to 2% at rated conditions.

2. Brush loss. The electrical loss incurred in the carbon brushes is usug]
taken equal to 2/, based on the assumption that the total voltage drop
across the brushes is about 2 V.

3. Magnetic or core loss. These are the hysteresis and eddy current losge
occurring in the magnetic circuits of the stator core and poles and the
armature core on the rotor.

4. Mechanical losses. These are the friction and windage losses. Frig.
tion losses include the losses caused by bearing friction and the frjc.
tion between the brushes and commutator. Windage losses are causgg
by the friction between rotating parts and air inside the DC machiney
casing.

S. Stray load losses. These are other losses that cannot be accounted for by
the preceding categories.

When the mechanical losses are lumped together with the core loss and stray
load loss, they are collectively called rotational loss. Typically, the rotational
loss constitutes 3% to 5% of the machine rating, and it is assumed to remain
constant for all loading levels.

The DC shunt generator efficiency may be expressed as follows:

n= Pourput 100%

6.16
Pinput ( )

The difference between the mechanical input power and the electrical output
power constitutes the various losses incurred within the DC shunt generator
Therefore, efficiency may also be expressed as

n = Pinput B 2Plosses 100%

P, input

F output

.. 6.17)
P output +2P losses (

100%

6.6 DC GENERATOR PERFORMANCE 187

FYAMPLE 6.6

o the DC compound generator of Example 6.5, the total rotational losses
ount to 750 W. Calculate the efficiency when the generator supplies rated

aurrent to a load at 240 V.

¢

Soluﬁon From Example 6.5, at rated load conditions,
Vi =240V

I: =50 A R, =0.02 Q

I = 1.205 A Rs =200 Q

I, = 51.205 A R, =0.20 Q

The output power of the generator is
Poutput =Wl = (240)(50) = 12,000 W
The power losses are

Protational = 750 W
I2Rs = (50)%(0.02) = 50 W
IZR; = (1.205)?(200) = 290 W
I2R, = (51.205)%(0.20) = 524 W

The total power input is the sum of the power output and the generator losses.
Pinput = Poutput + E(Plosses) = 13,614 W
Therefore, the efficiency is

N = (Poutput/ Pinpu)100% = (12,000/13,614)100% = 88%

DRILL PROBLEMS

D6.6 The open-circuit saturation curve of a DC generator driven at rated
Speed and separately excited is given by

E (v 10 50 100 200 300 350 400 450 500

li () 0 05 1.0 2.0 3.5 4.4 5.4 6.5 8.0
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The field winding has a resistance of 62.5 ). The armature winding resistance
may be assumed to be negligible.

a. The generator is now operated as a shunt generator by connecting the figlg
winding directly across the armature terminals. Determine the generagg
voltage.

b. What additional resistance must be added in series with the field winding
to obtain a generated voltage of 450 V?

¢. What additional resistance must be added in series to the field winding
to make the total field-circuit resistance equal to the critical value?

D6.7 A separately excited DC generator has the following open-circuit chqy,
acteristic when running at 1200 rpm.

E, (V) 40 80 120 160 200 220 A4

It (A) 0.15 0.30 0.50 0.75 1.05 1.25 1.5

The effect of the armature winding resistance is negligible.

a. The machine is operated as a shunt generator, and is driven at 1200 rpm,
Determine the required field-circuit resistance to obtain an open-circuif
voltage of 230 V.

b. The operating speed is reduced to 1000 rpm, and the field-circuit resis-
tance remains unchanged. Find the open-circuit generator voltage.

6.7 DC MOTOR PERFORMANCE

The DC motor differs from a DC generator in that the direction of power flow
is reversed. In a motor, electrical energy is converted to mechanical energy
DC motors are used where there is a need for variable-speed drives and fof
traction-type loads.

The performance of a DC motor can be described by using its equivalent
circuit, which is shown in Fig. 6.22. The equivalent circuit looks exactly like
that of a DC generator except for the direction of the current that is entering
the armature.

The generated voltage E, across the armature has a polarity opposite to th
applied voltage V;. Thus, it is sometimes referred to as counter emf, or back
emf, and is also denoted as Ey,. It is given by Eq. 6.8, which is rewritten here ®

E, = Ey = K.®pon (6.18

\é
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FIGURE 6.22 Equivalent circuit of a DC motor.

The induced or developed torque Tinq is given by Eq. 6.9, which is rewritten
pere as

Ting = Taev = Kaq)pla (6.19)

This torque is related to the electric power converted to mechanical power Peony
a5 follows:

omTgey = Peonv = Eala (6.20)

6.7.1 Speed Regulation

Whereas with a DC generator, the performance measure of interest is its volt-
age regulation, in the case of a DC motor the performance measure of inter-
est is its speed regulation. The speed regulation (SR) is similarly defined as
follows:

Speed regulation (SR) = ﬁ“ln_—"ﬂ 100% (6.21)
fl

or

Speed regulation (SR) = ﬂ”aj—‘”ﬂ 100% (6.22)
fl

A motor with zero speed regulation has a full-load speed equal to its no-load
speed. Positive speed regulation implies that the motor speed will decrease
When the load on its shaft is increased. On the other hand, negative speed
tegulation implies that the speed will become higher as the load on its shaft
becomes higher.
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EXAMPLE 6.7

A 220-V shunt motor has an armature resistance of 0.2 ) and a field resistanc

of 110 ). At no load, the motor runs at 1000 rpm, and it draws a line Clrre \

of 7 A. At full load, the input to the motor is 11 kW. Consider that the air-g

flux remains fixed at its value at no load; that is, neglect armature reactiop,
a. Find the speed, speed regulation, and developed torque at full load,

b. Find the starting torque if the starting armature current is limited to 150%
of full-load current.

c¢. Consider that armature reaction reduces the air-gap flux by 5% whey
full-load current flows in the armature. Repeat part (a).
Solution

a. Armature reaction is neglected. Referring to Fig. 6.22, the values gf
the various currents and the generated voltage at no-load conditions gy
found as follows:

It,nl =TA

It = Vi/Ry = 220/110 = 2 A

Ia,nl = It,nl - If,nl =7-2=5A

Eb,nl =W- Ia,ana =220—-(5)(0.2) =219V

Similarly, the currents and the generated voltage at full-load conditiong
are found as follows:

11,000/220 = 50 A

Irq = 220/110 = 2 A
Iag=50-2=48A _
Epg = 220 — (48)(0.2) = 210.4 V

Iia

The no-load speed is n, = 1000 rpm. Since armature reaction is
neglected, ®, = ®y. Thus, the full-load speed is found as

na = (Eva/Epn)nm = (210.4/219)(1000) = 960.7 rpm
wg = 2mng/60 = 2m(960.7)/60 = 100.6 rad/s

Hence, the speed regulation is computed as

Speed regulation = gIOO%
f

1000 — 960.7
= WIOO% =4.1%
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The power developed and torque developed at full load are found as
follows:

Paev,a = Epalan = (210.4)(48) = 10,099 W
Te i = Pgev,n/ wg = 10,099/100.6 = 100.4 N-m

. At starting, with a 150% limit for the armature current,

Iystar = 1.501, 4 = (1.50)(48) = 72 A

The electromagnetic torque varies directly with the flux and the armature
current; thus,

Te,start _ Kaq)ﬁla,start

Te,ﬁ Kacbﬂla,ﬁ

Since armature reaction is neglected, the flux is assumed to remain con-
stant. Solving for the starting torque yields

Ia start 72
S Toq = —=100.4 = 150.6 N-
Ton efl = g 00.4 = 150.6 N-m

Te,stan =

. The back emf varies directly with the flux and the speed; thus,

Evn _ Ka®ang
Eb,nl K. ®yny

At full load, the effect of armature reaction is to reduce the field flux by
5%, that is, @3 = 0.95®y;. Solving for the full-load speed yields

Eb,ﬂ %n _ 2104 1.0
Epy @y ™ 219 0.95
wq = 2w(1011.3)/60 = 105.9 rad/s

ng = 1000 = 1011.3 rpm

Therefore, the speed regulation is computed as

finl — f 100%
nq
_ 1000 — 1011.3

1011.3

Speed regulation
100% = —1.1%

The power developed Py g is the same as in part (a), since the
generated voltage and the armature current are unchanged. Because the
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full-load speed has changed, the torque has also changed; thus,
Teg = Paeva/ wa = 10,099/105.9 = 95.4 N-m

DRILL PROBLEMS

D6.8 A DC motor develops a torque of 30 N-m. Determine the electromag,
netic torque when the armature winding current is increased by 50% and the
flux is reduced by 10%.

D6.9 A shunt motor draws 41 A from a 120-V source when it drives a logg
at 1750 rpm. The armature and field winding resistances are 0.2 {} and 120
respectively. Determine the developed torque. :

D6.10 A 240-V shunt motor running at 1750 rpm develops a counter emf gf
228 V. It has an armature resistance of 0.15 Q and a total brush voltage drop
of 2 V. Calculate

a. The armature current at 1750 rpm

b. The speed when the armature current is 50 A

¢. The speed when the armature current is25 A

D6.11 The field and armature winding resistances of a 440-V DC shunt ma-
chine are 110 Q and 0.15 €, respectively.

a. Calculate the power developed by the DC machine if it absorbs 22 kW
while running as a motor.

b. Calculate the power developed by the DC machine if it supplies 22 kW
while running as a generator.

6.7.2 DC Motor Efficiency

The power flow diagram for a DC compound motor is shown in Fig. 6.23
The electrical power input Pinput is equal to VI = VL. The electrical 10sses
consist of the armature winding loss (/ azRa) and the copper losses (I szf +1 S2Rs)
in the field windings.

The motor efficiency is given by

n = Poutput 15, (6.231

input

For the case of a shunt motor, the series field winding is not present or ¥
disconnected. Thus, the field copper loss consists only of the shunt field lo%
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FIGURE 6.23 Power flow diagram for a DC compound motor.

( If2 R¢). The mechanical losses, core losses, and stray load losses are commonly
jumped t.ogether under rotational losses and are assumed to remain constant at
any loading level.

EXAMPLE 6.8

A 10-hp, 220-V, DC §hunt motor has armature and field resistances of 0.25
Q and 220 Q, respectively. It is supplied by a 220-V source, and it draws a
current of 40 A. The total rotational losses are 450 W. Find the efficiency of
the motor.

Solution ~ When the motor is driving a load, the power input Piypy is

Pinpue = Vil = (220)(40) = 8800 W

The field and armature currents are given by

Iy = Vi/Ry = 220/220 = 1 A
I =11 =40-1=39A

The copper losses Pc, consist of

I2R, = (39)%(0.25) = 380 W
I2R; = (1)%(220) = 220 W

The total copper losses of the motor are

Pcy = 380 + 220 = 600 W
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The power output Pougput is equal to the difference between the power inpy
and the sum of the total copper losses and the rotational losses Prot. !

Pouput = Pinpur = (Pcu + P.) = 8800 — (600 + 450) = 7750 W

Therefore,

1 = (Poutput/ Pinput)100% = (7750/8800)100% = 88%

DRILL PROBLEMS

D6.12 The series field and armature winding resistances of a 230-V serjg
motor are 0.05 Q and 0.2 Q, respectively. The motor draws a current of 20 4
while running at 1500 rpm. If the total rotational losses are 400 W, determipg
the efficiency of the motor.

D6.13 A DC shunt motor is rated at 5 hp, 115V, 1150 rpm. At rated operating
conditions, the efficiency is 85%. The armature circuit resistance is 0.5 ), apg
the field circuit resistance is 115 €. Determine the induced voltage at raeg
operating conditions.

D6.14 A 5-hp, 120-V, 1800-rpm shunt motor is operating at full load and
takes a line current of 36 A. Its armature and field resistances are 0.30 €) ang
120 Q, respectively.

a. What is the efficiency of this motor?

b. What is its rotational loss?

6.7.3 Speed-Torque Characteristics

Consider the DC shunt motor whose equivalent circuit is shown in Fig. 6.24

I It
~— —
—0
+
R, Rt
+ Vi
Ey l i
—0

FIGURE 6.24 Equivalent circuit of a DC shunt motor.
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From Kirchhoff’s voltage law,

Wt = Ep + IR, (6.24)

11bstituting the expression for the back emf given by Eq. 6.18 into Eq. 6.24
and solving for wy yields

Vt B IaRa
K.,

Wy =

(6.25)

t may be observed that loss of field excitation results in overspeeding for a
ghunt MOLOL. Thus, care should be taken to prevent the field circuit from getting

open.
From Eq. 6.19, the armature current may be expressed as follows:

_ Tdev
I, = K@, (6.26)

Substituting Eq. 6.26 into Eq. 6.25 yields the speed-torque equation of a
pC shunt motor.

1 Ra

m = V p
@ = KD, KaDp)?

Taev (6.27)

If the applied voltage V; and the flux @, remain constant for any load, the
speed will decrease linearly with torque. In an actual machine, however, as
the load increases, the flux is reduced because of armature reaction. Since the
denominator terms decrease, there is less reduction in speed and speed regula-

tion is improved somewhat. The speed-torque characteristics of DC motors are
shown in Fig. 6.25.

Shunt

Speed

Cumulative
compound

Series

Torque

FIGURE 6.25 Speed-torque characteristics of DC motors.
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In a compound motor, the magnetic field of the series field winding eith
aids or opposes the magnetic field of the shunt field winding; thus, the ne'
magnetic flux at the pole is given by .

®, = (mmf)¢ = (mmf);

R path . 28}

where
®, = magnetic pole flux
(mmf); = shunt field mmf
(mmf); = series field mmf

When the mmfs of the two field windings are additive, the speed-torque chg
acteristic is more drooping than that for a shunt motor. When the mmfg an
opposing, the speed-torque characteristic lies above that of a shunt motor,

In a series motor, the excitation is provided solely by the series field windjng
which is connected in series with the armature. The flux produced is pr()po,:
tional to the armature current. Thus, the torque developed may be written g
follows:

Tdev = Kaq)pla = K’IZ (629)
Therefore, the speed may be expressed as
W% R VR
"KL K K" Jig, K 3

It is seen that the series motor will run at dangerously high speeds at no load:
For this reason, a series motor is never started with no load connected to if§
shaft.

6.7.4 Motor Starting

Consider the DC shunt motor. At starting, the armature is not rotating. Theres
fore, the counter emf E, = K, ®pwy = 0. Ey, is also called back emf. Henced
the starting current will be dangerously high and is given by

Vi—-E Vi
Ia,start = IRa LA IT; (631)

For the motor of Example 6.7, I, st Will have a value of (220/0.2) = 1100
A, which is approximately 23 times the rated current of 48 A. This startil
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grrent value is obviously too high. Provision must be made to limit the starting
grent to prevent damage to the motor. Two times rated current is typically
owed to flow during starting so that sufficient torque will be developed.

o Two methods of limiting the starting current are as follows:

1. Insert external resistance in the armature circuit.
5. Apply a reduced voltage at starting.

The first method means an additional copper loss, albeit during the starting
eriod only. The second method has the major disadvantage of requiring an
ex ensive variable-voltage supply.

The external resistance Ry is inserted in the armature circuit either manually
of automatically. At starting, the armature current is given by

Vi

— 32
Ry + Rae ®.52)

I a,start —

As the motor accelerates to a higher speed, the starting resistance is shunted out
in steps. When the full starting resistance is shorted out, the motor accelerates
1o its base speed.

EXAMPLE 6.9

Design a starter for the DC shunt motor of Example 6.7 using an external
resistance to be connected in series with the armature as shown in Fig. 6.26.

This resistance is to be cut out in steps so that the armature current does
not exceed 200% of full-load armature current. As the motor speeds up, the
armature current will drop. As soon as the armature current falls to its full-load
value, sufficient resistance is to be cut out so that the current returns to the
200% level. This process is repeated until the full starting resistance is shorted
out. The field winding is to be connected directly across the DC supply.

S1 S2 S3 S4

’\N\/—'L—'\/\/\z—

o vy
+ Rs1 Rsp Rs3 Rsq
Rf Ra
Vi
o

FIGURE 6.26 DC motor starter of Example 6.9.
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Solution  From Example 6.7, the full-load or rated armature current is

Iy rated = 43 A

The maximum value of starting current is limited to two times rated armatyg,
current; therefore,

Ia,start = 2Ia,rated = (2)(48) =96 A

With the external resistance R, inserted in series with the armature, Kirchhoffy
voltage law yields

W = Eb + Ia(Ra + Re)
Therefore,

R. = (‘/E_Eb)/la_Ra
E, = Vi = I(Ry + Re)

At starting, the counter emf Eyy = 0. Thus,

Reo = (220-0)/96 — 0.2 = 2.292 - 0.2 = 2.092 Q)

Ep = 220 — (48)(2.292) = 110 V

Re1 = (220 — 110)/96 — 0.2 = 1.146 — 0.2 = 0.946
Ey = 220 — (48)(1.146) = 165 V

Re; = (220 — 165)/96 — 0.2 = 0.573 — 0.2 = 0.373 Q
Epz = 220 — (48)(0.573) = 192.5 V

Re3 = (220 — 192.5)/96 — 0.2 = 0.286 — 0.2 = 0.086 ()
Evny = 220 — (48)(0.286) = 206.5 V

Res = (220 — 206.5)/96 — 0.2 = 0.141 — 0.2 = —0.059 Q

The negative sign of R4 means that for this step the full value of Re3 is shorted
out.
The values of resistances that are to be shorted out successively are:

Rg1 = Rep — Re1 = 2.092 —0.946 = 1.146 Q)
Ry = Ry — Ry = 0.946 — 0.373 = 0.573 Q)
Ry = Ry — Re3 = 0.373 — 0.086 = 0.287 Q)
Rss = 0.086 )

Y
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JRiLL PROBLEMS

15 A DC shunt motor is rated 5 kW, 125 V, and 1800 rpm. When the
p ature is held stationary, a voltage of 5 V applied to the motor terminals
I cause a full-load current of 40 A to flow through the armature.
W

g, Determine the armature current if rated voltage is applied directly across
the motor terminals.

b. Determine the value of the external resistance that must be connected in
series with the armature in order to limit the starting current to twice the
rated armature current.

D 16 A 240-V DC shunt motor has an armature winding resistance of 0.2
o The full-load armature current is 50 A.

g, Determine the starting current if the motor is connected directly across
the 240-V supply. Express this current as a percentage of the full-load
value.

p. Calculate the value of resistance that must be connected in series with the
armature circuit to limit the starting current to 150% of full-load value.

47.5 Applications of DC Motors

The expression for developed torque Tg4e, of a DC motor is given by Eq. 6.19,
which shows that the torque is directly proportional to the product of the field
flux and the armature current. This relationship is valid not only for the motor
operating under load at steady state but also during starting conditions. This
lorque characteristic is illustrated in Fig. 6.27a for the shunt, compound, and
series motors.

The expression for the speed wy, of a DC motor is given by Eq. 6.25, which
describes the linear relation between speed and armature current and the inverse
variation of speed with respect to field flux. The speed characteristics of the
shunt, compound, and series motors are shown in Fig. 6.27b.

The DC shunt motor has a relatively constant speed characteristic almost in-
lependent of load. It has a speed regulation of about 5% to 10%. Because the
field flux changes very little with changes in load levels, the torque developed
% the motor is almost directly proportional to the armature current. There-
fore, the motor is able to develop a reasonably good starting torque, which
S Usually limited to less than 250% because of starting current restrictions.

C _Shunt motors are used primarily for constant-speed applications requiring
inedIUm starting torque, such as for driving centrifugal pumps, fans, blowers,
%veyors, and machine tools.
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04 DC cumulative compound motor, the flux developed by the series field
. ing reinforces the flux produced by the shunt field winding. Thus, the
\»xﬂue developed by the compound motor is much higher than that of a DC
(o ot MOLOT, especially for armature currents above rated value. For the same
’-husorl, however, the speed of the compound motor decreases more rapidly with
_reareasing armature current than that of the shunt motor. The speed regulation
IC[h e compound motor varies from 15% to 30%, depending on the degree
: compounding. Compound motors are used for applications requiring high
3 ating torques and only fairly constant speed and for pulsating loads. They
’[e used to drive conveyors, hoists, compressors, metal-stamping machines,
.eciprocating pumps, punch presses, crushers, and shears.
5 The DC series motor derives its flux from its series field, which is connected
i series with the armature. Therefore, the torque developed by the motor is
Jirectly proportiona.l to the square of the armature current. The speed char-
teristic of the series motor is described by a large variation in speed from
jull-load to no-load conditions. This indicates that loads should not be removed
Completely or reduced to very low levels because of the possibility of the mo-
o “running away.” Series motors are used for applications requiring very high
qarting torques and where varying speed is acceptable. They are used to drive
joists, cranes, and so forth.

Compound
200%

L
150%

Armature current
®)

100%

Compound

Series
1
50%

Speed

4.8 DC MACHINE DYNAMICS

The previous sections have described the steady-state behavior of DC generators
and motors, and the models derived and used are valid only for steady-state
conditions. In this section, the dynamic behavior of DC machines is described
and transient models are presented. The block diagram representations and the
ransfer functions of these models are derived. In an introductory course in
power engineering, the professor may choose to omit this section.

200%

Shunt
Compound

L
150%

Armature current
(a)

FIGURE 6.27 Speed and torque characteristics of DC motors.

00%

Series
1

'6.8.1 Dynamic Equations

50%

o} A DC machine may be represented by two coupled electrical circuits both
‘nfaining resistances and inductances as shown in Fig. 6.28. These circuits,
the field and the armature, are coupled through the electromagnetic field, which
Stepresented by the generated voltage e,. The electrical system is coupled to
lie mechanical system through the electromagnetic torque Tqg and an external
Mechanical torque, which could be an input torque 75 from a prime mover or
?rlload torque 71.. The reference directions of the arrows shown are applicable
%l modeling the DC generator.
lheI:' the follow'ing. discussion, it. is assumed that saturation is negligible and
Il-gap flux is directly proportional to the field current i;. Armature reaction

Compound

Torque

NN
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FIGURE 6.28 Schematic representation of a DCgenerator.

is also assumed negligible; however, armature reaction effects may be addy
on later as additional field excitation requirements. Hence, the expressiong fy
the electromagnetic torque and generated voltage are given by Eqs. 6.33 g

6.34, respectively.

Je
Tﬁd = KaKflfla
= Kfifia
ea = KoK{isom

(631

= Kfifwm (6.3¢
Here K; = K,K; is a constant.
*6.8.2 Separately Excited DC Generator
For the DC generator shown in Fig. 6.28, the field excitation is supplied b
separate voltage source. If it is assumed that the field circuit is closed at fi
¢ = 0, the voltage equation may be written as
 dis
Lg — i = Vi
t ; + Ryig = Veu(t)
diz . Vi
— 4+ = — 6‘ﬁ
T TS R u(t) (

where 77 = L¢/ R¢ is the time constant of the field circuit and u(#) i

step function.
The generated voltage is given by Eq. 6.34, assuming that the

saturation is negligible. For a speed @mo, this voltage may be written inft

of the generator constant Kg as follows:

e = (Kromo)it = Kgis

S the w

effecl':i

(&
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en the field current is held 'constant, as when it has reached steady state, the
aerlerated voltage becomes directly proportional to the angular velocity; that
g L

is»

€a _ €a0
Wm Wmo (6.37)
of
ey = €20 -
og | ©m (6.38)

For the armature circuit, the voltage equation may be written i
; en in t
gerlerator terminal voltage as ’ erms of the

di
Laad_ta +Riis = e, — V;
dig | . ea— Vi
Ta dr +i, = R (6.39)

yhere T2 = Laa /R, is the time constant of the armature circuit.
When the separately excited DC generator is supplying an armature current

i, to an electrical load, the electromagnetic torque Tyq may b i
the developed power Pgey as follows: ! na ey be derived from
wnTad = Poev = €ala (6.40)
Therefore,
Ty = €ai,
m
_ [0 7
o 2 (6.41)
The dynamic equation of motion ine i
' of the DC machine is d
mechanical torque applied to its shaft; thus, ' dependent on fhe
dw
J _d;rg + Tad = Tshafe
dwpy,
T = = Tsnate = Tha (6.42)

Where
J = moment of inertia of the rotor and the prime mover

T ; ;
shaft = mechanical applied torque from the prime mover

I
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FIGURE 6.29 Block diagram representation of a DC generator.

The differential equations describing the dynamic performance of a g
rately excited DC generator may be represented with a block diagram,
block diagram representation employing the Laplace-transformed variab]eSi
shown in Fig. 6.29. ’

I
EXAMPLE 6.10

A 240-V, 50-kW, 1800-rpm, separately excited DC generator has an armafy,
circuit resistance and inductance of 0.10 Q and 1.0 mH, respectively, Th
field winding resistance and inductance are 125 () and 75 H, respectively, T
generator emf constant K is 125 V per field ampere at 1800 rpm. The figh
and armature circuits are initially open, and the prime mover is driving f§
generator at a constant speed of 1800 rpm.

a. At time ¢ = 0, the field circuit is connected to a constant-voltage sougy
of 250 V. Find the expression for the armature terminal voltage as,I
function of time.

b. In part (a), after the field circuit has reached a steady state, the armature;
suddenly connected to a load consisting of a series-connected resist
and inductance of 1.15 Q and 1.5 mH, respectively. Find the expressi
for the armature current, terminal voltage, and electromagnetic torque
functions of time.

Solution

a. The voltage equation for the field circuit is given by Eq. 6.35 as follow

0
i = RYifum = 200(1) = 2.0u(r)

T ar 150

where 7 = Lg/Re = 75/125 = 0.6 s. Thus, the expression for the ﬁé
current is given by
ie(t) = 2.0 (1.0 — e/ ™)u(t)

=2001.0-e"Ny@) A
=2.0 (1.0 — e " u(r)
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The generated voltage is given by Eq. 6.36 as

ea0 = Kgis = (125)(2.0)(1.0 — e 167" )y(z)
= 250(1.0 — e~ 1%y (z)

v

Since the generator is initially operating at open circuit, the terminal
voltage is equal to the generated voltage. Thus,

Ve = ex0 = 250(1.0 — e 1y (1) V

p. Since the field circuit has reached a steady-state condition, the generated
voltage becomes a constant value e,(¢) = E, = 250 V. The differential
equation for the armature circuit takes the form

diy, | . E, 250

T T v = 510+ 1.15

At a = Ra+——RL u(t) = 200u(t)

where

La+Lp  (1.0+1.5 %1073
T = - _ -3
* T R, *RL 0.10 + 1.15 2.0 > 107"

Thus, the expression for the armature current is

ia() = 200(1.0 — e~ ™)u(r)
= 200(1.0 — e~ /902y, 1) A
= 200(1.0 — e 3%y (¢)

The terminal voltage of the generator can be found as

di,
dt
1.5 X 1073(=500)(200)(—e %) v
+ (1.15)(200)(1.0 — 73001

= 230 — 80e "

Vt LL + RLia

The angular velocity is given by

2mn _ 27(1800)

50 60 = 607 rad/s

Wy =
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Therefore, the electromagnetic torque is

€ala (250)(200)(1.0 — ¢~ 3001)
Xm_ - 607

265.2(1.0 — e >0

N-m

Il

Thq

“6.8.3 Separately Excited DC Motor

The schematic representation of a separately excited DC motor is showIli
Fig. 6.30. The field circuit is assumed to have been connected to the Separy
voltage source V; for a sufficiently long time that the field current /¢ has reache

a steady value, that is,

W _ %

Jo= — =
£ Rugg + R R

(6.4

Assuming that the effects of saturation and armature reaction are negligibl
and since the field current I; is constant, the expressions for th.e deVeloped
electromagnetic torque and induced voltage may be expressed as in Eqs. 6.4

and 6.45, respectively.

Tha = KaKf/Ifia

= Kflfia

= Knia (6.4
es = K.K¢lswm

= KfIf(Um

= Kpon (6.43

v -
FIGURE 6.30 Schematic representation of a DC motor.

T
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ere Km = Kty = constant and measured in newton-meters per ampere. The
10T constant K, may also be derived from Eq. 6.45 and expressed in volts
; radian per second or volt-seconds per radian as follows:

€20
Wmo

Km =

(6.46)

The developed torque is available at the motor shaft for driving a mechan-
.1 Joad. The motor develops just enough torque to balance the required
¥ rque of the load and its rotational losses. The induced voltage is in op-
[(Lsition to the applied voltage and thus is also called counter emf or back
;f. Because of its reverse polarity, the back emf serves to limit the armature
grrent.

For the armature circuit, a loop voltage equation may be written in terms of
ihe yoltage applied to the motor terminals as follows:

di .
Laad_tan_Rala = ‘/S_ea
dia . Vs — €,
hick A - )
L 647

where T2 = Laa/ R, is the time constant of the armature circuit. Substituting the
expression for the counter emf given by Eq. 6.45 into Eq. 6.47 and rearranging
the terms, Eq. 6.48 is obtained.

Ta il_a_ + ia + <&>wm = (L)‘/S
a

dt R, R (6.48)

The dynamic equation of motion of the DC motor is dependent on the
mechanical load connected to its shaft. The electromagnetic torque developed
by the motor must be equal to the sum of all opposing torques. Thus,

dw
Tag = J — + Thoad

T (6.49)

Where
J = moment of inertia of the rotor and the prime mover
Tieaa = mechanical load torque connected to the motor shaft

Sllbstituting the expression for the developed electromagnetic torque given in
£9. 6.44 into Eq. 6.49 and rearranging the terms yields

— I_<£n_l' +dwm:_Tload
J ]t dt J

(6.50)
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+ + I +
1 1 a 1
V. =" g =
s R, 2 TS Km ( ) Js m
Tioad
Km
FIGURE 6.31 Block diagram representation of a DC motor.

The block diagram representation of a separately excited DC motor is derj,
from Eqs. 6.48 and 6.50 and is shown in Fig. 6.31. It may be noted that the
are two independent input variables, namely the supply voltage Vs and the logg
torque ioad-

When the response of the motor to changes in the supply voltage is beiy,
investigated, the block diagram may be simplified to that of Fig. 6.32, ;
load torque is typically a function of speed, and it is customary to assume gy
the load torque is directly proportional to the speed; thus

Tioad = Bioad®@m (6.5]|
where Bjgaq is a proportionality constant.

When the damping torque Tioad = Bioad®@m is neglected, Fig. 6.32 may s
simplified into one simple feedback loop circuit as shown in Fig. 6.33, whey
Tm = (RaJ)/K?2 is called the inertial time constant.

The overall transfer function may be expressed as follows:

O
Ve/Km

_ 1/(T7a)
= G+ 1)+ 1/ (ram) 6.3

From this overall transfer function, the characteristic equation of the spe
response to the voltage input is found as

(s+i>s+ : =s2+s<l>+ L =0 (6.5
Ta TmTa Ta TmTa

Bjoad
Tioad
v, t 1 1 + 1
5. — K - Q
Km K R, 1+1,s m : s "

FIGURE 6.32 Block diagram representation of a DC motor.
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Y 1 1 2 1
Ko s R, > T+, Km Ay Tﬂm
v, + 1
v Z Tm
K _ s(1 +17,9)

-

FIGURE 6.33 Simplified block diagrams of a DC motor.

The standard form of the characteristic equation of a second-order system is
giVCIl by
2 2 _
s+ 2as +w; =0 (6.54)

comparing Eqs. 6.53 and 6.54, the undamped natural frequency w, is

1
Wy =
TmTa

(6.55)
and the damping factor « is
= e
B (6.56)
The damping ratio is given by
_ % _1 /™
£= o "3y (6.57)

.When the Tesponse of the motor to load changes is of interest, the block
diagram of Fig. 6.31 may be simplified to that shown in Fig. 6.34.

T\oad z —

K2
Ry(1 + 1,5)

FIGURE 6.34 Simplified block diagram of a DC motor.
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The overall transfer function relating the speed response to a change in |,
torque is b

Qn _ s+1/7,
Tload/-] B s(s + 1/7) + 1/(TmTa)

(6.58j

It is seen that the characteristic equation for the speed response with chay,
in load torque has the same undamped natural frequency and damping facto:
which are given in Egs. 6.55 and 6.56, respectively. The negative sign indicggy
that an additional load torque produces a reduction of speed. .

EXAMPLE 6.11
A 400-V, separately excited DC motor has the following parameters:

Armature resistance R, = 0.025 Q

Armature inductance L., = 0.006 H

Moment of inertia J = 25 kg—m2
Motor constant Kn = 2.75 N-m/A

The motor is connected to a constant 400-V supply. The motor is initiall
running without load, and the system is at steady state. The no-load armg
ture current is 15 A. The effects of saturation and armature reaction may by

neglected.
A constant load torque Tjaq Of 1500 N-m is suddenly connected to the shaf

of the DC motor. Determine

The undamped natural frequency of the speed response
The damping factor and damping ratio

The initial speed in rpm

. The initial acceleration

oo B

. The ultimate speed drop

Solution

a. The armature and inertial time constants are given by

_ Lg _ 0.006 _
n= 3 = goss = 0%
L TR (290025 g eq

T KX (2757

Y
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The undamped natural frequency is

Wy = \F - 1
7 (0.083)0.24) 10 radss

p. The damping factor and damping ratio are

@= o= = 2083
m . @024~

(=2 =28 g
o 700

¢. At time ¢ = 0, at the instant the load is suddenly ad i
emf, or counter emf, is given by Y added, the induced

Eq = Vs — IoR, = 400 — (15)(0.025) = 399.6 V

Therefore, the initial motor speed is
_Exn _ 399.6
= = 222
Kn 2.75

60
(145.3) <ﬁ) = 1388 rpm

= 145.3 rad/s

I

d. The initial acceleration, assuming losses ar igj i i
o,y g e negligible, is found by using

ay = dwm - —Tload + KmIaO
dt J
_ —1500 + (2.75)(15) _

55 = —58.35 rad/s®

. The ultimate drop in speed is found b icati
y application of the final-
theorem of Laplace transforms to Eq. 6.58. 'Il)"hus, © final-value

[s =(1/)(s +1/7)  ATaa
=0 s(s+1/7) + 1/(tmma) s

0.083
_T(ISOO) = —4.98 rad/s

Awy

Il

-
- Tm ATload =

_ 60
= —4.98 <ﬁ) = —47.6 rpm
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PROBLEMS

6.1 A six-pole DC machine has an armature connected as a lap winding. The armatus
has 48 slots with four conductors per slot. The armature is rotated at 600 rpm, and the
flux per pole is 30 mWb. Calculate the induced voltage.

6.2 A four-pole DC generator has a wave-wound armature containing 384 armatus
conductors. The generator is driven at 1180 rpm and generates a voltage of 480 ¥
What is the flux per pole?

6.3 A six-pole, 1200-rpm, DC generator has 48 armature slots with four conducto
per slot. The flux per pole is 20 mWb, and each armature conductor has a maximu

current-carrying capacity of 40 A.
a. Compute the induced voltage, current, and power rating for a lap winding.

b. Repeat part (a) for a wave winding.

6.4 A DC generator has a flux per pole of 125 mWhb. The generator has six poles
and it is rotated at 1200 rpm.

a. Determine the induced voltage if the armature has 48 conductors connected 8%
lap winding.
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b. Determi'ne 'the induced voltage if the armature has 48 conductors
o i, connected as a

: A shunt-connected generator has four poles, and its lap-connected armature has
% conductors. Tl}e armature and field resistances are 0.10 {) and 100 Q, respectivel

o flux per pole is 30 mWb. The generator suppiies 3.5 kW to a load’connected t}(,;
. terminals at a voltage of 120 V. Determine the generator speed.

§ A separately excited generator has six poles with a flux per pol

qture is lap Wound and has 620 conductors. The generatorpsupll))li:soaf zesnr;\r)lvgagl;et
240 vy, and at this load the armature copper loss is 600 W. The generator is driven at a
peed of 1120 rpm. Assuming that the total brush contact voltage drop is 2 V, calculate
e current and power delivered by the generator. ’

61 A 5(?-sz 240-V DC shunt generator has an armature resistance of 0.10 Q, a
field circuit resistance of 120 (1, and a total brush voltage drop of 2 V. The genera;or
gelivers rated current at rated speed and rated voltage. Calculate the following:

a. Load current

p. Field current

¢. Armature current

d. Armature induced voltage

68 A 10-kW, 1'20-V. DC shunt generator has an armature circuit resistance of 0.2 )
and a field circuit resistance of 240 (). The generator delivers rated current at ;ated
voltage and rated speed. Assume a total brush voltage drop of 2 V. Calculate (a) the
grmature current and (b) the armature induced voltage.

6.9 A compound generator has armature, shunt field, and series field winding resis-
m:ffl—sl Otf 0.2 Ql, 2(;0 Q, 0.2143), respectively. The generator induced voltage is 255 V,
and the terminal voltage is V. The generator is connected - ’
e ected for long-shunt compound

a. Calculate the power supplied to a load.
b. Fepeat part (a) if the generator is reconnected for short-shunt compound opera-
ion.

010 The shunt field current of a 60-kW, 125-V, DC generator has to be increased

fiom 4.0 A on no 1 i
. turns.no oad to 5.0 A at full load to produce zero regulation. Each field pole

a, Calculate the number of series field
: turns per pole to produce flat compoundi
assuming short-shunt connection. pounding.

b. Repeat part (a) assuming long-shunt connection.

6. N -
11 The open-circuit characteristic of a DC shunt generator is given by

3
: V) 60 120 170 210 240 265 285
1(A) 1 2 3 4 5 6 7
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The generator operates at a speed of 1200 rpm.

a. Plot the open-circuit characteristic.

b. From the open-circuit characteristic, find the maximum field-circuit resistance_
order that the self-excited shunt generator will build up. 1“

¢. Determine the value the no-load voltage will build up to for a field-circuit ey,
tance of 48 Q and a speed of 1200 rpm. %

6.12 A separately excited DC generator has the following open-circuit characteris‘.
when driven at 1200 rpm. ¢

E, (V) 100 200 300 400 500 600 I
It (A) 0.50 1.00 1.75 2.75 4.00 550 79

The field winding resistance is 120 €1, and the armature winding resistance is 0.2 ()
Assume a total brush voltage drop of 4 V. Armature reaction effects may be neglectei
The machine is driven at 1200 rpm as a self-excited generator.

a. Determine the terminal voltage on no load.
b. At full load when the armature winding current is 80 A, determine the termipy
voltage.
6.13 A DC machine is rated 10 kW, 250 V, 1750 rpm and has armature and fiel§

winding resistances of 0.2 () and 125 Q, respectively. The machine is self-excited ang
is driven at 1750 rpm. The data for the magnetization curve are

275
1.0

305 W
15 o

250
0.75

212
0.5

188
0.4

150
0.3

100
0.2

E, (V) 15 50
Iz (A) 0 0.1

a. Determine the generated voltage with no field current.

b. Determine the critical field circuit resistance.

¢. Determine the resistance of the field theostat if the no-load terminal voltage
250 V.

d. Determine the value of the no-load generated voltage if the generator is dri
at 1326 rpm and the rheostat is short-circuited.

e. Determine the speed at which the generator is to be driven such that the no-l
generated voltage is 200 V with the rheostat short-circuited.

6.14 The self-excited DC machine in Problem 6.13 delivers rated load when dfi‘ th
at 1750 rpm. The rotational loss is 450 W. Neglect the effects of armature reacli®

Calculate

a. The generated voltage
b. The developed torque
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¢, The field current
4. The efficiency of the generator
A DC shunt generator is rated 20 kW, 220 V, and 1800 rpm. It has armature

6'15 s .
feld winding resistances of 0.1 Q and 110 Q i
;ﬂagneﬁzation e I 1R00 s , respectively. The data for the

120
0.5

170
0.75

200
1.0

215
1.25

225
1.5

240
2.0

253
2.3

7 V) 5 25 60
® 0.0 0.1 0.25

The machine is connected as a self-excited generator.

a, Determine the maximum generated voltage.

p. The generator delivers full-load current at rated volta i
A. Determine the resistance of the field rheostat. ge with & field current of 2

¢. Determine the electromagnetic power and torque developed at full-load condition

d. Determine the armature reacti i i
petc ction effect in equivalent field amperes (/&) at full

616 The shunt generator of Problem 6.15 i
generator. is connected as a long-shunt compound

a. Draw a schematic diagram for the generator connection.

b. I?;?:Itl}i;e nt(l)lel nl(ljmbe; ?futlims per pole of the series field winding needed to
-load and full-load terminal voltages equal to the ra
. . . . t d
The_serles field winding resistance is 0.05 (), and the shunt field viinc;]i?lgaﬁé
N: = 1200 turns/pole. Assume armature reaction effect as in Problem 6.15d

6.11711 64{2220-V DC. shunt motor has armature and field winding resistances of 0.15 Q
an » respectively. The motor draws a line current of 5 A while running 'on no

load. When driving a load, the motor runs at 1 i
B e ol e s at 1100 rpm and draws 48 A of line current.

6. :

dulcforsAarlr(;nh};,d 2.30-V, 1150-r.pm., four-pple, DC shunt motor has a total of 596 con-

e g 151;12 a vvvvave winding hav1r'1g two parallel paths. The armature circuit

- 15 4. hen the motor delivers rated output power at rated speed, the
aws a line current of 38 A and a field current of 2 A. Assume that the ef'}ects

of armature reacti io
iy ction are negligible. Compute (a) the flux per pole and (b) the developed

619 A 10- .
ting rateclioogf, 230-.V, 1200-rpm DC series motor draws a current of 36 A when deliv-
0,20 () anc{)gt 1at dts rated ts.pe(id. :he armature and series field winding resistances
.1 £}, respectively. Assume that the magnetizati is 1i
it the effects of armature reaction are nealisible. gnetization curve is linear and

a, Fj :
Find the speed of this motor when it is taking a current of 24 A,

b. Determi
rmine the d :
part (a). eveloped torque of this motor for the load conditions of
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6.20 A 20-hp, 250-V, 1100-rpm DC shunt motor drives a load that requires a Cong
torque regardless of the speed of operation. The armature circuit resistance is 0, tay
When this motor delivers rated power, the armature current is 65 A. 0

a. If the flux is reduced to 75% of its original value, find the new value of army,
current. b
b. What is the new speed for the conditions of part (a)?

6.21 A shunt motor develops a total torque of 250 N-m at rated load. The §
flux decreases by 15%, and at the same time the armature current increases by 40‘?
Calculate the new value of torque. '

6.22 A 220-V DC shunt motor has an armature resistance of 0.2  and ,
armature current of 40 A. Assume a total brush voltage drop of 3 V. Calculate

Rlgg

a. The generated voltage
b. The power developed by the armature in watts
¢. The mechanical power developed in horsepower

6.23 A 120-V shunt motor has armature and field winding resistances of 0.10 g
120 Q, respectively, and a total brush voltage drop of 2 V. The motor operates at ralg
load and draws a line current of 41 A at a speed of 200 rad/s. Calculate

. The field current and armature current

. The developed power in kW

a
b. The counter emf

c

d. The developed torque in N-m

6.24 A 25-hp, 240-V shunt motor has an armature resistance of 0.20 {) and a bug
voltage drop of 4 V. The field circuit resistance is 120 {}. At no load, the motor dray
14 A and has a speed of 1700 rpm. At full load, the motor draws 82 A. Calculate

a. The motor speed at full load
b. The speed regulation
¢. The mechanical power developed at full load

6.25 A four-pole DC motor has a flux per pole of 10 mWb. The armature has 600 ¢
ductors, which are connected so that there are four parallel paths between the brushé
The armature resistance is 0.50 (), including the effect of brush drop. The machi
is connected to a source of 120 V, and the machine is loaded so that it takes ﬂlf
armature current of 50 amperes. Neglect the effect of armature reaction. Calculate I

a. The motor speed

b. The torque developed

¢. The speed regulation of the motor
6.26 In the DC motor of Problem 6.25, the effect of armature reaction, which W
previously ignored, is to reduce the main field flux by 15% under the load of 50 Al I
other data remain the same as in Problem 6.25. Determine the speed and horsep?
developed by the motor.

Y
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v A 10-hp, 230-V series motor has a line current of 37 A and a rated speed of
1‘7 00 TPI- The armature and series field resistances are 0.4 ) and 0.2 ), respectively.
Ti;e total brush voltage drop is 2 V. Calculate the following:

3 Speed at a line current of 20 A

b. No-load speed when the line current is 1 A

¢. Speed when the line current is 60 A and the series field flux is 125% of the
full-load flux.

28 A DC series_ motor is rated 230 V, 12 hp, and 1200 rpm. It is connected to a
’ 30-V supply, anq it .draws a current of 40 A while rotating at 1200 rpm. The armature
o series field winding resistances are 0.25 Q) and 0.1 Q, respectively.

a, Determine the power and torque developed by the motor.
p. Determine the speed, torque, and power if the motor draws 20 amperes.

29 A 40-hp, 230-V DC shunt motor has armature and field winding resistances of
029 and 115 (), respectively. At no-load and rated voltage, the speed is 1200 rpm

d the motor draws a line current of 5 A. If load is applied to the motor, its speed
4rops o IIOQ rpm. Assume that the effects of armature reaction are negligit;le. At this
Joad, determine

a. The armature current and the line current
b. The developed torque

¢. The horsepower output assuming the rotational losses are constant at 350 W.

630 A 2§O—V shunt motor delivers 15 kW of power at the shaft at 1200 rpm while
dawing a 1'1ne current of 75 A. The field and armature resistances are 250 © and 0.10
), respectively. Assuming a contact voltage drop per brush of 1 V, calculate (a) .the
torque developed by the motor and (b) the motor efficiency. ’

631 A 220-V DQ shunt motor has armature and field winding resistances of 0.15 Q
and 110 O, respectively. "'I‘h.e motor draws a line current of 5 A while running at 1200
pm on no load. When driving a load, the input to the motor is 12 kW, Calculate

a. The speed of the motor

b. The developed torque

¢. The efficiency of the motor at this load

6,

ﬁeﬁ .A ?30-\.7, DC shunt motor has an armature circuit resistance of 0.25 () and a
: 01rcu1.t resistance of 115 ). At full load the armature draws a current of 38 A and
©speed is measured at 1050 rpm. Neglect saturation.

A Find the developed torque in newton-meters.

b. . .
The field rheostat is adjusted so that the resulting field circuit resistance is 144

(). Find the new operating speed assuming the developed torque and armature
Current remain constant.

c‘ . .
::;u(rtl)l)mg that rotational losses amount to 600 W, calculate the efficiency in
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6.33 A 30-hp, 1150-rpm, six-pole shunt motor has an efficiency of 87% when
ating at rated load from a 240-V supply. The motor has armature and field TeSistapy.
of 0.10 Q and 120 Q, respectively. Determine R

a. The mechanical power developed
b. The developed torque
¢. The output shaft torque

6.34 A 20-hp, 240-V, four-pole shunt motor operates at rated load and 170Q
and an efficiency of 88%. It has armature and field resistances of 0.2 Q and 24(;;“'
respectively. Determine ’ )

a. The power input to the motor
b. The mechanical power developed
¢. The shaft torque

6.35 A DC shunt motor is rated 10 hp, 250 V and is connected to a 230-V SOurgy
The armature resistance is 0.2 €); the field circuit resistance is 125 ), and the tohi
rotational losses are 380 W. The motor is driving a load, and it draws an armagy,
current of 30 A while running at a speed of 1700 rpm. Calculate

a. The generated voltage
b. The value of the load torque
¢. The efficiency of the motor

6.36 A 220-V shunt motor delivers 20 hp to a load connected to its shaft on full log
at 1150 rpm. The motor full-load efficiency is 85%. The armature and field windig
resistances are 0.15 Q and 110 Q, respectively. Determine

a. The starting resistance such that the starting line current does not exceed twie
the full-load current

b. The starting torque with the starting resistance computed in part (a) inserted
the armature circuit

6.37 A 240-V, DC shunt motor has an armature winding resistance of 0.2 ohm. The
full-load armature current is 50 A. Find the value of the resistance to be connected
series with the armature circuit so that the speed is 75% of the rated speed if full-los
current flows.

6.38 An automatic starter is to be designed for a 10-hp, 230-V shunt motor. Th
resistance of the armature circuit is 0.20 €, and the resistance of the field circuit is 11
Q. The field winding is connected directly across the 230-V source. When operated®
no load and rated voltage, the armature current is 4 A and the motor runs at a
of 1180 rpm. When the motor is delivering rated output, the armature current is 37""
The resistance in series with the armature is to be adjusted automatically so that durlé
the starting period the armature current is allowed to rise up to but not exceed twice
rated value. As soon as the current falls to rated value, sufficient series resistance ‘5,'
be cut out (short-circuited) to allow the current to increase once more. This procest
repeated until all the series resistance has been cut out.
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g, Determine the total resistance of the starter.

A Calculate the resistance that should be cut out at each step in the starting process.

3 A 20-kW, 220-'V, 1800-rpm shunt motor has a total armature circuit resistance
i 4 ohm. The resistance of the shunt field circuit is 220 ohms. At starting, the
:ﬂaximum allowable armature current is twice the rated value. Determine the steps of

| sarting resistor and the speed attained by the armature at each step. Neglect the
[ffecf of armature reaction.
¢

440 A DC shunt generator is shown in Fig. 6.35. The generator is driven at constant
Speed~ The armature and ﬁe!d winding resistances are 0.2 () and 50 (), respectively,

d the armature and field winding inductances are 10 mH and 25 H, respectively. The
enerator temlqal voltage is passed through a low-pass filter with R = 1 Q and L
° | H. Determine the transfer function that relates the output voltage V, to the input
coltage V.. The generator constant is K, = 120 V per field ampere.

Shunt generator Low-pass filter

[
[
v | L v |
! | ff t R
\

\
|
|
.
I~
T T
| Constant speed I |

FIGURE 6.35 Shunt generator of Problem 6.40.

‘641 A separately excited DC motor is shown in Fig. 6.36. The motor drives a
mechanical load connected to its shaft. The motor is operated with constant field current.
The armature resistance is 0.5 (), and the armature inductance is negligible. The other
parameters of the motor are K, = 2 V/(rad/s) and K; = 1.5 N-m/A. The equivalent
inertia of the mechanical load and the motor is J = 10 kg-m?.

R, Iy
—
+
Vi Mechanical
load
Lyt
It T R
Vi

FIGURE 6.36 DC motor of Problem 6.41.



220 CHAPTER 6 DC MACHINES

a. Show the block diagram representation of the system.

b. Find the transfer function that relates the speed in rad/s to the voltage applje d

the armature circuit. [ Seve n
Let the applied voltage be V; = 200u(t), where u(z) is the unit step funeg;
Find the expression for the motor speed as a function of time ¢. 3

d. Find the steady-state speed of the motor.

Synchronous Machines

71 INTRODUCTION

A synchronous ma.tch%ne is an AC machine in which alternating current fl

in the armature qudlngs and DC excitation is supplied to the field wi d'OWS

The armature windings are designed to carry large currents at high ?t lﬂg:

therefore, they are located on the stator, The field winding is exciteg bVO il

qrrents at a lower voltage; thus, it is placed on the rotor. Y smaller

A.synchronous rpachine can be operated as a gener.ator or as a

Just !1ke other. rotating machines. However, it is different from the othrzrosto'n

| []t,;; ;t}fngﬁ:(r;t(l)rﬁ :gz:g is colnstacllnt. This speed is called synchronous speeclz’n
is related to the frequency of th i

| e number of magnetic poles © This relationshin Ls oemmeny

'} in the following eqfation (gee Cl(l):pttgre 5i0;22t12212 geIZa)t'lonShIP s cxpressed

I Where
fis = synchronous speed

P = number of poles
| [ = frequency

In i
’ rot(t)lrlea:i,;mtthed Statgs, the frequency is fixed at 60 Hz. Therefore, the type
bty applica:': requ1red' number of poles are basically dependent on the par-
Betor, ion, that is, on the speed rating. Thus, for high-speed turbo-
Mlired g foat operate at either 1800 rpm or 3600 rpm, the number of poles
B Synchrol;r poles or .two poles, respectively. Because of their high speeds
lindrion, ous machines have nonsalient, or round, or cylindrical rotors’
al-rotor synchronous machine is illustrated in Fig. 7.1. , .

AN
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FIGURE 7.1 Cylindrical-rotor synchronous machine.

On the other hand, low-speed synchronous machines like those in hydroelg

tric power plants have several pairs of poles and allow the use of salient-pole

or projecting-pole, rotors. A salient-pole synchronous machine is illustratedjy

Fig. 7.2.

DRILL PROBLEMS

D7.1 At what speed must a six-pole synchronous generator be run to generi
50-Hz voltage?

FIGURE 7.2 Salient-pole rotor synchronous machine.
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" Determine the number of poles required for an alternator driven by a
pir'ﬂe mover having a speed of 1200 rpm to generate AC at a frequency of 60
pr
fz:

3 Determine the frequency required to operate a 16-pole, 600-V syn-
hr;)nous motor at 375 rpm.
¢

12 ROUND-ROTOR SYNCHRONOUS MACHINES

en the cylindrical-rotor synchronous machine shown in Fig. 7.1 is operated
s a generator, the induced voltages expressed in phasor form, with the phase
s voltage chosen as reference phasor, are given by Eqgs. 7.2, 7.3, and 7.4 for
ghases 2 b, and c, respectively.

Ea = Erms&<> (7.2)
Epy = Epms /—120° (7.3)
Eon = Emms /—240° (7.4)

Fquations 7.2-7.4 give the voltages that can be measured at the generator
erminals when the stator windings are open. These voltages are due to the
flux produced by the rotor or field current.

The expression for phase voltage Erms has been derived in Chapter 5 and is
ewritten here as Eq. 7.5.

Ems = 4.44K fN, D, (7.5)
where
Ky = machine stator winding factor
f = frequency
N, = stator winding number of turns per phase
®, = flux per pole

DRILL PROBLEMS

D74 A three-phase, 60-Hz synchronous generator operating at no load has
d generated voltage of 620 V at rated frequency. If the pole flux is decreased
by 15% and the speed is increased by 10%, determine (a) the induced voltage
ad (b) the frequency.

D75 A three-phase, eight-pole, 900-rpm, wye-connected synchronous gen-
flator has 120 turns per phase and a stator winding factor of 0.90. A voltage
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of 2400 V is measured across the machine terminals on no load. Detel‘rni
the flux per pole.

lg

7.2.1 Equivalent Circuit of a Round-Rotor Machine

The voltage E, is the internal generated voltage produced across one phage 4
the synchronous generator when its terminals are open, or at no-load conditigp
However, this voltage E, is not the voltage V; that is measured at the terminalé
when the generator is supplying stator current to an electrical load.

When no load is connected to the generator terminals, the rotor magnegy
field F; induces the internal voltage E,. Since there is no stator current at pg
load, the terminal voltage V, is equal to E,.

Consider a lagging power factor load connected to the generator termingjg
A stator current I, will flow that lags the internal voltage E,. This Currep
flowing through the stator, or armature, windings produces a synchronoyg|
rotating field Fy at the same angular speed as the rotor magnetic field F
The stator magnetic field induces a second voltage Es in the stator windings_
Because E has been produced by the armature current, it is called armatug
reaction voltage.

The two magnetic fields Fs and F, are rotating at the same angular velog:
ity. Hence, the respective induced voltages E and E, have the same angulg
frequency. Therefore, they can be combined or added as phasors to give thg
resultant voltage E;.

Ei=E,+ E (7-6)
This resultant voltage can also be thought of as the internal voltage induceg
by the net magnetic field F; in the air gap, which is the sum of the stator and
rotor magnetic fields:

F, = F, + F .1

The phasor voltages and currents and the various magnetic fields are illus:
trated in Fig. 7.3.

The armature reaction voltage E,, is directly proportional to the amount of
stator current flowing. It is 90° behind the stator current I,. Thus, E, may b
expressed as a voltage drop:

Ex = _anrIa (78)
where X, is a proportionality constant. Therefore, the net or resultant voltage
may be expressed as follows.
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N
¢r N IFt
ot }
|
|
|
|
|
/ : l Ea
\
Es ¢arFS By Es=E,
Ia
FIGURE 7.3 Synchronous generator voltages and magnetic fields.
E:=E, - jX,I, (7.9)

Equation 7.9 may be recognized as Kirchhoff’s voltage equation for the circuit
of Fig. 7.4.

In an actual physical synchronous generator, the net or resultant magnetic
field present in the air gap is realistically not linked completely by the stator
windings. The portion of the magnetic flux that does not link the windings is
referred to as the leakage flux ¢,. This leakage flux leads to a voltage drop
aeross what is called leakage reactance X, . In addition, the stator windings in-
herently contain resistances that give rise to an armature resistance drop. Thus,-
the overall equivalent circuit of the synchronous generator may be presented as
shown in Fig. 7.5.

It is customary to add the leakage reactance to the reactance due to armature
reaction to form what is referred to as synchronous reactance X,. Thus,

X = Xor + X (7.10)
AFinally, the equivalent circuit of the synchronous generator is presented in
fig. 7.6. This equivalent circuit is on a per-phase basis; the voltages are given

JXar _IEL
SRR O
+ <+
Q- E
O

FIGURE 7.4 Internal equivalent circuit.
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anI Ra la

JXar

FIGURE 7.5 Overall equivalent circuit.

in line-to-neutral volts, and the resistance and reactance are in ohms per Phage
In the per-phase representation, the line current is equal to the phase currep

The phasor diagram illustrating the relationships among the different phasOﬁ
is shown in Fig. 7.7 for a synchronous generator supplying a lagging POwgy
factor load.

DRILL PROBLEMS

D7.6 A three-phase, 10-kVA, 208-V, four-pole, wye-connected synchronous
generator has a synchronous reactance of 2 {) per phase and negligible armafyg
resistance. The generator is connected to a three-phase, 208-V infinite byg;
Neglect rotational losses.

a. The field current and the mechanical input power are adjusted so thy
the synchronous generator delivers 6 kW at 0.85 lagging power factog
Determine the excitation voltage and the angle 6.

b. The mechanical input power is kept constant but the field current §§
adjusted to make the power factor unity. Determine the percent changg
in the field current with respect to its value in part (a).

D7.7 A three-phase, 500-kVA, 12-kV, wye-connected synchronous generaiof
has an armature resistance of 1.5 ) and a synchronous reactance of 36 . A
a certain field current, the generator delivers rated kVA to a load at 12 kV ané
0.866 lagging power factor. For the same field excitation and the same kVA
load but at a leading power factor of 0.9, what will the terminal voltage bef

.

FIGURE 7.6 Equivalent circuit of a synchronous generator.
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FIGURE 7.7 Phasor diagram for a round-rotor synchronous generator.

122 Open-Circuit and Short-Circuit Characteristics

Two pasic characteristics of the synchronous machine are of interest. These are
e open-circuit characteristic and the short-circuit characteristic, and they are
disCussed ahead.

en-Circuit Characteristic The relationship described by Eq. 7.5 is plot-
d in Fig.7.8. This plot is referred to as the magnetization curve, or saturation
curve, or open-circuit characteristic (OCC) of the synchronous machine.

The open-circuit characteristic is derived experimentally by driving the syn-
chronous machine at synchronous speed and measuring the terminal voltage
(1ine-t0—line) on no load, or at open circuit, for various values of field cur-
ent. The straight line drawn tangent to the lower portion of the OCC is called
the air-gap line; it gives the value of generated voltage if saturation is not
present.

Short-Circuit Characteristic Consider a synchronous generator initially op-
erating at steady state and rated voltage at open circuit. Suppose a short circuit
is suddenly applied to its terminals. A transient condition would ensue, and
the stator current would rise to a high value. After a while the transients would

Eq Vi

Air-gap line occ

ScC

4

Ey
k) %

FIGURE 7.8 Open- and short-circuit characteristics.
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die down and the stator short-circuit current would settle to a new steacly.state
value.

If readings of short-circuit current are taken and plotted for different Valyg
of field current, the plot described is called the short-circuit characte,»isn,c
(SCC) of the synchronous machine. A typical SCC exhibiting its linear feat\lm
is shown in Fig. 7.8 together with the OCC.

Calculation of Synchronous Reactance from OCC and SCC The Opey.
circuit and short-circuit characteristics of the synchronous machine can be yg ’
to determine the value of its synchronous reactance. It is seen from Fig, 19
that at short-circuit conditions, the stator current is

E,

Rut X 71

Ia,sc =

In most synchronous machines, the armature resistance is negligible cop
pared to the synchronous reactance. If the value of R, is set equal to zero, fhy
value of X may be found from Eq. 7.11. This value of unsaturated synchrongy
reactance is found from Fig. 7.10 by reading the line-to-line voltage from g
air-gap line and dividing by the current read from the SCC corresponding fy
the field current that produces the air-gap voltage; thus,

_ EaugA3 _ VA3

Xs,unsat = IO’b

(7.1

Ia,sc

The saturated synchronous reactance may also be found from Fig. 7.10
by taking the rated terminal voltage (line-to-line) measured on the OCC and
dividing by the current read from the SCC corresponding to the field curren
that produces rated terminal voltage. Thus,

_ ‘/E,rated/\/g — ‘/E)c/\/g

Xs,sat - I()Vb

(7.8

Ia,sc

FIGURE 7.9 Short-circuited synchronous generator.
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Ea it Air-gap line
ap————
| occC Is
|
|
c|l—m—— JI—
|
|
|
{ scc
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i1y b
E, \
+o Iq 9

FIGURE 7.10 Calculation of synchronous reactance from open-and short-circuit characteristics.

EXAMPLE 7.1

A three-phase, wye-connected, two-pole synchronous generator is rated at 300
kVA, 480 V, 60 Hz, and 0.8 PF lagging. The open- and short-circuit charac-
eristics are given in Table 7.1.

a. Determine the unsaturated synchronous reactance.

b. Determine the saturated synchronous reactance at the rated conditions.

Solution  The open-circuit and short-circuit characteristics of this machine are
plotted in Fig. 7.11.

a. The unsaturated synchronous reactance is found by using the line-to-
line voltage measured from the air-gap line and the short-circuit current

Table 7.1  Generator Characteristics of Example 7.1
Iy ocCcC AG line SCC
(A) (Vi) (VL) (A)
1.0 120
2.0 240
3.0 340
4.0 430
5.0 480 600 360
6.0 520
7.0 540
8.0 550
9.0 555
10.0 560
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KL Air-gap line
600} —————
| occC
|
\
|
480 ———/— >
8 ‘ I (A)
|
: SCC
|
_\L R 360
E, | 0
T o 5.0
I (A)

FIGURE 711 Open- and short-circuit characteristics of machine of Example 7.1,

corresponding to a field current Iy = 5.0 A; thus,

Xunsat = (600/4/3)/360 = 0.962 Q per phase

b. The saturated synchronous reactance is found by using the rated termipg
voltage (line-to-line) as measured from the OCC and the short-cireyj
current corresponding to a field current I; = 5.0 A; thus,

X, = (480A/3)/360 = 0.770 Q per phase

7.2.3 Voltage Regulation

Just as in transformers and DC machines, a measure of the performance of &
synchronous generator is its voltage regulation, which is defined as

Voltage regulation = Y%—VEIOO% (7.14)
fl
where
V,; = voltage at open-circuit, or no-load condition
Vi = voltage at rated, or full-load, condition

The full-load voltage V; is the same as the terminal voltage V;, and Va i’.
equal to the corresponding generated voltage E,. Thus, voltage regulation Mas
also be expressed as

-V

t

(.18

Voltage regulation = Es 100%
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'ExAMPLE 7.2

Calculate the percent voltage regulation for a three-phase, wye-connected, 20-
MVA’ 13.8-kV synchronous gene:rator operating at full-load, or rated, con-
itions and 0.8 power factqr lagging. The synchronous reactance is 8 () per
phﬁse’ and the armature resistance can be neglected.

Soluﬁon The rated voltage of 13.8 kV is normally given as a line-to-line
soltage- The per-phase terminal voltage is taken as reference phasor; thus,

V, = (13.8 X 103A4/3) £0° = 7967 /0° V (line-to-neutral)

At rated operating conditions and 0.8 power factor lagging, the stator current
is found as

L = _Suted /—cos”! PF
\/E V}ated
0X10 05108 = 836.7 /~36.9° A
= ———— /—C0s 8 = 7 /-36.9°
3873 L2508 " Ho P
The generated voltage is computed as follows:

E, = Vi + Li(R, + jXy)
7967 /0° + (836.7 /—36.9°)(0 + j8)
13,125 s24.1° V. (line-to-neutral)

Since the stator current I, = 0 at no load, |Vy| = |E,|. Therefore, the percent
voltage regulation is computed as follows:

E,-V;
t
13,125 — 7967
Bl 7967

Voltage regulation 100%

100% = 64.7%

DRILL PROBLEMS

?12’8 A.three-phase, 1000-kVA, 12-kV, wye-connected synchronous gener-

! I supplies 750 kW at 12 kV and 0.8 lagging power factor load. The syn-
onous reactance is 30 () per phase, and the armature resistance is negligible.
dleulate the voltage regulation.
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D7.9 A three-phase, 1500-kVA, 13.2-kV, wye-connected synchronous g
erator has an armature resistance of 0.5 () and a synchronous reactance of gn‘
Q. The generator is supplying rated load at rated voltage. 9

a. Calculate the generated voltage at unity power factor, at 0.8 PF laggi,
and at 0.8 leading power factor. &

b. Calculate voltage regulation for each of the loads specified for part (a)

7.2.4 Power-Angle Characteristic of a Round-Rotor Machine

The maximum average power that a synchronous machine can deliver ig gq.
termined by the maximum mechanical torque that can be applied without Jog
of synchronism with the external system to which the synchronous machipg
is connected. In this section, an expression for the power supplied by the
synchronous generator is derived in terms of the parameters of the machipg
equivalent circuit and of the system.

For the purpose of this analysis, the external system is represented by g
inductive reactance X, in series with an ideal voltage source Ve. The syp
chronous machine is represented by its excitation voltage E, in series with i
synchronous reactance Xs. The armature resistance is assumed to be negligible
Figure 7.12 shows the per-phase circuit representation.

The per-phase terminal voltage is taken as the reference phasor:

Ve = /0% (7.1}
The generated voltage is expressed as
E, = E. /8 (7.10)

The angle 6 is called the power angle. For a synchronous generator, 0 is alwas
a positive angle; that is, the generated voltage leads the terminal voltage b
the angle 8.

Synchronous machine External system

FIGURE 712 Synchronous generator connected to external system.
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The stator current is found as
I = Ea - Vt
a - f;
X, (7.18)

The ?orgplex power delivered by the synchronous generator to the external
gystem is given by

S=P+j0 =3V, (7.19)
Substituting Eq. 7.18 into Eq. 7.19, and simplifying, yields
; E./—=6 -V, /0°
P+jQ =3V 00— Cra
—JjXs
E.V, V2
=3<§fl:iiﬁﬁ—j§> (7.20)
S

The real part and the imaginary part of Eq. 7.20 represent the three-phase
real power P and the three-phase reactive power Q, respectively.

E.V; .
P = 3—XS sin & (7.21)
_ 4 [Ea% Vi
Q= 3<Xs cosd — )Tts) (7.22)

Eq.uation 7.21 .is called the power-angle characteristic for the synchronous
machine. Its plot is called the power-angle curve, and it is shown in Fig. 7.13.

1
0° 90° 180° "

FIGURE 713 Power-angle curve and torque-angle curve.
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The maximum power Ppnax delivered to the external system occurs Wh
8 = 90°; that is,

E %t
X, (7.2

Prax =3

The maximum torque Tyax that can be applied to the shaft of the synchrong,
generator without stepping out of synchronism, also called the pull-out torqu
is related to the maximum power Pmax by

(7.2

Equations 7.23 and 7.24 give the maximum power and maximum torque;
respectively, that a synchronous generator can deliver before it steps out of
synchronism. Another important parameter to consider is the synchronous gey.
erator MVA rating, which specifies the maximum power that the generator cg
deliver to an electrical load, continuously without overheating, at a specifigg
voltage and power factor. Thus, the real power (MW) output of the generatgy
is limited to a maximum value equal to its rated MVA at rated voltage apg
unity power factor.

A synchronous generator is said to be overexcited if it delivers, or supplies;
reactive power to the load. It is said to be underexcited if it receives, g
absorbs, reactive power. An overexcited synchronous generator operates atg
lagging power factor. The underexcited generator operates at a leading powes
factor.

EXAMPLE 7.3

A 25-kVA, 230-V, three-phase, four-pole, 60-Hz, wye-connected synchronou
generator has a synchronous reactance of 1.5 {)/phase and negligible stalof
resistance. The generator is connected to an infinite bus (of constant voltage
magnitude and constant frequency) at 230 V and 60 Hz.

a. Determine the excitation voltage E, when the machine is delivering rated
kVA at 0.8 power factor lagging.

b. The field excitation current I is increased by 20% without changing €
power input from the prime mover. Find the stator current I,, poWes
factor, and reactive power Q supplied by the machine.

¢. With the field excitation current I; as in part (a), the input power fr0m
the prime mover is increased very slowly. What is the steady-state Timil
Determine stator current I,, power factor, and reactive power Q.
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Solufion
g, The terminal voltage is taken as reference phasor. Thus,

Vi = (230A/3) £0° = 132.8 /0° V (line-to-neutral)
The stator current is obtained as follows:

2200\39 7= cos™! 0.8 = 62.8 F—36.9°% A

The excitation voltage is calculated as follows:

E, = Vi+ L(R. + JXs)
132.8 /0° + (62.8 /—36.9°)(0 + j1.5)
203.8 #21.7° V  (line-to-neutral)

Il

I

Therefore, the line-to-line excitation voltage magnitude is
E, = 203.84/3 = 353 V (line-to-line)

The power angle is the phase angle by which E, leads Vi, and it is
given by

6 =21.7°
b. The excitation voltage magnitude is increased by 20%; that is,
= 1.20E, = (1.2)(203.8) = 244.6V (line-to-neutral)

Since the input power from the prime mover remains unchanged, P’ =
P. Therefore,

3(EVi/X)sin 8’
244 .6sind’

3(E,V;/X,)sin b
203.8sin21.7°

I

Solving for the new power angle yields

&' =17.9°
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Hence, the stator current is calculated as follows:

L = E. - Vi
a = ——sz
244.6 /17.9° — 132.8 /0°

= - = 83.4/-53° A
j1.5

The power factor is
PF = cos53° = 0.60 lagging
The reactive power is found as follows:
Q = 3Vil,sin® = 3(132.8)(83.4)sin53° = 26.5 kVAR

Alternatively, the reactive power may be obtained by using Eq.7.

2
_3 (244.6)(132.8) cos 17.9° — (132.8)

Q= X G = 26.5 kVAR

¢. With the field excitation current as in part (a), the excitation voltag
magnitude is
E, = 203.8V (line-to-neutral)

The steady-state limit is the maximum power Prax of the generator, ai
it occurs at & = 90°. Therefore,

Pmax = 3E.Vi/Xs = 3(203.8)(132.8)/1.5 = 54.13 kW

The maximum power condition is depicted in Fig. 7.14.

FIGURE 714 Phasor diagram at maximum power condition.
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Based on the phasor diagram shown in Fig. 7.14, the stator current is
computed as follows:

L = Ea_Vt
a —sz
203.8 /90° — 132.8 /0° .
= 15 = 162.2 733.1° A

The power factor is given by
PF = cos(/V; — /I;) = cos(0° —33.1°) = 0.84 leading
The reactive power is given by
Q = 3Vil,sin6 = 3(132.8)(162.2)sin(—33.1°) = —35.3 kVAR
Alternatively, the reactive power may be found by using Eq. 7.22.

2
—(203'81)(5132‘8) cos 90° — (1312'58) = —35.3 kVAR

Q=3

DRILL PROBLEMS

D7.10 A three-phase, six-pole, 60-Hz synchronous generator has a syn-
chronous reactance of 4 {) per phase and a terminal voltage of 2300 V. The
field current is adjusted so that the excitation voltage is 2300 V at a power
angle of 15°. Find

a. Stator current

b. Power factor

¢. Output power

d. Torque required to drive the machine
D7.11 A three-phase, 12-kV, 60-Hz, wye-connected generator has a syn-
Chrpnous reactance of 15 () per phase and negligible armature resistance. For
dgiven field current, the open-circuit voltage is 13 kV.

a. Calculate the maximum power developed by the generator.

b. Determine the armature current and power factor for the maximum power
condition.
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7.2.5 Efficiency

A power flow diagram for a synchronous generator is shown in Fig. 7.15
input consists of the mechanical power supplied to the machine shaft from ¢
prime mover, and the output is the AC electrical power delivered to the log
The DC electrical power input to the field circuit for field excitation has not beg,
included in Fig. 7.15 because this power is supplied from a separate DC SOUrcn

The losses of the synchronous generator are classified in the same manpg, %
in DC machines. Copper losses are present in the three stator windings (3 2R
Since the field circuit is excited from a separate DC source, the field Windi;'
copper losses (Iszf) are not included. Mechanical losses consist of bean’n
friction and windage losses. Hysteresis and eddy current losses constitute
core losses. Other unaccounted losses are grouped under stray losses ang a
usually assumed to be equal to 1% of the machine power output.

The efficiency of the synchronous generator is defined as

n = Poutput 100%
input
P, output
Poutput + Z(losses)

_ Pinpuc — 2(losses) 100%

input

100%

(1.2§)

7.3 SALIENT-POLE SYNCHRONOUS MACHINES

The salient-pole synchronous machine has a nonuniform air gap, as discussed
Chapter 5. Hence, the equivalent circuit and power-angle characteristics derivel
for nonsalient-pole, or round-rotor, machines have to be modified before they
can be applied to salient-pole machines. These modifications are discussed
this section.

|
} Poutput = 3Vila C0S 0

|
Pinput '—" Tapp ®m

I2R losses

Mechanical
losses

Stray
losses

FIGURE 715 Power flow diagram for a synchronous generator.
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73.1 Equivalent Circuit of a Salient-Pole Machine

psider a salient-pole synchronous machine whose armature resistance can

assumed to be negligible. The flux path through the protruding poles is
called the direct axis, and the flux path through the large air gap is called
e quadrature axis. Because of the much shorter air gap between the stator

d the salient poles, the flux along the direct axis encounters lower reluc-

nce- The flux along the quadrature axis, on the other hand, encounters much
oher reluctance. Hence the principles and formulas that have been derived
fo the round-rotor synchronous machine cannot be used for the salient-pole
machine. '

The two-reactance theory is used to describe the operation of salient-pole
qachines. It takes into account the difference in the reluctances in the direct-
axis and quadrature-axis flux paths. The stator current I, is resolved into two
qutually perpendicular components: the direct-axis component I is along the
axis of the rotor salient pole, and the quadrature-axis component I is in quadra-
wre to Iq. As shown in the phasor diagram of Fig. 7.16, I, is the phasor sum
of Iy and Ig:

L =1+], (7.26)

Corresponding to the d axis and q axis and associated with each current
component, a reactance is defined. These reactances are called direct-axis re-
actance X4 and quadrature-axis reactance Xq and are associated with Iy and
I,, respectively. Values of X4 and X are available from the manufacturer
of synchronous machines. Hence, the equivalent circuit looks as shown in
Fig. 7.17.

Based on the phasor diagram of Fig. 7.16 and the equivalent circuit of Fig.
7.17, the voltage-current relationship for a salient-pole machine is written as

E, = Vi + jX4ly + jXglg (7.27)
Equations 7.26 and 7.27 are used to analyze a salient-pole machine.

JXqlq

JXalg

FIGURE 7.16 Phasor diagram for a salient-pole synchronous generator.
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FIGURE 7.17 Equivalent circuit of a salient-pole synchronous generator.

EXAMPLE 7.4

A 75-MVA, 13.8-kV, three-phase, eight-pole, 60-Hz salient-pole synchronollS
machine has the following d-axis and g-axis reactances: Xq = 1.0 pu ang
Xq = 0.6 pu. The synchronous generator is delivering rated MVA at Tateg
voltage and 0.866 power factor lagging. Choose a power base of 75 MVA ang
a voltage base of 13.8 kV. Compute the excitation voltage E,.

Solution The following calculations are performed in per unit using a Powey
base of 75 MVA and a voltage base of 13.8 kV. The per-unit terminal voltagg
V. is taken as reference phasor; thus

Vt =1.0 ﬁ
Atrated conditions and 0.866 PF lagging, the per-unit stator current is given by
I, =1.0/=-30°

Refer to the phasor diagram of Fig. 7.18. The expression for E, is given by
Eq. 7.27 and may be rewritten as follows:

E, = Vi+ jX4ly + jXlg + (G Xla — jX¢la)
= Vi + jXq(g + Lg) + j(Xq — Xg)la
=V + jXan + ](Xd - Xq)Id
=E' + jXq - X9l

(7.28)

FIGURE 7.18 Phasor diagram for a salient-pole synchronous generator.
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\Vhere

E = Vi + jXg, (7.29)

From Fig. 7.18, it may be seen that the phasor j(X4q — X)I4 lies parallel to
Therefore, E' = V;+ jX I, must be in parallel with E,. This implies that
h: phase angle of E' is equal to the phase angle of E,, which is 6. Hence,
{

E' = 1.0/0° + (j0.6)(1.0 /=30°) = 1.40 /21.8° pu

perefore, angle & is equal to 21.8°.
The angle between E. and I, is found as follows:

(6 +6)=21.8°+30° =51.8°

This angle is used to resolve I, into its components:

Iy = [Lasin(é + 6)] /6 — 90°

= [1.0sin51.8°] /21.8° —90° = 0.786 /—68.2° pu
Iy = [acos(d + 6)] /&

= [1.0c0s51.8°] /21.8° = 0.618 ,21.8° pu
Substituting the values of Iy and I, into Eq. 7.27 yields

E,

1.0 £0° + (j1.0)(0.786 /—68.2°) + (j0.6)(0.618 ,21.8°)
1.714 ,21.8° pu

Alternatively, E, may be calculated using the known value of E’ and the fact
that these phasors are in phase with j(Xq — X¢)I4. Therefore, the magnitudes
of the phasors E’ and j(Xg — X¢)I4 add directly. Thus,

E, = E'+ X4 — Xpl4
= 1.40 + (1.0 — 0.6)(0.786) = 1.714 pu

Therefore, the excitation voltage phasor is found as follows:

E, = E, /8 = 1.714 s21.8° pu = 23.6 /21.8° kV
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FIGURE 7.19 Equivalent circuit of a synchronous generator connected to an external SYste
,

7.3.2 Power-Angle Characteristic of a Salient-Pole Machine

The derivation of the expression for the power generated by a saliem_pok
synchronous machine is similar to that of a round-rotor synchronous Mach,
Consider a salient-pole synchronous generator connected to an external pgy,
system. The per-phase equivalent circuit is shown in Fig. 7.19. The relatigy
ships among the phasors V¢, E,, I,, I4, and I are shown in the phasor diagram
of Fig. 7.20.

The generated voltage is taken as reference phasor; thus,

E, = E, /0° (7.3(])
Vi=Vi/=8 73

From the phasor diagram of Fig. 7.20, the expressions for the magnitudy
of the d-axis and g-axis components of the current are found as follows:

Visin &
Iq = T (732)
E, — Vicosé
Py me P e 7.3
d X4 (1.3

The expression for the complex power delivered by the synchronous genee
ator to the external system is given by

S=P+jQ =3V =3V /=8(Iq/0° + I4/—90°" (1.3
Ea
iXqlg
JXalg

FIGURE 7.20 Phasor diagram for a salient-pole synchronous generator.
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gubstituting Eqgs. 7.32 and 7.33 into Eq. 7.34, and simplifying, yields the
gsions for the real power P and reactive power Q.

exPre
E.V; . V2 <1 1 ) .
P=3 sind + -+ (= — — |sin20 (7.35)
{Xd 2 \X, X4
E.Vi 5 (sin?8  cos?d ]
= = 7.36
0 3[Xd cos & Vt< X + X, (7.36)

On the right-hand side of Eq. 7.35, the first term is identical to the ex-
ression for the power delivered by a round-rotor synchronous generator. The
gcond term represents the effects of generator saliency, and it is called the re-
uctance power. The plot of Eq. 7.35 is the power-angle curve for a salient-pole
gchronous generator. It is shown in Fig. 7.21.
The direct-axis reactance X is larger than the quadrature-axis reactance Xg.
when the salient-pole machine approaches a round rotor, the values of X4 and
& will both approach the value of X;. When this substitution is made, Eqs.
735 and 7.36 will reduce to Eqs.7.21 and 7.22, respectively.

)

EXAMPLE 7.5

For the 75-MVA, 13.8-kV synchronous generator of Example 7.4, the excita-
iion voltage E, and the terminal voltage V; are kept constant at their respective
values of 1.714 pu and 1.0 pu. Choose a power base of 75 MVA and a voltage
pase of 13.8 kV. Find the maximum real power and maximum apparent power
that the generator can deliver.

p
P(8)
EVt
3 Td—.sm 8
0° 90° 180°
Reluctance
power
FIGURE 7.21 Power-angle curve of a salient-pole synchronous generator.
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Solution

a. The per-unit real power that the generator delivers is found by Using Eq
7.35. :

_ (1.714)(1.0) . (1.0)2 [ 1 B
10 s1n6+—2 (—

1.
06 m)stS
1.714siné + 0.333sin 26

For maximum power, differentiate P with respect to 8, and set the deriy,
tive equal to zero; thus, 1

Z—}; = 1.714cos & + 0.666 cos 26

By applying a trigonometric identity on cos 26 and simplifying,
1.333cos? 8 + 1.714cos 8 — 0.666 = 0.0

This equation is a quadratic equation in terms of cos 6 and can be solyg
by using the quadratic formula. Thus,

cosd = 0.313 or cosé = —1.60

The second solution is obviously extraneous; therefore,
6 = cos10.313 = 71.8°

To check whether § = 71.8° yields a maximum, the second derivati
is evaluated:

d2p . .
57 = —1.714siné — 1.333sin26

—1.714sin71.8° — 1.3335in[(2)(71.8°)] = —2.42

Since d?P/d&% < 0, P is maximum at & = 71.8°, and the maximu
power Pp,x is computed as follows:

Pmax = 1.7145in71.8° + 0.333sin[(2)(71.8°)] = 1.826 pu = 137 MW

b. The reactive power delivered at 6 = 71.8° is obtained by using Eq.
(7.36).
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sin®71.8

(1.714)(1.0) L cos271.8° }
0.6 1.0

1.0
—1.066 pu = —80 MVAR

cos71.8° — (1.0)2(

The total MVA is computed as follows:

S = J(1.826)2 + (—1.066)2 = 2.114 pu = 158 MVA

DRILL PROBLEMS

D7'12 A three-phase, 100-MVA, 12-kV, 60-Hz, salient-pole synchronous ma-
chine has direct-axis and quadrature-axis reactances of 1.0 pu and 0.7 pu, re-
Spectively. The stator resistance may be neglected. The machine is connected
o an infinite bus and delivers 72 MW at 0.8 power factor lagging.

a. Use V, as reference phasor, and draw the phasor diagram. Determine the
excitation voltage and the power angle.

p. Determine the maximum power the synchronous generator can supply if
the field circuit becomes open. Determine the machine current and power
factor for this condition.

p7.13 A 50-kVA, 480-V, three-phase, wye-connected, salient-pole syn-
chronous generator runs at full load at 0.9 leading power factor. The per-phase
direct-axis and quadrature-axis reactances are 1.5 ) and 1.0 (), respectively.
The armature resistance is negligible. Calculate (a) the excitation voltage and
(b) the power angle.

74 GENERATOR SYNCHRONIZATION

An individual synchronous generator supplying power to an impedance load
acts as a voltage source whose frequency is determined by the speed of rotation
of its prime mover and whose voltage is determined by its excitation system.
The major disadvantage of such an operating practice is that anytime the gen-
erator is out of order, or is under maintenance, the supply of electricity to the
load is interrupted.

The electricity supply systems of industrialized countries have hundreds
of synchronous generators operating in parallel. These generators are inter-
tonnected by a network of transmission lines and substations. The main reasons
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for interconnection are reliability of service, economy of power system
tion, and improved operating efficiency of the individual generators.

The point of connection of the generator to the power system is cal]
an infinite bus. The infinite bus can be represented as a voltage SOurce
constant magnitude and constant frequency. When a synchronous genery
is connected to a large power system, the frequency and rms voltage a¢ thr
generator terminals are fixed by the power system. :

The process of properly connecting a synchronous generator in paralle] Wiy
the other generators in the power system, or to the infinite bus, is calleq .
chronization. In order to synchronize properly, the following conditions haye
to be satisfied:

OPerg

1. The magnitude of the terminal voltage of the incoming generator g
be the same as the voltage at the point of interconnection with the Powgy
system or infinite bus.

2. The frequency of the incoming generator must be the same as the fre.
quency of the power system or infinite bus.

3. The generator must have the same phase sequence as the infinite bus,

4. The phase angles of corresponding phases of the incoming generator ang
the power system must be equal.

To verify that these conditions for connecting the incoming generator in
parallel with the infinite bus are satisfied, a set of three synchronizing lampg
may be used. The schematic diagram for the connection of these lamps for
synchronization in a laboratory setup is shown in Fig. 7.22.

The field rheostat of the generator is adjusted to vary the field curren
until the generator voltage V5 becomes equal to, or slightly greater than, the
infinite bus voltage V. If the phase sequences of the generator and the infinite

Infinite bus

o o

V71—
. A BO, co
Circuit %\/ ) D ) Y Synchronizing
breaker - ~ = ~ 7 ~ lamps

a b c an N T
<—V2—>
S o

Synchronous generator

FIGURE 7.22 Schematic diagram for synchronization using synchronizing lamps.
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are different, the three lamps will brighten up alternately. To correct for
U",S improper condition, any two of the three connections to the synchronous
s 1at0r are interchanged. If the phase sequence is correct, the lamps are all
gefl (’ilrt or are all dark at the same time. If the frequencies are slightly different,
bet fhree lamps will brighten or darken at the same time. The speed of the
¥ e mover of the synchronous generator is adjusted so that the generator’s
P gency is the same as that of the infinite bus, at which time all lamps stay
e When all four conditions are satisfied simultaneously, the circuit breaker
. cl;)Sed» and the generator is now operating in parallel with the rest of the

yrlchronous machines of the system.
5

DYNAMICS OF THE PRIME

‘73 MOVER-GENERATOR SYSTEM

The previous discussions have dealt with modeling and analyzing a synchronogs
nachine under steady-state conditions. In steady state, thf: electromagnetic
orque and mechanical torque balance each other. The machine operates at the
synchronous speed determined by the number of poles and the frequency of
he power system, which is normally 60 Hz. .

When the load on the synchronous generator changes, that is, when the
power demand either increases or decreases, the machine will eithgr decelergte
or accelerate temporarily. Hence, the dynamics of the rotor come into the pic-
wre. There is now a need to apply Newton’s second law of motion. Application

of Newton’s second law results in

dwy

JW = Tn— T (7.37)
where
J = moment of inertia of the rotor (N-m-s?)
om = speed of the rotor (rad/s)
dwy/dt = angular acceleration of the rotor
T = shaft mechanical torque (N-m)
T. = electromagnetic torque (N-m)

The angular acceleration may also be expressed in terms of the second
derivative of the angular displacement:

dwny d%0,

TR 739

The angle 6., represents the angular position of the rotor with respect to some
Mationary reference frame. It is convenient to measure the rotor angular position
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with respect to a synchronously rotating reference frame instead of a sty

frame. o
On(t) = wmst + Om(?) (7 %
where J
wm,s = synchronous angular velocity of the rotor
dm = rotor angular position with respect to the synchronously oty
reference frame g
For a synchronous generator with p poles, the electrical radian frequene
and the rotor angle & are given by .
2
wn(t) = <_)w(t)
p
(7.4

Sm(t) = <3>6<r)
P

Substituting Eqs. 7.39 and 7.40 into Eqs. 7.37 and 7.38 and simplifying,

2 d*
;JW:TIH_TC

(7.4

Equation 7.41 is known as the swing equation and is used to solve for f
electromechanical dynamics of the synchronous machine. It should be nofg
that Eq. 7.41 is written for generator action. The electromagnetic torque T,
found as follows:

E.Vi

T. = 3 siné = Kgsiné (7.4
WA
where
E.V;
K, =3—2L !
. WX, 74

The quantity K is called synchronous torque coefficient. For dynamic andt
ysis, K can be taken as a constant.

EXAMPLE 7.6

Express Eq. 7.41 in terms of power.

Solution  Multiply both sides of Eq. 7.41 by wy, = (2/ p)w, where w = 2
and f = 60 Hz. On the left-hand side of the equation, let the synchronous ottt
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jocity @s represent the approximate value of wy. Thus,
7
2 d%s
_wsJ—2 = onTm — onTe (7.44)
P dt

The first term on the right-hand side of Eq. 7.44 is the mechanical power
and the second term is given by Eq. 7.42. Therefore, Eq. 7.44 may also

e . .

e written as

2 d?s

E. V. .
£ aVt

= P, —3——siné

hadiing 7.45
dt? X ( )

16 SYNCHRONOUS MOTOR PERFORMANCE

The equivalent circuit and torque equations derived for a synchronous generator
lso apply to synchronous motors. Therefore, analyzing the performance of a
qotor parallels the analysis of generator performance. The per-phase equivalent
circuit of the synchronous motor is shown in Fig. 7.23.

For phasor analysis purposes, the terminal voltage V; is usually taken as
eference, and the positive direction of stator current is into the motor. The
phasor diagram of Fig. 7.24 applies to a lagging power factor current.

EXAMPLE 7.7

A three-phase, 208-V synchronous motor has a synchronous reactance of 1.0 ()
per phase and negligible armature resistance. The motor draws 50 kVA at 0.8
power factor leading. Calculate (a) the stator current I, and (b) the excitation
voltage E,.

FIGURE 7.24 Phasor diagram of a syn-
chronous motor with R, = 0.

AGURE 7.23 Equivalent circuit of a
¥nchronous motor.
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Solution

a. Take the terminal voltage V, as reference phasor:
V. = (2084/3) /0° = 120 /0° V (line-to-neutral)

The stator current is computed as

50,000

" 2083

ﬁcos"1 0.8 = 138.8 /36.9° A

b. The excitation voltage is found as follows:

Ea =V, — (Ra + sz)Ia
120 /0° — (0 + j1.0)(138.8 /36.9°)

231.7 y—28.6° V  (line-to-neutral)

Il

Therefore, the line-to-line excitation voltage is

E, = 231.7/3 = 401 V (line-to-line)

—

Now suppose that the field current is increased. This increased field excife
tion increases the generated voltage E,. However, the real power supplied by
the motor remains the same because the mechanical load torque did not chang
and the rotational speed is not affected by the increased /. When the machin
losses are neglected, the expression for the real power delivered by the moto
is

ViEs . o ViEq .
= — = ———— 7-
P=3 X. sind 3 X, sin & (7.46)
Alternatively, the real power may be expressed as
P =3V cos6' = 3VI,cos0 (740

It is evident from Eqs. 7.46 and 7.47 that the expressions E,sinéd and
I, cos @ must be constant. Of course, when the field current is increased, E
increases but only in such a way that its projection E, sin& remains constail
This is illustrated in Fig. 7.25. Similarly, the stator current I, is constraif
to change so as to have a constant projection /, cos 6. It may be seen that a
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FIGURE 7.25 Effect of field current on synchronous motor.

field current and E, continue to increase, the magnitude of the stator current
initially decreases and then increases again.

At low values of E,, the stator current lags the terminal voltage. The motor
wots as an inductive load and is said to be underexcited. As the field current
is increased, the stator current becomes less and less lagging and will later
pecome in phase with the voltage. At this point, the motor is operating at
unity power factor and is said to be normally excited. As the field current is
icreased further, the stator current becomes leading. The motor becomes a
source of reactive power, and it is said to be overexcited. The variation of the
sator current as the field current is changed is plotted in Fig. 7.26. Because
of its shape, the plot is called the V-curve of the synchronous motor.

In Fig. 7.26, each V-curve corresponds to a different power level. At the
vertex of any V-curve, the stator current is at its minimum for that power level
and the motor operates at unity power factor. For field currents less than the
value corresponding to minimum stator current, the motor operates at a lagging

Ia
Lagging Leading
power power
factor factor
0 PF=1.0 I

FIGURE 7.26 Synchronous motor V-curves.
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power factor and it absorbs reactive power as an underexcited motor. Fop

currents greater than the value for minimum stator current, the motor Oper, g
at a leading power factor, and it supplies reactive power to the external Sys 4
and is said to be overexcited. n

EXAMPLE 7.8

A three-phase, 200-hp, 480-V, six-pole, 60-Hz synchronous motor has g g
chronous reactance of 1.5 ()/phase. Neglect all losses. The motor is conneqn‘
to an infinite bus, and it delivers its rated horsepower at unity power factoy. De.
termine the pullout torque, that is, the maximum torque the motor can deliver
without losing synchronism.

Solution Take the line-to-neutral terminal voltage V¢ as reference phasop,

V, = (480A/3) /0° = 277.1 /0° V

At unity power factor, the stator current is in phase with the applied Voltage
thus, i

L = (200)(746)

/3480

Then the excitation voltage is given by

/0° = 179.46 /0° A

E. = Vi— (R, + jX)I, = 277.1 /0° — (0 + j1.5)(179.46 /0°)
= 386.3 1—44.20 V (line-to-neutral)

Since the synchronous motor is assumed to be lossless,
Thax®m = Prax
The maximum power occurs at a power angle 8§ = 90°.

P - 3VtEa §in90° = 3(277.1)(386.3»)

=2
X. G 14 kW

The mechanical angular speed is found from the radian frequency as

wn = 2/ p)ow = (2/6)(2w60) = 125.7 rad/s
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Toax = Pmax/@m = (214 X 10%)/125.7 = 1702.5 N-m

The power flow diagram for a synchronous motor is shown in Fig. 7.27.
¢ input power to the motor is electrical and is equal to 3Vi/, cos 0, where 0
~ e angle between the V, and I, phasors. The mechanical power developed,
» is equal to Tiyqwm. It may be noted that the DC electrical power for field

Pﬁecvitation is not included in Fig. 7.27 because it is supplied by a separate DC
¢

ce-
goﬂ;he copper losses consist of the stator losses of 3/ 2R,. The field winding

jpsses are not included in this diagram because the field winding is ex'cit.ed by
leeparate DC source. The rotational losses include core losses, consisting of
b steresis and eddy current losses, and mechanical losses, consisting of friction

4 windage losses. The output power Poutput is equal to Tjpag®wm, Where Tioaq
is the output torque. When the motor is operated at rated conditions, the output
qechanical power Poutput is equal to the motor rating, which is usually given
o horsepower.

EAMPLE 7.9

A 200-hp, 2300-V, three-phase, 60-Hz, cylindrical-rotor motor has a syn-
chronous reactance of 12 Q) per phase and negligible armature resistance. When
itis delivering its rated output, the motor’s efficiency is 90% and its power
angle 6 is 17°. Determine

a. The excitation voltage E,
b. The stator current I, and power factor

[
I
|
I
Pmput=l 3Vil, cos 0

Poutput = Tload @m

|
|

Stray
losses
Mechanical

losses

Core
losses

I2R losses
FIGURE 7.27 Power flow diagram for a synchronous motor.
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Solution

a. The line-to-neutral terminal voltage is taken as reference phasor: thyg
V. = (23004/3) £0° = 1328 /0° V

From the power flow diagram, the input power is the same as the meg
ical power developed, since the stator copper loss is negligible. Hepg
e

ViEq

B output

Pinput = 7 = 3X—S sind
_(200)(746) . 1328E, . _,
= Too0 o 1p wml7

Thus, the line-to-neutral excitation voltage is found as

E, = (200)(746)(12)

= (0.90)(3)(1328)(sin 17°) 1708 ¥

Therefore, the line-to-line excitation voltage is
E, = 1708\/5 = 2958V (line-to-line)

b. Since the armature resistance is negligible, the stator current is givenby

L - VK
a - sz
1328 /0° — 1708 /—17°

= 2 =48.8 /31.4° A
The power factor is

PF = cos(/Vi — /L) = cos(0° — 31.4°) = 0.85 leading

DRILL PROBLEMS

D7.14 A three-phase, 6-kV, wye-connected synchronous motor has a syt
chronous reactance of 12 () per phase and negligible armature resistance. Cal:
culate the induced voltage when the motor takes 1000 kVA at rated volta
and

a. 0.8 power factor lagging
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p. Unity power factor
. 0.8 power factor leading

715 A three-phase, 200-hp, 2400-V, 60-Hz, wye-connected, cylindrical-
of synchronous motor has a synchronous reactance of 12 €} per phase and
10 Jigible armature resistance. The motor draws 150 kW at a power angle of
[118 electrical degrees. Determine
a. The excitation voltage
p. The line current

¢. The power factor

p7.16 A three-phase, 2400-V, 60-Hz, 8-pole, wye-connected synchronous

otor has 5 ) per phase synchronous reactance and negligible stator resistance.
The motor is connected to a 2400-V infinite bus, and it draws 120 amperes at
0.8 power factor lagging. Neglect rotational losses.

2. Determine the output power.

p. Calculate the maximum power.

¢. Determine the torque, stator current, and power factor for the maximum
power condition.

p7.17 The synchronous reactance of a synchronous motor is 10 Q) per phase,
and its armature resistance is negligible. The input power is 1500 kW, and the
induced voltage is 4600 V. If the terminal voltage is 4160 V, determine (a) the
amature current and (b) the power factor.

REFERENCES

1. Bergseth, E R., and S. S. Venkata. Introduction to Electric Energy Devices.
Prentice Hall, Englewood Cliffs, N. J., 1987.

2. Brown, David, and-E. P. Hamilton III. Electromechanical Energy Conversion.
Macmillan, New York, 1984.

3. Chapman, Stephen J. Electric Machinery Fundamentals. 2nd ed. McGraw-Hill,
New York, 1991.

4. Del Toro, Vincent. Electric Machines and Power Systems. Prentice-Hall, Engle-
wood Cliffs, N.J., 1985.

5. Fitzgerald, A. E., Charles Kingsley, and Stephen Umans. Electric Machinery. 5th
ed. McGraw-Hill, New York, 1990.

8. Kosow, Irving L. Electric Machinery and Transformers. Prentice Hall, Englewood
Cliffs, N. J., 1991.

« Macpherson, George, and Robert D. Laramore. An Introduction to Electrical Ma-
chines and Transformers. 2nd ed. Wiley, New York, 1990.



256 CHAPTER7 SYNCHRONOUS MACHINES

8. Nasar, Syed A. Electric Energy Conversion and Transmission. Macmillap \

York, 1985. oy
9, Ramshaw, Raymond, and R. G. van Heeswijk. Energy Conversion Electric py,

and Generators. Saunders College Publishing, Philadelphia, 1990. {

10. Sen, P. C. Principles of Electrical Machines and Power Electronics. Wiley, N
York, 1989. b

11. Wildi, Theodore. Electrical Machines, Drives, and Power Systems. 2nd eq, Pre
tice Hall, Englewood Cliffs, N. J., 1991. L.

PROBLEMS

7.1 From 2 poles to 10 poles, calculate the prime mover speeds in rpm and g
required to generate AC at a frequency of 60 Hz. ‘

7.2 Calculate the frequency produced by a prime mover turning a 10-pole synchron%
generator at 800 rpm.

7.3 A three-phase, 50-hp, 2300-V, 60-Hz synchronous motor is operating at 900 rpp
Determine the number of poles in the rotor. ‘

7.4 Determine the speed of an eight-pole synchronous motor operating from a thyg.
phase, 50-Hz, 4160-V system.

7.5 A three-phase, eight-pole, 60-Hz synchronous generator has a 50-mWb flux pg
pole. The stator winding factor is 0.90. The armature has 104 turns per phase. Calculge
the induced voltage.

7.6 A three-phase, 60-Hz synchronous generator operating at no load has an indue
voltage of 4300 V at rated frequency. The pole flux is increased by 10% and the oy
speed is increased by 5%. Determine (a) the induced voltage and (b) frequency.

7.7 The open-circuit voltage of a 60-Hz generator is 12 kV at a field current of 84
The synchronous generator is operated at 50 Hz and a field current of 3 A. Neglet
saturation. Calculate the open-circuit voltage.

7.8 A three-phase, wye-connected synchronous generator is rated at 150 kVA a
2300 V. The generator delivers rated current to a load at rated terminal voltage and 0%
PF lagging. When the load is removed, the terminal voltage rises to 3500 V. Assuie
that armature resistance is negligible. l

a. Calculate the synchronous reactance of the generator.

b. Draw a phasor diagram.
7.9 A synchronous generator is connected to a 13.8-kV infinite bus. It has a sy
chronous reactance of 7.5  per phase, and the armature resistance is negligible.

generator delivers a real power output of 50 MW and a reactive power output of
MVAR to the infinite bus.

a. Determine the excitation voltage and angle.
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p. Draw a phasor diagram indicating the terminal voltage, the excitation voltage
the armature current, and the voltage drop across the synchronous reactance.

10 A t'hree-phas.e, 100-kVA, 240-V, 60-Hz, six-pole, wye-connected synchronous
sperator 18 supplying a load of 80 kVA at 230 V and 0.866 power factor lagging

¢ armature has a synchronous impedance of 0.1 + j0.5 () per phase. Determine the;
foﬂowing:

2. Armature current
p. Excitation voltage
¢c. Power angle

d. Input shaft torque (neglecting rotational losses)

11 A cylindri'ca‘l-rotor synchronous generator has a per-unit synchronous reactance
of 1.0 and a negligible armature resistance. The generator supplies rated kVA to a load

i terminal voltage of 1.0 per unit and a leading power factor of 80%. Determine the
excitation voltage.

712 The following readings are taken from the results of open-circuit and short-circuit
ests on @ three-phase, 10-MVA, 12-kV, two-pole, 60-Hz cylindrical-rotor generator
driven at synchronous speed.

Field current (A) 150 180
Armature current, short-circuit test (A) 400 480
Line voltage, open-circuit test (kV) 11.2 12.0
Line voltage, air-gap line (kV) 13.5 15.0

The armature resistance is measured separately as 0.10 ) per phase.

a. Determine the unsaturated synchronous reactance in ohms per phase and per unit.

b. Calculate the saturated synchronous reactance in ohms per phase and per unit.

l71.13 A.three-phase, 50-MVA, 12-kV, wye-connected, 60-Hz synchronous generator
2 a resistance of 0.10 ) per phase and a synchronous reactance of 4 () per phase.

The generator delivers rated load current at ra
ted voltage and 0.9 f i
Calculate the voltage regulation. * paserimr et

7

ar;: A thre.:e—phase, 1000-kVA, 4160-V, wye-connected synchronous generator has an

. ature resistance and synchronous reactance of 1.5 + j25 () per phase. Determine
€ voltage regulation if the power factor is

3. 0.8 leading
b. Unity
¢ 0.8 lagging
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7.15 The synchronous generator described in Problem 7.12 delivers rated kva

load at rated voltage and 0.8 power factor lagging. log
a. Compute the field current required.
b. Additional points on the open-circuit characteristic are given in the follgy,
tabulation. Find the voltage regulation. oy

350
14.8

200
12:5

250
13.5

300
14.3

Field current (A)
Line voltage (kV)

7.16 A three-phase, 2400-V, 60-Hz, six-pole, wye-connected synchronous genery
is connected to an infinite bus. The generator is delivering 500 kW at a power angle o
30°. The stator has a synchronous reactance of 10 {) per phase and negligible armapy,
resistance. Determine the following:

a. Input torque to the generator, neglecting losses

b. Excitation voltage

¢. Armature current and power factor

d. The reactive power delivered

7.17 A three-phase, 2000-kVA, 12-kV, 1800-rpm synchronous generator has a Sy
chronous reactance of 20 ) per phase and negligible armature resistance.

a. The field current is adjusted to obtain the rated terminal voltage at open circujy,
Determine the excitation voltage.

b. A short circuit occurs across the machine terminals. Find the stator current.

¢. The synchronous machine is connected to an infinite bus. The generator delivers
its rated current at 0.8 power factor lagging. Determine the excitation voltage,

d. Calculate the maximum power the synchronous machine can deliver for fhe
excitation current of part (c).

7.18 Loss data for the synchronous generator of Problem 7.12 are as follows:
Open-circuit core loss at 12 kV = 75 kW
Short-circuit load loss at 480 A = 60 kW
Friction and windage = 65 kW
Field winding resistance = 0.35 ()

Compute the efficiency at rated load and 0.8 power factor lagging.

7.19 A salient-pole synchronous generator has a direct-axis synchronous reactance o
1.0 per unit and a quadrature-axis reactance of 0.6 per unit. Neglect saturation. The
generator delivers full-load current at rated terminal voltage and 0.866 lagging powet
factor.

a. Draw the phasor diagram.
b. Determine the excitation voltage.
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The salient-pole synchronous machine of Problem 7.12 operates as a generator,
1. it delivers 0.8 pu of power at 1.0 pu voltage and a power factor of 0.8 leading.
Iﬂ;’etermine (a) the excitation voltage and (b) the power angle.

A three-phase, 60-MVA, 12-kV, 60-Hz, salient-pole synchronous machine has
7'axi5 and g-axis reactances of 1.2 pu and 0.6 pu, respectively, and negligible armature
‘SistanceA The machine is connected to an infinite bus at 12 kV, and the field current
; adjusted to make the excitation voltage equal to the terminal voltage.

g, Determine the maximum power that the machine can supply.

p. Find the stator current and power factor at this maximum power condition.
¢. Draw the phasor diagram.

12 A salient-pole synchronous generator has d-axis and g-axis synchronous reac-
ices of 1.60 pu and 1.20 pu, respectively. The generator is connected to an infinite
hus through an external reactance of 0.20 pu. The generator delivers its rated output
poWer at 0.8 power factor lagging to the infinite bus.

a. Draw a phasor diagram showing the bus voltage, the armature current, the gen-
erator terminal voltage, the excitation voltage, and the rotor angle.
p. Calculate the rotor angle in degrees.
¢. Compute the per-unit terminal and excitation voltages.
723 The induced voltage of a synchronous motor is 4160 V. It lags behind the terminal

woltage by 30°. If the terminal voltage is 4000 V, determine the operating power factor.
The per-phase armature reactance is 6 (), and the armature resistance is negligible.

724 A three-phase, wye-connected synchronous generator is operating at 80% power
factor leading. The synchronous reactance is 2.5 per phase, and the armature resis-
unce is negligible. The armature current is 20 A. The terminal voltage is 440 V.

a. Find the excitation voltage and the power angle.

b. Repeat part (a) when the armature current is increased to 40 A while the PF is
maintained at 80% leading.

¢. Draw a phasor diagram describing the conditions of both parts (a) and (b).
125 A three-phase, 1000-hp, cylindrical-rotor, wye-connected synchronous motor
has a negligible armature winding resistance and a synchronous reactance of 38 Q) per

phase. The motor receives a constant power of 850 kW at 12 kV. The motor has a
full-load current of 48 A. Determine the excitation voltage.

126 A three-phase, 2400-V, 60-Hz, four-pole, wye-connected synchronous motor has
48$ynchronous reactance of 16 () and negligible armature resistance. The excitation is
ijusted so that the induced voltage is 2400 V. The motor drives a load connected to
8 shaft, and the stator current is 80 A. Calculate

3. The power angle

b. The input power

C. The developed torque



260 CHAPTER7 SYNCHRONOUS MACHINES

7.27 An overexcited synchronous motor is connected across a 250-kVA indllcti

load of 0.6 lagging power factor. The motor takes 20 kW while running on no |, ¢
Calculate the kVA rating of the motor in order to raise the overall power factor gf *
motor-inductive load combination to 0.95 lagging. the

7.28 A small industrial plant has a total electrical load of 300 kW at 0.6 laggi
power factor. A 50-hp pump is to be installed. A synchronous motor operating g ()g
PF leading is selected to drive the pump. Neglect all losses in the synchronous nlot(;
Calculate (a) the new total load real and reactive powers and (b) the resultant Powg
factor.

7.29 A three-phase, 500-hp, 2400-V, 60-Hz, six-pole synchronous motor has g Syn.
chronous reactance of 12 € per phase and is assumed to be lossless. ‘

a. Find the motor speed.

b. Determine the maximum possible torque when the motor operates at rated loag
conditions and unity power factor.

c. Repeat part (b) when the motor operates at 0.8 PF leading.

7.30 A three-phase, 2300-V, wye-connected synchronous motor has a synchrongy
impedance of 0.05 + j1.25 Q per phase. The motor draws its full-load current of 5(
A at unity power factor and a field current of 6 A. Find the field current when the
motor takes 400 A at 0.8 power factor leading.

7.31 A three-phase, 2300-V, 60-Hz, cylindrical-rotor synchronous motor has a syp.
chronous reactance of 10 Q) per phase and negligible armature resistance. The motop
delivers 250 hp at a power angle of 20 electrical degrees, and the efficiency is 90%
Determine

a. The excitation voltage
b. The stator current
¢. The power factor

7.32 A three-phase, 13.2-kV, 60-Hz, wye-connected, synchronous motor has an ar
mature resistance of 2 () per phase and a synchronous reactance of 30 {} per phase
When the motor delivers 1500 hp, it takes a current of 80 A at a leading power faclof
and the efficiency is 90%. '

a. Determine the power factor. f

b. Calculate the excitation voltage. .

7.33 A three-phase, 20-kVA, 480-V, wye-connected synchronous machine operaes
as a motor, and it draws rated current at rated voltage and 0.8 lagging power factor:
The total losses are 1500 W, and the armature resistance is 2.5 () per phase. Determifl
the efficiency of the motor.

7.34 A three-phase, 4160-V, wye-connected, cylindrical-rotor synchronous motor has
a synchronous reactance of 8 ) per phase and negligible armature resistance.
combined rotational losses (friction and windage plus core loss) amount to 5 kW.
highest excitation voltage possible is 4350 V. The motor delivers an output of 400 b
to a mechanical load connected to its shaft.
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5 Calculate the stator current at maximum excitation.

_ Compute the smallest excitation voltage for which the motor will remain in
Synchronism.

! A three-phase, 1000-hp, 2300-V, wye-connected synchronous motor operates at
ﬂ'[e 4 voltage anq rated frequency. The motor delivers rated power at 0.8 power factor
o Jing, an efficiency of 92%, and a power angle of 25°. The synchronous reactance is
{0 per phase, .an(.i the armature resistance is negligible. Determine (a) the line current
nd (b) the excitation voltage.

136 A three-phase, 2000-hp, 13.2-kV, 60-Hz, six-pole, wye-connected, cylindrical-
olor synchronous motor operates at rated load, 0.85 power factor leading, and an
fficiency of 94%. The synchronous reactance per phase is 32 (), and the armature

;Sistance is negligible. Determine the following:

a. Rated torque

p. Armature current

¢. Excitation voltage and power angle
d. Pullout torque

737 A synchronous motor delivers rated kVA at rated voltage and leading power fac-
or. Let the power angle between the excitation voltage phasor and the terminal voltage
phasor be denoted py 0 and the power factor angle denoted by 6. Draw the phasor
diagram corresponding to this load condition, and show the following relationship.

I,Xycos0 + I,R,sin0

tand = -
Vi + I,Xqsin6 — I,R,cos 6

Consider 6 to be negative when the stator current I, lags the terminal voltage V.

138 A three-phase, salient-pole synchronous machine has d-axis and g-axis reac-
uances of 1.4 pu and 0.6 pu, respectively. The armature resistance is negligible. The
machine operates as a synchronous motor and draws 0.8 pu of power at 1.0 per-unit
voltage and 0.866 power factor leading.

a. Draw the phasor diagram.
b. Determine the excitation voltage and power angle §.

¢. Determine the power due to field excitation and the power due to the saliency of
the machine.
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Induction Motors

8.1 INTRODUCTION

—_—

Just like DC machines and synchronous machines, the induction machine may
be used as a generator or as a motor. Because their performance cannot compag
with that of synchronous machines, induction generators have not been very
popular. In recent years, however, induction generators have found use in wing
power plants. Because of its wide use and popularity, the induction moto
is called the workhorse of the power industry. This chapter will describe (g
principles of operation and performance analysis of three-phase and singles
phase induction motors.

An induction motor is an AC machine in which alternating current is supplied
to the stator armature windings directly and to the rotor windings by induction
or transformer action from the stator. Hence, it has also been called a rotating
transformer. Its stator windings are similar to the stator windings of synchronoll
machines. However, the rotor of the induction motor may be either of two types

a. A wound rotor carries three windings similar to the stator windings
The terminals of the rotor windings are connected to insulated slip Tif§
mounted on the rotor shaft. Carbon brushes bearing on these rings maké
the rotor terminals available to the user of the machine. For steady-stalé
operation, these terminals are shorted.

b. A squirrel-cage rotor consists of conducting bars embedded in slots 8
the rotor magnetic core, and these bars are short-circuited at each €
by conducting end rings. The rotor bars and the rings are shaped like#
squirrel cage, hence the name squirrel-cage rotor.
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ost induction motors have squirrel-cage rotors. From a modeling point of
e however, the two types of rotors are similar.
! The three balanced alternating voltages applied to the stator cause balanced
" currents to flow. As shown in Chapter 5, these currents produce a rotating
f that can be represe?nted as a rotating magnetic field. This rotating magnetic
Jd indU(feS voltages in the rotor windings, by Faraday’s law. These induced
jrages in turn, cause balanced currents to flow in the short-circuited rotor.
ese rotor currents then produce a rotor mmf, which can also be represented as
jotating magnetic field. The interaction of these two rotating magnetic fields
oduces an electromagnetic torque 7., which is used to turn a mechanical load
A At steady state, wl_len the motor losses are neglected, Ty, and T, are equal.
The speed.o'f rotation of the rotor magnetic field, when viewed from a
qationary position on the stator, is equal to the speed of rotation of the stator
agnetic field, which is the synchronous speed n;. However, the rotor speed n
is different from the synchronous speed. If n, were equal to ng, there would ber
o variation of flux linkage in the rotor, or there would be no net flux cutting;
pence, 10 voltage would be induced in the rotor. Therefore, rotor speed has t(;
e less than synchronous speed. The difference in speed is represented by the
ip s, which is defined as follows.

(%

(8.1)

where
n, = rotor speed (rpm)

120f/ p =synchronous speed (rpm)
frequency

g

f
p = number of poles
The difference between the speed of the rotor magnetic field and the speed

of the rotor expressed in revolutions per minute is called slip rpm and is equal
0 (ns — ny). Therefore, the frequency of the rotor currents is given by

Il

fr = (ng —nr)i = S(pm)

120  “\120 82

Since (png/120) is equal to the frequency of the stator currents, Eq. 8.2 can
150 be written as

Je = &f (8.3)

R ; .
I Steady-state operation, the slip has a normal range of values between 1%

id 59,
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EXAMPLE 8.1

A three-phase, 10-hp, 208-V, 60-Hz, four-pole, wye-connected induction Moy
delivers rated output power at a slip of 5%. Determine the following: o

a. Synchronous speed

b. Rotor speed and slip rpm at the rated load
¢. Rotor frequency at the rated load

d. Speed of stator rotating magnetic field

e. Speed of the rotor rotating magnetic field

(i) relative to the rotor
(ii) relative to the stator
(iii) relative to the stator magnetic field

Solution

a. The synchronous speed of this motor is
ns = 120f/ p = (120)(60)/4 = 1800 revolutions/minute (rpm)

b. At rated output power, the slip s = 0.05. Thus, the rotor speed, whigh
is also the actual speed of the motor, is given by

n=n=(-s)n; =(1-0.05)(1800) = 1710 rpm
Thus, the slip rpm is found as follows.
Slip rpm = ng — n, = 1800 — 1710 = 90 rpm
Alternatively,
Slip rpm = sng = (0.05)(1800) = 90 rpm
¢. The rotor frequency of this motor is given by
fr = sf = (0.05)(60) = 3 Hz

d. The speed of rotation of the stator magnetic field is equal to the Sy
chronous speed ns = 1800 rpm.

e. The speed of rotation of the rotor magnetic field is
(i) Relative to the rotor:
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ny = sns = 90 rpm
(ii) Relative to the stator:
n+ny; =n+sng = ng = 1800 rpm

(iii) Relative to the stator magnetic field = 0 rpm

pRILL PROBLEMS

ps.1 A six-pole induction motor runs at 1158 rpm when it is connected to a
¢0-Hz source. Determine the synchronous speed and the percent slip.

p8.2 A three-phase, 60-Hz induction motor runs at 1192 rpm at no load and
ot 1120 rpm at full load. Determine (a) the number of poles and (b) the slip at
ated load.

8.3 A three—phase, 60-Hz, 12-pole, wye-connected induction motor has a
full load slip of 5%. Calculate

a. Full-load speed

b. Synchronous speed

¢. Slip rpm
D8.4 A three-phase, 208-V, eight-pole, 60-Hz induction motor operates at a
slip of 5%. Determine the following:

a. Speed of the stator and rotor magnetic fields

b. Speed of the rotor

¢. Slip speed of the rotor

d. Rotor frequency

D§.5 A four-pole, 60-Hz induction motor drives a load at 1740 rpm. Deter-
mine the following:

a. Slip

b. Speed of the stator field with respect to the stator
C. Speed of the stator field with respect to the rotor
d. Speed of the rotor field with respect to the stator
€. Speed of the rotor field with respect to the rotor
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8.2 EQUIVALENT CIRCUIT OF A THREE-PHASE

INDUCTION MOTOR

—
An equivalent circuit is invaluable in the performance analysis of the ¢
phase induction motor. Therefore, the equivalent circuit, as well as approxg.
mate equivalent circuits, are developed in this section. When the parametel.
of the equivalent circuits are not available, standard tests for detel‘mini
these parameters are performed; these tests are described in the f()lloWing
section.

8.2.1 Development of Equivalent Circuit

The general form of the equivalent circuit for a three-phase induction Motgy
can be derived from the equivalent circuit of a three-phase transformer. The i,
duction motor can be thought of as a three-phase transformer whose second
or the rotor, is short-circuited and is revolving at the motor speed. Because th;
motor normally operates at balanced conditions, only a single-phase equivalen
circuit is necessary.

When balanced three-phase currents flow in both stator and rotor windingg,
the resultant synchronously rotating air-gap flux wave induces balanced three.
phase voltages in both stator windings and rotor windings. The stator induceg
voltage has a frequency equal to the frequency f of the applied voltage, while
the rotor induced voltage has a frequency f; given by Eq. 8.3.

Consider the stator first. The applied voltage per phase across the stator
terminals is equal to the sum of the stator induced voltage per phase, plus the
voltage drop across the stator winding resistance, plus the voltage drop across
the stator leakage reactance due to the leakage flux, which links only the statop
winding. Mathematically, in phasor form, the relationship may be expressed
as

Vi=E +RI + jX]II

= E; + R + jXDhL 84
where
V, = stator terminal voltage per phase
E, = stator induced voltage per phase
I, = stator current
R, = stator winding resistance
X, = stator leakage reactance

The magnetic core can be modeled as a parallel combination of a resistanc
R., to account for hysteresis and eddy current losses, and a reactance Xms
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ount for the magnetizing current required to produce the air-gap magnetic
o The magnetizing current in an induction motor is much larger than that
b transformer because of the presence of the air gap in a motor.

i Next, @ model of the rotor is developed. Let E, denote the rotor induced
Jlage at standstill, that is, s = 1.0. At standstill, the induction motor may
" siewed as a transformer with an air gap, and the stator per-phase induced
oltage E, is related to the rotor per-phase induced voltage E, by the turns

(N1/N2); that is,

2°

tio
Ny
E =|—
1 < N, )Ez (8.5)
where
N; = number of turns in the stator winding
N, = number of turns in the rotor winding

The voltage induced in the rotor of the induction motor is directly propor-
jional to the relative motion of the rotor and the synchrorously rotating air-gap
magnetic field. When the induction motor is rotating at a speed n, or a slip s,
e rotor induced voltage Eo is equal to the induced voltage at standstill X,
nultiplied by the slip. In the short-circuited rotor circuit, the induced voltage
iy appears as a voltage drop across the rotor resistance and leakage reactance.
The rotor resistance does not depend on the slip. However, the rotor leakage
ractance does, and is equal to X; = 27 f;L, = s27fL,, where L, is the leak-
age inductance of the rotor winding due to flux linking the rotor winding only.
Thus, the rotor induced voltage at slip s may be expressed mathematically as
follows:

Eys = sE; = R, + j(zwerr)Ir
= Rl + jsQufLI,
= R + jsX5I, (8.6)

Where

= rotor induced voltage at slip s

E; = rotor induced voltage at standstill (s = 1.0)
I; = rotor phase current

R, =
Xy = 2mfL, = rotor leakage reactance per phase at standstill

Dividing both sides of Eq. 8.6 by the slip s and referring rotor quantities to

rotor resistance per phase

the stagor side, as in a transformer, yields
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R
E2 = <-Er- +]X’2>Ir

Ny Ny : r .yl Ny
(e = () G = e

Il

(8.7)

E = (’% + sz>12
where
E; = (N1/N2)E, = rotor induced voltage referred to the stator
I, = (N2/NpI; = rotor current referred to the stator
R, = (Ni/ N;)?R, = rotor resistance referred to the stator
X, = N1/ N,)?X), = rotor leakage reactance referred to the stator

The stator circuit represented by Eq. 8.4 and the rotor circuit representeq by
Eq. 8.7 are at the same frequency f of the applied voltage. Therefore, theg
stator and rotor circuits can be joined together and combined with the mode] of
the magnetic core into the per-phase equivalent circuit of the induction moqy
which is shown in Fig. 8.1.

EXAMPLE 8.2
A three-phase, 25-hp, 440-V, 60-Hz, four-pole, induction motor has the fok
lowing impedances referred to the stator in ()/phase.

R, = 0.50
X, =120 X;=120

R, = 0.35
X, =25

The combined rotational losses (mechanical and core losses) amount to 125
W, and they are assumed to remain constant. For a rotor slip of 2.5% at ralé

r—?P

ag Ry
L R X1 I L 5

L — = Rotor
FIGURE 8.1 Per-phase equivalent circuit of a three-phase induction motor.
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Jiage and rated frequency, find
|

g, The motor speed
b The stator current
‘. The power factor
d. The efficiency of the motor

So,uf,'on . Since the core loss is lumped with the rotational losses, the resis-
ce R is neglected. Tl}us, the per-phase equivalent circuit of the induction
010F appears as shown in Fig. 8.2.

. The synchronous speed is

ns = 120/ p = (120)(60)/4 = 1800 rpm

ws = 27mng/60 = 27w(1800)/60 = 188.5 rad/s

The motor speed is found from the given slip.

n=1-s)n; = (1-0.025)1800 = 1755 rpm
w = 2mwn/60 = 27w(1755)/60 = 183.8 rad/s

p. The impedance of the rotor referred to the stator is
Z; = Ry/s + jX, = 0.35/0.025 + j1.20 = 14.0 + j1.20 Q

Therefore, the input impedance is

Zin = Ry + jX1 + (Z2)(jXm)/ (22 + jXm)
0.50 + j1.20 + (14.0 + j1.20)(j25)/[14.0 + j(1.20 + 25)]
10.42 + j7.64 = 12.92 /36.3° Q)

Il

I ; ke
o’ X 2 X T
o—MA—"Y Y FYNNN A%
+ 0.5 jl.2 jl.2 0.35
; 0.025= 14
1 ’—' iXm ¢ J25
O~
I s
Zin

FIGURE 8.2 Equivalent circuit for motor of Example 8.2.
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The terminal voltage per phase is taken as reference phasor; thus,
V, = (440/ \/5) /0° = 254.0 /0° V  (line-to-neutral)
The stator current is found as follows.
I, = Vi/Zin = (254.0 /0°)/(12.92 £36.3°) = 19.66 /—36.3°
¢. The power factor PF is found as follows.
PF = cos 36.3° = 0.806 lagging
d. The power input to the motor is given by
Pinput = 3VilhiPF = 3(254.0)(19.66)(0.806) = 12,075 W
The stator copper loss SCL is given by
SCL = 3I3R; = 3(19.66)%(0.50) = 580 W
The rotor current is computed as follows: |
L = {j25/[14.0 + j(25 + 1.2)I}
= [j25/(14.0 + j26.2)] [19.66 1—36.3°] = 16.54 /—8.2° A
Hence, the rotor copper loss RCL is
RCL = 312R, = 3(16.54)%(0.35) = 287 W
The output power is found as follows.

Pout = Pinput — SCL — RCL — Prot

12,075 — 580 — 287 — 1250 = 9958 W

Therefore, the efficiency is

1 = Pout/ Pinput = (9958/12,075)100% = 82.5%

—

An approximate equivalent circuit for an induction motor is derived
moving the shunt elements, R and Xp, in parallel, representing the core to (¢
motor terminals. This simplification introduces little error but greatly redud®
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FIGURE 8.3 Approximate equivalent circuit of an induction motor.

e computational effort. This approximate equivalent circuit is shown in Fig.
3, Also shown in the figure is the equivalent rotor resistance R,/ s, which has
cel decomposed into R, and R;[(1 — s)/s]. The first resistance component,
R represents the rotor copper loss, and the second component represents the
power developed by the motor.

EXAMPLE 8.3

A three-phase, 220-V induction motor has the following data:
R =0.20 0 R, =0.15 Q)
X, =0.50Q X, = 0.30 Q)

The core effect can be neglected. The motor operates at 3% slip. If the total
losses are 1000 W, determine the following:

a. Stator current

b. Power factor

¢. Efficiency of the motor

Solution

a. With the effects of the core neglected, the approximate per-phase equiv-
alent circuit of the three-phase induction motor reduces to that shown in
Fig. 8.4.

I 3] X1 X2 >

FIGURE 8.4 Equivalent circuit of motor of Example 8.3.
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The terminal voltage per phase is taken as reference phasor; thus,
V), = (220//3) /0° = 127 /0° V  (line-to-neutral)

The stator current is found as follows:

L = Vi/[R1 + Ry/s + j(X1 + X2)]
= (127 £0°)/[0.2 + 0.15/0.03 + j(0.5 + 0.3)]

=24.14 /=8.75° A
b. The input power factor is given by
PF = cos(,/Vi — /Ii) = cos 8.75° = 0.988 lagging
c¢. The input power is given by
Pinpue = 3Vi11PF = 3(127)(24.14)(0.988) = 9090 W
The output power is computed as follows.
Pouput = Pinpue — losses = 9090 — 1000 = 8090 W
Therefore, the efficiency is

N = Poutput/ Pinput = (8090/9090)100% = 89%

DRILL PROBLEMS

D8.6 A three-phase, 440-V, 60-Hz, four-pole, wye-connected induction mo=

tor has the following per-phase parameters, which are referred to the stator:

R; =0.10Q
Ry = 0.15 O

X1 =040

X, =040 Xm =120

The motor core loss is 2000 W, and the friction and windage losses amount [0
1500 W. At a slip of 5%, determine the following:

a. Input current and power factor
b. Power input
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¢. Power output
4. Efficiency of the motor

8.7 A three-phase, 30-hp, 480-V, four-pole, 60-Hz induction motor has the
foﬂowing equivalent circuit parameters in {) per phase referred to the stator:

R; =0.25 R, = 0.20
X =1.30 X, = 1.20 Xm =35

he total core, friction, and windage losses may be assumed constant at 1250
. The motor is connected directly to a 440-V source, and it runs at a slip of

3.5%. Compute the following:

a. Motor speed

p. Input current and power factor
¢. Shaft output torque

d. Efficiency of the motor

8.2.2 Determination of Parameters from Tests

To determine the parameters of the equivalent circuit of the three-phase induc-
tion motor, it is subjected to tests similar to the open-circuit and short-circuit
iests for three-phase transformers.

No-Load Test Like the open-circuit test on a transformer, this test is per-
formed to obtain the shunt parameters of the motor, which represent the mag-
netizing current and its core loss. The no-load test is taken at rated frequency,
and the voltage applied to the motor is rated voltage.

When the motor is running at no load, the slip is close to zero; therefore,
n = ns. Hence, the equivalent rotor resistance (R,/s) is large. Referring to
the approximate equivalent circuit of Fig. 8.2, the rotor impedance containing
this large resistance is in parallel with the shunt magnetizing reactance Xp,;
the parallel combination is approximately equal to jXmn. Thus, the equivalent
circuit of Fig. 8.2 reduces to the simple series equivalent circuit shown in
Fig. 8.5.

When the motor operates at rated voltage and rated frequency, the combined
lOtational losses including friction and windage loss, hysteresis and eddy current
loss, and stray load loss are assumed to remain constant at any load. This

tonstant value is the value of the rotational loss at no load and is found as
ollows.

Prot = Py — 3IﬁlRl (8.8)
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nl Rl le

—_—

FIGURE 8.5 Approximate equivalent circuit for no-load test.

The three-phase induction motor is considered to be wye connected. Thy,
the per-phase no-load resistance Ry is found as S

- P, nl
nl 3 1;211 (89)
where
Py = total power input at no load
I,y = stator current per phase at no load

It may be noted that Ry is different from R; because the former includeg the
effects of the rotational losses and the no-load copper loss.
The per-phase no-load impedance is computed as

Vai

V31,

where Vj is the line-to-line terminal voltage at no load. Therefore, the per-
phase no-load reactance is computed as follows:

X = \/Zﬁl _Rﬁl

From the approximate equivalent circuit of Fig. 8.5, the apparent reactance i§
seen to be

anz

=Ry + jXpn (8.10)

@.11)

Xn = X1 +Xn (8.1
DC Test The stator resistance R; may be assumed to be equal to its DG
value. To find this value, a DC voltage is applied to two stator terminals of th
motor and the current and applied voltage are measured. The stator resist

is computed as

1 VDC

= 2Joc 813
Ri=3 T (

Blocked-Rotor Test In this test, the rotor of the induction motor is blocked
so that it cannot rotate; therefore, s = 1. Thus, the three-phase motor appedls
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g short-circuited three-phase transformer. Similarly, a reduced three-phase
h(l,(ltage is applied to the stator such that rated current will flow through the
v . ngs.
dlllrj%lg normal running conditions of the induction motor, the rotor frequency
, roportional to the slip. Therefore, when the performance of the motor is
b ¥ investigated at, or near, rated loads (at low values of slip), the blocked-
wor 1€st should be taken at a lower frequency. A test frequency of 25% of
r”te d frequency is recommended by the Institute of Electrical and Electronics
g‘ngineers (IEEE).

The blocked-rotor resistance is found as follows:

yin

Py
Roy = 8.14
L7 (8.14)
where .
P, = total power input at blocked rotor
I,y = stator current per phase at blocked rotor
The blocked-rotor impedance at the test frequency fie is given by
Zy = (8.15)
3y
The blocked-rotor reactance at the test frequency fies is computed as
Xitesr = J 25 = R (8.16)

The blocked-rotor reactance computed at the test frequency is corrected to rated
fiequency by multiplying Xy esc by the ratio (fraea/ freso):

X bl = (frated )X bl, test

8.17
Srest : !

If the exciting current component of the stator current is neglected, the
fquivalent circuit of the induction motor shown in Fig. 8.2 reduces to that
shown in Fig. 8.6 for the blocked-rotor conditions.

With the shunt magnetizing reactance neglected in the approximate equiva-
lent circuit of Fig. 8.6, it is seen that the blocked-rotor resistance and frequency-
frected reactance are related to the series parameters as follows.

Ry =R+ Ry
Xp = X1+ X5

(8.18)
(8.19)
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JX1
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iX2 Rp
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FIGURE 8.6 Approximate equivalent circuit for blocked-rotor test.

ol @); +0

The value of the stator resistance R; is determined from the DC test. Thyg
the rotor resistance R, referred to the stator is computed as :

Ry = Ry — Ry (8.29)

There is no simple way to apportion the blocked-rotor reactance betwegy
the stator leakage reactance X; and the rotor leakage reactance X, referred o
the stator. However, the performance of the induction motor is only Slight]y
affected by the relative distribution of Xy between X; and X;. Thus, it may
be assumed that

X1 =Xy = X (8.21)
Hence, the value of the shunt magnetizing reactance is computed as
Xm = Xu— X1 (8.22)

EXAMPLE 8.4

A three-phase, 5-hp, 208-V, four-pole, 60-Hz induction motor is subjected 0
a no-load test at 60 Hz, a blocked-rotor test at 15 Hz, and a DC test. The
following data are obtained.

No Load Blocked Rotor DC
Voltage (V) 208 35 20
Current (A) 4 12 25
Power (W) 250 450

Determine the parameters of the equivalent circuit and the combined rotationdl
losses of the motor.

Solution From the DC test, the stator resistance is found as

Ry = 1(20/25) = 0.40 O
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from the no-load test, the combined rotational loss is computed as
Pro = 250 = 3(4)*(0.4) = 230.8 W

he no-load impedance parameters are

!
Ry = 250/[3(4)%] = 5.2 Q
Z. = 208/[/3(4)] = 30.0 Q
X = [(30.0)2 = (5.2)41"2 = 29.5 Q

From the blocked-rotor test, the reduced-frequency parameters are computed
g follows:

Ry = 450/[3(12)%] = 1.04 O
Zy = 35/[/3(12)] = 1.68 Q
Xolest = [(1.68)% — (1.04)4]V2 = 1.32 Q

The rotor resistance referred to the stator side is computed as
R, = 1.04-0.40 = 0.64 O
The blocked-rotor reactance referred to rated frequency is
Xp = (60/15)(1.32) = 5.28 O

This value of the blocked-rotor reactance is equally divided between stator and
rotor leakage reactances; thus,

X1 =X, = 3(5.28) = 2.64 O

Finally, the magnetizing reactance is found by subtracting X; from Xy;:

Xm =29.5-2.64 =269 Q

DRILL PROBLEMS

088 A three-phase, 25-hp, 208-V, six-pole, 60-Hz, wye-connected induction
Motor is tested with the following results:
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No Load Blocked Rotor

(at 60 Hz) (at 15 Hz) D_C_
Voltage (V) 208 25 15
Current (A) 24 66 70
Power (W) 1400 2300

Determine the parameters of the equivalent circuit of the motor.

D8.9 The following data were obtained from no-load and blocked-rotor tegyg
at rated frequency and a DC test on a three-phase, 30-hp, 460-V, 60-Hz, foy,
pole, wye-connected induction motor:

No Load Blocked Rotor DC
Voltage (V) 440 95 20
Current (A) 15 52 55
Power (W) 4000 6200

Determine the parameters of the equivalent circuit and the rotational losses of
the motor.

PERFORMANCE ANALYSIS OF
AN INDUCTION MOTOR

8.3

When an induction machine is running at no load, the slip is close to zero;
Hence, the equivalent rotor resistance Ry/ s is infinitely large. This large resis:
tance value results in a very small flow of current /,. Thus, the electromagnetic
torque assumes a small value, just enough to overcome the combined rotationdl
Josses consisting of the friction and windage and core losses. ]

When a mechanical load is connected to the motor shaft, the initial reas
tion of the motor is for its speed to decrease. Thus, the slip s increases, the
equivalent rotor resistance (R2 / s) decreases, and the rotor current I» increases.-j‘
Therefore, the electromagnetic torque increases and, when it becomes equal tq
the sum of the load torque and rotational losses, the motor will continue t0 nm‘
at a steady-state speed whose value will be less than the no-load speed. ]

The equivalent circuit of Fig. 8.1 and the power flow diagram of Fig. 87
can be used to analyze the steady-state performance of induction motors. If
Fig. 8.7, ws = (2/ p)w, where w = 2mf = 12077 rad/s.

The power input to the induction motor is expressed as

Pinput = 3P; = 3Vi1; cos 0, (823)

8.3 PERFORMANCE ANALYSIS OF AN INDUCTION MOTOR 279
Pog
[ I
l { Poyt = Tqut O
| T, (mechanical)
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(electrical) I
| |
|
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Mechanical
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Stator loss
core loss and
copper loss
FIGURE 8.7 Power flow diagram for an induction motor.
The stator copper loss SCL is given by
SCL = Py = 3I%R; (8.24)

The equivalent rotor resistance R,/ s represents the power transferred across
the air gap from the stator to the rotor. The expression for the air-gap power
is given by

Pag = Pinput — SCL — Peore

ort)

This air-gap power may be decomposed into two components. The first is the
rotor copper loss RCL, and it is expressed as

(8.25)

RCL = Py = 3I3R; (8.26)

The qther component of the air-gap power is Pcony, the power converted from
glgctncal to mechanical form. It is also called the developed power Py, and
itis given by
Peony = Pgey = Pag_RCL
3I2R, (1 = s)
s

= Py(1 —5)

(8.27)

B The power output available at the shaft of the motor is found by subtracting
€ mechanical loss from the power developed:

Poutput = Pgev = Prech (8.28)
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Finally, the efficiency of the induction motor is calculated as

n = Mmo%

input

(8.29)

EXAMPLE 8.5

A three-phase, 25-hp, 230-V, 60-Hz induction motor draws 60 A from t
source at 0.866 lagging power factor. The motor losses include the followinge.

Stator copper loss Py = 850 W
Magnetic core 1oss Peore = 450 W
Rotor copper loss Py, = 1050 W
Mechanical loss Py, = 500 W

Find the following:

- Air-gap power Py,

Slip s

Mechanical power developed Pye,
Output power

e Rp T

Efficiency of the motor
Solution

a. The terminal voltage per phase is taken as reference phasor; thus,
Vi = (230//3) £0° = 132.8 /0° V (line-to-neutral)
The power input to the motor is found as
Pinpue = 3ViI1PF = 3(132.8)(60)(0.866) = 20,700 W
Therefore, the power transferred across the air gap is calculated as
Pag = Pinput — Peore — Peur = 20,700 — 450 — 850 = 19,400 W

b. The power transferred across the air gap P,g may also be expressed, i
terms of the rotor copper loss, as

Pag = 3I%R2/S = PCUZ/S
Thus, the slip is

s = Pep/Pag = 1050/19,400 = 0.054
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¢. The power developed is given by
Pgey = Pag — Peyp = 19,400 — 1050 = 18,350 W
d. The power output of the motor is given by
Pouput = Piey — Pmech = 18,350 — 500 = 17,850 W

e. Therefore, the efficiency of the motor is found as

M = (Poutput/ Pinpu)100% = (17,850/20,700)100% = 86.2%

EXAMPLE 8.6

A three-phase, 50-hp, 480-V, 60-Hz, four-pole, induction motor has the fol-
Jowing data:

Ry = 0.100 Q /phase
Ry = 0.125 Q /phase

X; = 0.35 Q) /phase
X> = 0.40 Q) /phase

Stator core losses and mechanical (friction and windage) losses are 1200 W
and 900 W, respectively. At no load, the motor draws 21 A at 0.0 power factor.
When the motor is operated at s = 0.025, determine the following:

a. Line current and power factor

b. Electromagnetic torque

¢. Output power

d. Efficiency of the motor

Solution
a. The approximate per-phase equivalent circuit is shown in Fig. 8.8. The
terminal voltage per phase is taken as reference phasor; thus,

Vi = (480/ \/g) /0° =277.1 /0° V (line-to-neutral)

At no load, the rotor current is approximately zero; I, ~ 0.0. There-
fore, the magnetizing current I, is equal to the no-load stator current
Il,nl; that is,

Im = Ijm =21 /— cos”! 0.0 = 21 /=90° A
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jo3s 2

j0.40  0.125

1-5
—— 0.125

FIGURE 8.8 Equivalent circuit for motor of Example 8.6.

At a slip s = 0.025, the rotor current is found as

I, = Vi/[Ri + (Ry/5) + j(X1 + X2)]
= (277.1 £0°)/[0.100 + (0.125/0.025) + j(0.35 + 0.40)]

= 53.8 {—8.4° A
Therefore, the stator current is computed as
L =L+1I, =538 {—8.4O +21/-90° = 60.5 1—28.5O A

The power factor is found as

PF = cos(/V; — /I;) = cos 28.5° = 0.88 lagging

b. The synchronous speed is given by

Il

ng

1201/ p = (120)(60)/4 = 1800 rpm
ws = 2mns/60 = 27(1800)/60 = 188.5 rad/s

The air-gap power is computed as
Py = 3I3Ry/s = 3(53.8)%(0.125)/0.025 = 43,417 W

Hence, the electromagnetic torque developed is determined from the aiif
gap power; that is,

T, = Pyg/ws = 43,417/188.5 = 230 N-m
¢. The power developed by the motor is given by

Piey = (1 — 5)Pyg = (1 —0.025)43,417 = 42,332 W
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Therefore, the output power is found as
Poutput = Paev — Prmech = 42,332 — 900 = 41,432 W

d. The power input to the motor is given by

Pinput = Pag+Pcul +Pcore = Pag+3I%R1 +Pc0re
= 43,417 + 3(60.5)%(0.10) + 1200 = 45,715 W

Therefore, the efficiency is

N = Pouput/ Pinput = (41,432/45,715)100% = 90.6%

DRILL PROBLEMS

p8.10 A three-phase, six-pole, 60-Hz induction motor is operating at a speed
of 1152 rpm. The power input to the motor is 44 kW, the rotational losses are
500 W, and the stator copper loss is 1600 W. Find the following:

. Slip

. Air-gap power

. Rotor copper loss

. Developed torque and developed horsepower

o S 6 T O

. Output torque and output horsepower

D8.11 A three-phase, four-pole, 60-Hz, wye-connected wound-rotor induc-
tion motor is rated at 15 hp and 208 V. Its equivalent circuit parameters are

Ry =0.25 O
X1 =0.50 Q

Ry = 0.15 Q
X, = 0.50 Q Xm =18 Q

The combined rotational losses consisting of the friction and windage plus core
losses amount to 300 W. For a slip of 4%, find the following:

a. Line current

b. Air-gap power

¢. Power converted from electrical to mechanical form

d. Efficiency of the motor

B2 A four-pole, 60-Hz induction motor is rated at 40 hp and 440 V. The
f0tor drives a load at 1710 rpm. The core loss and friction and windage loss
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are 450 W and 250 W, respectively. The motor parameters are given in () Iph,
as follows: U

R =0.15 Ry, = 1.20
X, =0.75 X, = 0.75 Xm =25

Determine the following:

Line current and power factor

Real and reactive power input

Air-gap power

Mechanical power and torque developed
Shaft horsepower and torque

- e e T

Efficiency of the motor

8.4 TORQUE-SPEED CHARACTERISTICS

— =

The torque-speed characteristics of three-phase induction motors can be agg
lyzed from the approximate equivalent circuit of Fig. 8.3 and the power figy
diagram of Fig. 8.7.

8.4.1 Starting Torque

At starting, the slip is unity [s = (ns — n;)/ns = ng/ns = 1]. The equivaleg
circuit of Fig. 8.3 reduces to that of Fig. 8.9.
The starting electromagnetic torque T start i given by

T start = Pag,start/ws (8.301

FIGURE 8.9 Equivalent circuit for starting conditions.
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fhe power transferred across the air gap at starting is
P = Mg () = 303, 8.31)
ghere the rotor current I gy i given by
L start = L (8.32)

Ry + Ry + j(X1 + X2)

Taking the magnitude of Ip . and substituting it in Eqgs. 8.30 and 8.31,
e starting torque is obtained.

3VIR,
ws[(R + R2)? + (X1 + X2)?]

(8.33)

Te, start —

As may be seen from Eq. 8.32, the starting current is large compared to rated
Joad current. This is because R;, R,, X1, and X, are small and V; is the rated
rminal voltage. In order to limit this starting current, for larger motors such
as those rated above 5 hp, an applied voltage smaller than rated voltage is used
1o start the induction motor.

EXAMPLE 8.7
The three-phase, 25-hp, 440-V induction motor of Example 8.2 has the fol-
lowing impedances in €} per phase referred to the stator.

R, =0.50
X; =1.20

Ry, = 0.35
X, =1.20 Xm =25

The motor is operated at rated voltage and rated frequency.

a. What is the starting torque?

b. When the rotor resistance is doubled, what is the new value of starting
torque?
Solution The approximate equivalent circuit at starting is shown in Fig. 8.10.

a, The terminal voltage per phase is taken as reference phasor; thus,

Vi = (440/ \/5) /0° = 254.0 /0° V (line-to-neutral)
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FIGURE 8.10 Approximate equivalent circuit for motor of Example 8.7.
By using Eq. 8.33, the starting torque is calculated as follows.

3(254.0)%(0.35)
188.5[(0.50 + 0.35)2 + (1.20 + 1.20)?]

= 55.4 N-m

Te,start =

b. When rotor resistance is doubled, Ry = 2(0.35) = 0.70 ., the ney
value of starting torque is found as follows:

3(254.0)%(0.70)
188.5[(0.50 + 0.70)2 + (1.20 + 1.20)?]

= 99.8 N-m

Te,staxt =

8.4.2 Torque Versus Speed

=

The torque-speed characteristic of an induction motor is studied in terms of i
torque-versus-slip relationship. The slip and speed are related through Eq. 8],

From the equivalent circuit of Fig. 8.3, the expression for the electromag
netic torque T, is derived as

Pag

W

T. = (8.34)

where

(8.3

w0
7
|

-

I, = b

|(Ry + Ra2/5) + j(X1 + X»)|

_ Vi (8.30
JRi + Ry/5)2 + (X1 + X2)?

Substituting Eqs. 8.35 and 8.36 into Eq. 8.34, the expression for the torqué s
obtained.
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= 3V3(Ry/s)
T. = 0 Ry + Ra/5)? + (X1 + X2)2] (8.37)
lEquation 8.37 can be further simplified as follows:
3V2R
it (8.38)

T p—rg
¢ ws[(Rys + R)? + (X1 + X2)s7]

In order to plot Eq. 8.38, the maximum torque Temax and the slip Smax
¢ which it occurs have to be determined. The maximization theorem from
clculus is applied; that is, take the derivative of T, with respect to s, set the
derivative to zero, and solve for s. The solution yields s = spyax, Where

R

JR? + (X1 + X2)?

It can be shown that the second derivative of T, with respect to s is negative.
Therefore, Te is at its maximum value at spax. Substituting the value of smax
given by Eq. 8.39 into Eq. 8.38 and simplifying, the maximum torque Te max
is obtained as follows:

(8.39)

Smax =

Tosax = i (8.40)
ST 2[Ry + JRZ + (X + X2)?] '
The synchronous speed is given by
= (3>2wf - Aoy (8.41)
P P

With the starting torque T start, the maximum torque Te max, and Syax known,
the torque-speed curve can now be plotted, and it is shown in Fig. 8.11.

Torque
(% of rated)

300

200
Tstart

100

Slips=1.0 Smax
Speed =0

FIGURE 8.11 Torque-speed curve of an induction motor.



