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Chapter 17 Instructor Notes 
 The objective of Chapter 17 is to introduce the foundations for the analysis of rotating electric 
machines.  In Section 17.1, rotating electric machines are classified on the basis of their energy conversion 
characteristics and of the nature of the electric power they absorb (or generate).    Section 17.2 reviews the 
physical structure of a DC machine and presents a simple general circuit model that is valid for both motors 
and generators, including dynamic equations.  Section 17.3 contains a brief discussion of DC generators.  
Section 17.4 describes the characteristics of the various configurations of DC motors, both of the wound 
stator and permanent magnet types.  The torque speed characteristics of the different configurations are 
compared, and the dynamic equations are given for each type of motor.  The section ends with a brief 
qualitative discussion of speed control in DC motors.  
 The second half of the chapter is devoted to the analysis of AC machines.  In Section 17.5, we 
introduce the concept of a rotating magnetic field.  The next two sections describe synchronous generators 
and motors; the discussion is brief, but includes the analysis of circuit models of synchronous machines and 
a few examples.  Circuit models for the induction motor, as well as general performance characteristics of 
this class of machines are discussed in Section 17.8, including a brief treatment of AC machine speed and 
torque control.  Although the discussion of the AC machines is not particularly detailed, all of the important 
concepts that a non-electrical engineer would be interested in to evaluate the performance characteristics of 
these machines are introduced in the chapter, and reinforced in the homework problem set.  The homework 
problems include a mix of traditional electric machinery problems based on circuit models and of more 
system-oriented problems.  Problems 17.24-36 deal with the performance and dynamics of systems 
including DC motors.  These problems are derived from the author’s experience in teaching a Mechanical 
Engineering System Dynamics course with emphasis on electromechanics, and are somewhat unusual 
(although relevant and useful for non–electrical engineers) in this type of textbook.  These problems are 
well suited to a more mature audience that has already been exposed to a first course in system dynamics.  
Problem 17.39 provides a link to the power electronics topics covered in Chapter 12.  All other problems 
are based on the content of the chapter. 
 
 
 
 
 
 
 
 
 
 
 
 

Learning Objectives 
1. Understand the basic principles of operation of rotating electric machines, their 

classification, and basic efficiency and performance characteristics.   Section 1. 
2. Understand the operation and basic configurations of separately-excited, permanent-

magnet, shunt and series DC machines.  Section 2. 
3. Analyze DC generators at steady-state.  Section 3. 
4. Analyze DC motors under steady-state and dynamic operation . Section 4. 
5. Understand the operation and basic configuration of AC machines , including the 

synchronous motor and generator, and the induction machine. Sections 5, 6, 7, 8. 
     17.1 
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Section 17.1:  Rotating Electric Machines 

Problem 17.1 

Solution: 
Known quantities: 
The relationship of the power rating and the ambient temperature is shown in the table.  A motor with 

kWPe 10=  is rated up to C�85 . 

Find: 
The actual power for the following conditions. 
a)  Ambient temperature is C�50 . 
b)  Ambient temperature is C�25 . 
Assumptions: 
None. 
Analysis: 
a)  
The power at ambient temperature C�50 : 
 

 kWPe 75.8125.01010' =×−=  
b) 
The power at ambient temperature C�30 : 
 

 kWPe 8.1008.01010' =×+=  
______________________________________________________________________________________ 

Problem 17.2 

Solution: 
Known quantities: 
The speed-torque characteristic of an induction motor is shown in the table.  The load requires a starting 
torque of mN ⋅4  and increase linearly with speed to mN ⋅8  at min1500 rev . 

Find: 
a) The steady state operating point of the motor. 
b) The change in voltage if the load torque increases to mN ⋅10 . 

Assumptions: 
None. 
Analysis: 
The characteristic is shown below: 
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a) 
The operating point is: 

 mNTrevnm ⋅== 7min,1425  
b) 
From the following equation: 
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Section 17.2:  Direct Current Machines 

Problem 17.3 

Solution: 
Known quantities: 
Each conductor of the DC motor is .6 in  long.  The current is A90 .  The field density is 

24102.5 inWb−× . 

Find: 
The force exerted by each conductor on the armature. 
Assumptions: 
None. 
Analysis:  
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______________________________________________________________________________________ 

Problem 17.4 

Solution: 
Known quantities: 

The air-gap flux density of the DC machine is 24 mWb .  The area of the pole face is cmcm 42 × . 

Find:  
The flux per pole in the machine. 
Assumptions: 
None. 
Analysis: 
With 24.04.04 mWbTkGB === , we can compute the flux to be: 
 mWbBA 32.004.002.04.0 =××==φ  
______________________________________________________________________________ 
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Section 17.3:  Direct Current Generators 

Problem 17.5 

Solution: 
Known quantities: 
A AV 10,120  shunt motor.  The armature resistance is Ω6.0 .  The shunt field current is A2 .  

Find: 
The LVDT equations. 
Assumptions: 
None. 
Analysis: 

LV  at full load is V120  and 
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Assuming bE  to be constant, we have: 

 Aii fa 1.2
606.0
2.127 =

+
==  

Therefore: 
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__________________________________________________________________________ 

Problem 17.6 

Solution: 
Known quantities: 
A VkW 230,20  separately excited generator.  The armature resistance is Ω2.0 .  The load current is 

A100 .  

Find: 
a)  The generated voltage when the terminal voltage is V230 . 
b)  The output power. 
Assumptions: 
None. 
Analysis: 
If we assume rated output voltage, that is VVL 230= , we have 
a) 
The generated voltage is V230 . 
b)  
The output power is kW23 . 
 
If we assume rated output power, that is kWPout 20= , we have 
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a) 
The generated voltage is V200 . 
b)  
The output power is kW20 . 
 
If we assume VEb 230= , and compute the output voltage to be: 

 VVL 2102.0100230 =×−=  
We have: 
a)  
The generated voltage is V210 . 
b)  
The output power is kW21 . 
______________________________________________________________________________________ 

Problem 17.7 

Solution: 
Known quantities: 
A VDCkW 120,10  series generator.  The armature resistance is Ω1.0  and a series field resistance is 

Ω05.0 .  

Find: 
a)  The armature current. 
b)  The generated voltage. 
Assumptions: 
The generator is delivering rated current at rated speed. 
Analysis: 
The circuit is shown below: 
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b) 
VRiV Saa 17.124120 =+=  

______________________________________________________________________________________ 
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Problem 17.8 

Solution: 
Known quantities: 
A VkW 440,30  shunt generator.  The armature resistance is Ω1.0  and a series field resistance is 

Ω200 .  

Find: 
a)  The power developed at rated load. 
b)  The load, field, and armature currents. 
c)  The electrical power loss. 
Assumptions: 
None. 
Analysis: 
The circuit is shown below: 
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c) 
WRiRiP ffaaloss 146422 =+=  

______________________________________________________________________________________ 
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Problem 17.9 

Solution: 
Known quantities: 
A four-pole kVkW 6.4,450  shunt generator.  The armature resistance is Ω2  and a series field 

resistance is Ω333 .   The generator is operating at the rated speed of min3600 rev . 

Find: 
The no-load voltage of the generator and terminal voltage at half load. 
Assumptions: 
None. 
Analysis: 
For sec377,min3600 radrevn m == ω : 
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Using the relation: 
 VRiVE aaLb 2.4823=+=  
At no-load, 
 VRiEV aabL 4.4820=−=  
At half load, 

VRiEV
Aiii

Ai

aabL

Lfa

L
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______________________________________________________________________________________ 

Problem 17.10 

Solution: 
Known quantities: 

A VkW 240,30  generator is running at half load at min1800 rev with efficiency of 85 percent. 

Find: 
The total losses and input power. 
Assumptions:  
None. 
Analysis: 

kWloadratedPout 15
2
1 ==  

At an efficiency of 85.0 , the input power can be computed to be: 

kWPin 647.17
85.0
1015 3

=×=  

The total loss is: 
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 kWPPP outinloss 647.2=−=  
______________________________________________________________________________________ 

Problem 17.11 

Solution: 
Known quantities: 

A self excited DC shunt generator.  At min200 rev , it delivers A20  to a V100  line.  The armature 
resistance is Ω0.1  and a series field resistance is Ω100 .   The magnetization characteristic is shown in 
Figure P17.11.  When the generator is disconnected from the line, the drive motor speed up to 

srad220 . 

Find: 
The terminal voltage. 
Assumptions: 
None. 
Analysis: 
From the figure, for sec200,5.0 radAI f => ω  

10040 += fb IE  

For sec220 rad=ω , we have: 

200
40100

220

'
fb IE +

=  

Therefore, 

ffb IIE 44110)40100(
200
220' +=+=  

For no load, fa II = .  Therefore, 

 
AI

II

f

ff

93.1
10144110

=∴

=+
 

The terminal voltage is: 
 VRIV ff 193==  
______________________________________________________________________________________ 
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Section 17.4:  Direct Current Motors  

Problem 17.12 

Solution: 
Known quantities: 
A V220  shunt motor.  The armature resistance is Ω32.0 .  A field resistance is Ω110 .  At no load the 
armature current is A6  and the speed is rpm1800 . 

Find: 
a)  The speed of the motor when the line current is A62 . 
b)  The speed regulation of the motor. 
Assumptions: 
The flux does not vary with load.  Assume a mN ⋅8  brush drop. 

Analysis: 
a) 
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b) 

 %65.8100
1657

16571800% =×−=reg  

_____________________________________________________________________________________ 

Problem 17.13 

Solution: 
Known quantities: 
A volthp 550,50  shunt generator.  The armature resistance including brushes is Ω36.0 .  Operating at 
rated load and speed, the armature current is A75 .  

Find: 
What resistance should be inserted in the armature circuit to get a 20 percent speed reduction when the 
motor is developing 70 percent of rated torque. 
Assumptions: 
There is no flux change. 
Analysis: 
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______________________________________________________________________________________ 

Problem 17.14 

Solution: 
Known quantities: 
A VkW 440,100  shunt DC motor.  The armature resistance is Ω2.0  and a series field resistance is 

Ω400 .   The generator is operating at the rated speed of min1200 rev .  The full-load efficiency is 90 
percent. 
Find: 
a)  The motor line current. 
b)  The field and armature currents. 
c)  The counter emf at rated speed. 
d)  The output torque. 
Assumptions: 
None. 
Analysis: 
At sec7.125,min1200 radrevn m == ω , the output power is kWhp 6.74100 = . 

From full-load efficiency of 9.0 , we have: 

kWPin 9.82
9.0
6.74 ==  

a) 
From kWViP SSin 9.82== , we have: 

AiS 4.188
440

109.82 3

=×=  

b) 

Ai

Ai

a

f

3.187

1.1
400
440

=

==
 

c) 
 ARiVE aaLb 5.402=−=  
d) 

 mNPT
m

out
out ⋅== 5.593

ω
 

______________________________________________________________________________________ 

Problem 17.15 

Solution: 
Known quantities: 
A V240  series motor.  The armature resistance is Ω42.0  and a series field resistance is Ω18.0 .   The 

speed is min500 rev  when the current is A36 .  

Find: 
What is the motor speed when the load reduces the line current to A21 . 
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Assumptions: 
A volts3  brush drop and the flux is proportional to the current. 

Analysis: 

rpmn

K
K a

a

893
)431.0)(

36
21(

)6.0(213240

431.0)6.0(363240500

=−−=

=�
−−= φ
φ

 

______________________________________________________________________________________ 

Problem 17.16 

Solution: 
Known quantities: 
A VDC220  shunt motor.  The armature resistance is Ω2.0 .  The rated armature current is A50 .  

Find: 
a)  The voltage generated in the armature. 
b)  The power developed. 
Assumptions: 
None. 
Analysis: 
a) 

VRiVE aaLb 2102.050220 =×−=−=  
b) 

hpkWiEP ab 07.145.1050210 ==×==  

______________________________________________________________________________________ 

Problem 17.17 

Solution: 
Known quantities: 

A V550  series motor.  The armature resistance is Ω15.0 .   The speed is min820 rev  when the 
current is A112  and the load is hp75 .  

Find: 
The horsepower output of the motor when the current drops to A84 . 

Assumptions: 
The flux is reduced by 15 percent. 
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Analysis: 

hpHP
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______________________________________________________________________________________ 

Problem 17.18 

Solution: 
Known quantities: 
A VDC220  shunt motor.  The armature resistance is Ω1.0  and a series field resistance is Ω100 .   

The speed is min1100 rev  when the current is A4  and there is no load.  

Find: 
E  and the rotational losses at min1100 rev . 

Assumptions: 
The stray-load losses can be neglected. 
Analysis: 

Since min1100 revn = corresponds to sec2.115 rad=ω , we have: 

Aiii
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Also, 
 VEb 8.1991.02200 =×−=  
The power developed by the motor is: 
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______________________________________________________________________________________ 

Problem 17.19 

Solution: 
Known quantities: 
A VDC230  shunt motor.  The armature resistance is Ω5.0  and a series field resistance is Ω75 .   At 

min1100 rev ,  WProt 500= .  When loaded, the current is A46 .  

Find: 
a)  The speed devP  and shT . 

b)  )(tia  and )(tmω  if HLHL af 008.0,25 ==  and the terminal voltage has a V115  change. 

Assumptions: 
None. 
Analysis: 

 

sec3.117
93.42

07.3
75

230

rad
Aiii

Ai

m

fLa

f

=
=−=

==

ω
 

At no load, 
φaK

2303.117 = , therefore, 

 96.1=φaK  
At full load, 

 
φ

ω
a

m K
93.425.0230 ×−=  

The back emf is: 
 VEb 5.20893.425.0230 =×−=  
The power developed is: 
 kWIEP abdev 952.8==  
The power available at the shaft is: 
 WPPP rotdevo 84525008952 =−=−=  
The torque available at the shaft is: 

 mNPT
m

o
sh ⋅== 1.72

ω
 

______________________________________________________________________________________ 
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Problem 17.20 

Solution: 
Known quantities: 
A VDC200  shunt motor.  The armature resistance is Ω1.0  and a series field resistance is Ω100 .   At 

min955 rev with no load,  WProt 500= , the line current is A5 .  

Find: 
The motor speed, the motor efficiency, total losses, and the load torque when the motor draws A40  from 
the line. 
Assumptions: 
Rotational power losses are proportional to the square of shaft speed. 
Analysis: 

 

Aiii
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Ai
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The copper loss is: 
 WRiRiP aaffcopper 9.40022 =+=  
The input power is: 

kWPin 12005 =×=  
Therefore, 

WPP SLrot 1.5994091000 =−=+  

at sec100
60
9552 radm == πω . 

Also, bE  at no load is: 

 
997.1

7.1991.03200
=

=×−=
φa

b

K
VE

 

When AiS 40=  with Ai f 2=  and Aia 38= , 

 
min2.938sec25.98

2.1961.038200

revrad
K
E

VE
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b
m

b

===
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φ
ω

 

The power developed is: 
 WIEP ab 7456382.196 =×==  
The copper loss is: 
 WRiRiP aaffcopper 4.54422 =+=  
The input power is: 
 kWPin 820040 =×=  
And 
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mNT

WP

SH

SH

⋅==

=×−=

9.69
25.98

4.6867

4.68671.599
100

25.987456
 

Finally, the efficiency is: 

%84.85==
in

SH

P
Peff  

______________________________________________________________________________________ 

Problem 17.21 

Solution: 
Known quantities: 

A Vhp 230,50  shunt motor operates at full load when the line current is A181  at min1350 rev .  

The field resistance is Ω7.17 .  To increase the speed to min1600 rev , a resistance of Ω3.5  is cut 
in via the field rheostat.  The line current is increased to A190 . 

Find: 
a)  The power loss in the field and its percentage of the total power input for the min1350 rev  speed. 

b)  The power losses in the field and the field rheostat for the min1600 rev  speed. 

c)  The percent losses in the field and in the field rheostat at min1600 rev  speed. 

Assumptions: 
None. 
Analysis: 
a) 

%2.7072.0
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c)  
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______________________________________________________________________________________ 
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Problem 17.22 

Solution: 
Known quantities: 
A Vhp 230,10  shunt-wound motor.  The armature resistance is Ω26.0  and a series field resistance is 

Ω225 .   The rated speed is min1000 rev .  The full-load efficiency is 86 percent.  

Find: 
The effect on counter emf, armature current and torque when the motor is operating under rated load and 
the field flux is very quickly reduced to 50 percent of its normal value.  The effect on the operation of the 
motor and its speed when stable operating conditions have been regained. 
Assumptions: 
None. 
Analysis: 

nKEC φ= ; counter emf will decrease. 

a

C
a r

EVI −= ; armature current will increase. 

aIKT φ= ; effect on torque is indeterminate. 
Operation of a dc motor under weakened field conditions is frequently done when speed control is an 
important factor and where decreased efficiency and less than rated torque output are lesser considerations. 

 

φ

φφ

K
rIVn

K
rIV

K
rIVn

aa
new

aaaa

5.0

1000

−=

−=�
−=

 

Assume small change in the steady-state value of aI .  Then: 

 rpmn
n new

new

2000
1
5.01000 =�=  

______________________________________________________________________________________ 

Problem 17.23 

Solution: 
Known quantities: 
The machine is the same as that in Example 17.7.  The circuit is shown in Figure P17.23.  The armature 
resistance is Ω2.0  and the field resistance is negligible.  AIrevn a 8,min120 == .   In the operating 

region, 200, == kkI fφ . 

Find: 
a)  The number of field winding turns necessary for full-load operation. 
b)  The torque output for the following speeds: 

1.  nn 2, =  3. 2, nn =  

2.  nn 3, =  4. 4, nn =  
c)  Plot the speed-torque characteristic for the conditions of part b. 
Assumptions: 
None. 
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Analysis: 
in Example 17.7, Ai f 6.0= , the mmf F  is: 

AtF 1206.0200 =×=  
For a series field winding with: 
a) 

Aii aseries 8== , we have: 

 turnsN series 15
8

120 ==  

b)  

)(
sec57.12

min120

SaaSb

m

m

RRiVE
rad

revn

+−=
=
=

ω  

Neglecting SR , we have 

446.0
57.12
6.5

6.52.082.7

==

==×−=

φ

φω

a

mab

k

kVE
 

From aT ikT φ=  and aT kk = , 

 mNT ⋅=×= 56.38446.0  

By using aki=φ , we have: 

 2)( aaaaT

aaSmaab

kikikikT
RiVkikE

==

−== ω
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S
a KR
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×

== kkK a  

And 2)1(
ma KR
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+=

�  

1. at ,sec12.252 radmX == ωω  

mNTX ⋅= 13.1  
 
2. at ,sec71.373 radmX == ωω  

mNTX ⋅= 55.0  
 
3. at ,sec28.65.0 radmX == ωω  
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mNTX ⋅= 54.9  
 
4. at ,sec14.325.0 radmX == ωω  

mNTX ⋅= 53.20  
 

c)  
The diagram is shown below: 

 
______________________________________________________________________________________ 

Problem 17.24 

Solution: 
Known quantities: 

PM DC motor circuit model; mechanical load model.  Example 17.9. 
Find: 
Voltage-step response of motor. 
Assumptions: 
None. 
Analysis: 
Applying KVL and equation 17.47 to the electrical circuit we obtain: 

VL(t)  RaIa(t )  La
dIa (t )

dt
 Eb (t )  0

or

La
dIa (t)

dt
 RaIa (t)  Ka PM m (t )  VL(t)

 

Applying Newton’s Second Law and equation 17.46 to the load inertia, we obtain: 

J d (t)
dt

 T(t)  TLoad (t )  b 

or

 KTPM Ia (t)  J d (t )
dt

 b (t)  0

 

since the load torque is assumed to be zero.  To derive the transfer function from voltage to speed, we use 
the result of Example 17.9 with Tload = 0: 

 m (s)  
KT PM

sLa  Ra  (sJ  b)  Ka PM KT PM
VL (s) 

The step response of the system can be computed by assuming a unit step input in voltage: 

 m (s)  
KT PM

sLa  Ra  (sJ  b)  Ka PM KT PM

1
s
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Thus giving the step response: 
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Expressions for the natural frequency and damping ratio of the second-order system may be derived by 
comparing the motor voltage-speed transfer function to a standard second-order system transfer function: 

H(s)  
KS

s2  2ζωns  ωn
2 . 

The motor transfer function is: 
 m (s)
VL(s)

 
KT PM

sLa  Ra  (sJ  b )  KaPM KT PM
 

KT PM

JLas2  JRa  bLa  s  Rab  KaPM KT PM

            

KT PM
JLa

s2  
JRa  bLa  

JLa
s  

Rab  Ka PM KT PM
JLa

 

Comparing terms, we determine that: 

ωn
2  

Rab  KaPMKT PM
JLa

2ζωn  
JRa  bLa  

JLa

 

or 

ωn  
Rab  KaPM KT PM

JLa

ζ  1
2

JRa  bLa  
JLa

JLa
Rab  KaPM KT PM

 

From these expressions, we can see that both natural frequency and damping ratio are affected by each of 
the parameters of the system, and that one cannot predict the nature of the damping without knowing 
numerical values of the parameters.  
______________________________________________________________________________________ 

Problem 17.25 

Solution: 
Known quantities: 
Torque-speed curves of motor and load: Tm = aω + b (motor), TL = cω2 + d (load), 
Find: 
Equilibrium speeds and their stability. 
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Assumptions: 
All coefficients of torque-speed curve functions are positive constants 
Analysis: 
The first consideration is that the motor static torque, T0,m = b must exceed the load static torque, T0,L = d;  
thus, the first condition is b>d. 
The next step is to determine the steady state speed of the motor-load pair.  If we set the motor torque equal 
to the load torque, the resulting angular velocities will be the desired solutions. 
Tm  TL  aω  b  cω2  d  
resulting in the quadratic equation 
cω2  aω  d  b   0  
with solution 

ω  
a  a2  4c b  d  

2c
. 

Both solutions are positive, and therefore physically acceptable.  The question of stability can be addressed 
by considering the following sketch. 

Torque

Speed

U

S

 
In the figure, we see that the intersection of a line with a quadratic function when both solutions are 
positive leads to two possible situations: the line intersecting the parabola when the rate of change of both 
curves is positive, and the line intersecting the parabola when the rate of change of torque w.r. to speed of 
the latter is negative.  The first case leads to an unstable operating point; the second case to a stable 
operating point (you can argue each case qualitatively by assuming a small increase in load torque and 
evaluating the consequences).  We can state this condition mathematically by requiring that the following 
steady-state stability condition hold: 
dTL
d 

 
dTm
d 

 

Evaluating this for our case, we see that 
dTL
d 

 
dTm
d 

 2c  a . 

From the expression we obtained earlier, 

  
a  a2  4c b  d  

2c
 

it is clear that 2cω>a always olds, since the term under the square root is a positive constant.  Thus, this 
motor-load pair always leads to stable solutions.  To verify this conclusion intuitively, you might wish to 

plot the motor and load torque-speed curves and confirm that the condition 
dTL
d

 
dTm
d

 is always satisfied 

(note that the sketch above is not an accurate graphical representation of the two curves). 
______________________________________________________________________________________ 

Problem 17.26 

Solution: 
Known quantities: 
Expression for friction and windage torque, TFW, functional form of motor torque, T, or load torque, TL. 
Find: 
Sketch torque-speed curve 
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Assumptions: 
None. 
Analysis: 
The sketches are shown below. 

T

 

I  motoring

IV  brakingIII  reverse motoring

II  braking

TFW

-T0

TL TFW 

T0

TL

TL

 
Torque-speed curve for constant load torque 

T

 

T
FW

TL TFW
 

T0

TL

TL

-T0

 

 

TL

 
Torque-speed curves for variable load torque 

______________________________________________________________________________________ 

Problem 17.27 

Solution: 
Known Quantities: 
A PM DC motor and parameters when 1) in steady-state, no load conditions, and 2) connected to a pump 
Find: 
a)  A damping coefficient, sketch of the motor, the dynamic equations, the transfer function, and 3 dB 
bandwidth. 
b)  A sketch of the motor, dynamic equations, transfer function, and 3 dB bandwidth. 
Assumptions: 
kt  ka  kPM  
Analysis: 
a) 
The magnetic torque balanced the damping torque gives s: 
kt *ia  b *  m  
or 

b  
kPM * ia

 m

 
7*10  3  

N  m
A

*.15 A

3350 rev
min

* 2  rad
rev

* 1 min
60 sec

 2.993 *10 6  N - m - sec  

 
Sketch:  PM DC Motor-Load System 
 
 
 
 
 
 
 
 

 

La 
 

 

M
Vs
ra
   

J 

mω
17.23

L
T
T

b
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Dynamic equations: 
 

Vs  La *
dia
dt

 ra * ia  Eb

Eb  kPM *  m

Vs  La * dia
dt

 ra * ia  kPM *  m

J * d m
dt

 Tm  TL  b *  m

Tm  kPM * ia

 TL  J *
d m
dt

 b *  m  kPM * ia

 

To get the transfer function: 

22
0 
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PMaaaa
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PMaa
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kbrsbLJrsLJ
ks

V
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b) 
 
Sketch: 
                
 
 
 
 
 
 
 
 
Dynamic Equations: 

Vs  La *
dia

dt
 ra * ia  Eb

Eb  kPM * m

Vs  La *
dia

dt
 ra * ia  kPM * m

(J  JL )*
d m

dt
 Tm  TL  (b  bL) *  

Tm  kPM *ia

 TL  (J  JL) *
d m

dt
 (b  bL) * m  

 

 

 

J 
 

b 
mω

L 
TL
Vs
La

ra
 TM 
L

J

b

17.24 

m

kPM * ia
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To get the transfer function: 
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Frequency Response: 

 
______________________________________________________________________________________ 

Problem 17.28 
Solution: 
Known Quantities: 
A PM DC motor is used to power a pump 
Find: 
The dynamic equations of the system and the transfer function between the motor voltage and pressure. 
Assumptions: 
The inertia and damping of the motor and pump can be lumped together. 
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Analysis: 
 
Sketch: 
     Motor Pump Circuit 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Vs  La
dia

dt
 raia  Eb

Vs  La
dia

dt
 raia  kPM m

J d m

dt
 Tm  TL  b m

 TL  J
d m

dt
 b m  kPM m

kp m  
p  0

R
 Cacc

dp
dt

Cacc
dp
dt

 p
R

 kp m  0

 

To get the transfer function: 
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______________________________________________________________________________________ 
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Problem 17.29 

Solution: 
Known quantities: 
Motor circuit shown in Figure P17.29 and magnetization parameters, load parameters.  Operating point. 
Note correction to the operating point: Ia0 = 186.67 A;  
Note correction to the parameter: kf = 0.12 V-s/A-rad 
Find: 
a) System differential equations in symbolic form 
b) Linearized equations 
Assumptions: 
The dynamics of the field circuit are negligible. 
Analysis: 
a)  Differential equations 
Applying KVL and equation 17.47 to the electrical circuit we obtain: 

Lf
dIf (t)

dt
 Rf I f (t)  VS (t)   field circuit

or

La
dIa (t)

dt
 RaIa (t)  k f I f (t ) m (t)  VS(t)   armature circuit

 

Applying Newton’s Second Law and equation 17.46 to the load inertia, we obtain: 

J d m (t)
dt

 Tm(t)  TL (t )  b m

or

 k f I f (t)Ia (t)  J d m (t)
dt

 b m (t)  TL (t )

 

Since the dynamics of the field circuit are much faster than those of the armature circuit (time constant 
L f
Rf

  
La
Ra

), we can write I f  
VS
Rf

 and the system of equations is now: 

La
dIa (t)

dt
 RaIa (t)  k f

VS(t)
Rf

 m (t )  VS (t )

 k f
VS (t)

Rf
Ia (t)  J d m (t )

dt
 b m (t)  TL(t)

 

b)  Linearization 
Define perturbation variables: 
Ia(t)  I a   Ia (t)
 m(t)    m    m (t)

VS (t)  V S   VS (t)

 

Next, we write the steady-state equations (all derivatives equal to zero): 

RaI a  k f
V S
Rf

  m  V S

 k f
V S
Rf

I a  b  m  T L

 

These equations must be satisfied at the operating point.  We can verify this using numerical values: 
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0.75  I a  0.12150
60

200  200

resulting in

I a  1
0.75

200  0.12150
60

200  
  
    

  
   186.67

 0.12 150
60

186.67  0.6  200  T L

resulting in

T L   56  120  64 N - m

 

Now, given that the system is operating at the stated operating point, we can linearize the differential 
equation for the perturbation variables around the operating point.  To linearize the equation we recognize 

the nonlinear terms: k f
VS (t)

Rf
  m (t) and k f

VS (t)
Rf

Ia(t ). 

To linearize these terms, we use the first-order term in the Taylor series expansion: 

k f
VS (t)

Rf
 m (t)  

kf
Rf

 VS(t) m (t )  
 VS V S ,  m

 VS (t)  
k f
Rf

 VS (t) m(t)
  m V S ,  m

  m (t)

 
k f
Rf

  m VS (t )  V S  m (t)  
 

k f
VS (t)

Rf
Ia (t)  

kf
Rf

 VS (t)Ia (t )  
 VS V S , I a

 VS (t )  
k f
Rf

 VS (t)Ia(t )
 Ia V S , I a

 I a(t)

 
k f
Rf

I a VS(t )  V S Ia (t)  
 

Now we can write the linearized differential equations in the perturbation variables: 

La
d Ia (t)

dt
 Ra Ia (t )  

kf
Rf

V S   m (t)   VS (t )  
k f
Rf

  m VS (t)

 
k f
Rf

V S Ia (t )  J
d  m (t)

dt
 b  m (t )  I a VS (t)   TL (t )

 

This set of equations is now linear, and numerical values can be substituted to obtain a numerical answer, 
valid in the neighborhood of the operating point, for given voltage and load torque inputs to the system.  
______________________________________________________________________________________ 

Problem 17.30  

Solution: 
Known Quantities: 
TL = 5 + 0.05 + 0.001 2

kTPM  kAPM  2.42
Ra  0.2 
VS  50V

 

Find: 
What will the speed of rotation be of the fan? 
Assumptions: 
The fan is operating at constant speed. 
Analysis: 
Applying KVL for a PM DC motor (note at constant current short inductor) 
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VS  iaRa  Eb   (eqn. 17.48)

ia  
T

kTPM

Eb  kaPM   m

Vs  T
kTPM

Ra  kaPM   m

 

T  TL  5  0.05 m  0.001 m
2

Vs  
5  0.05 m  0.001 m

2  
kTPM

Ra  kaPM   m

 

Plug in the known variables and solving for m .   

 50V  5  0.05 m  0.001 m
2 0.02

2.42 N  m
Amp

 2.42V  sec
rad  m

8.26x10 5 m
2  2.42  4.13x10 3   m  ( 50  .413)  0

 m  20.5,  or - 29318 rad/sec
 m  20.5 rad/sec

Nm  20.5 rad/sec 60 sec
min

  
  

  
  

rev
2 

  
  

  
   196RPM

 

______________________________________________________________________________________ 

Problem 17.31  

Solution: 
Known Quantities:  
A separately excited DC motor 

sradmNbmkgJ

KKHLHLRR fafafa

/2,5.0

9.0,8.0,02.0,2.0,100,1.0
2 −−=−=

====Ω=Ω=
 

Find:   
a)  A sketch of the system and its three differential equations 
b) Sketch a simulation block diagram 
c) Put the diagram into Simulink 
d) Run the simulation with Armature Control with a constant field voltage VV f 100=  

Plot the current and angular speed responses 
Run the simulation with Field  Control with a constant armature voltage VV f 100=  
Plot the current and angular speed responses 

Assumptions: 
No external load torque is applied 
Analysis: 
 

a) Sketch: 
    Separately Excited DC Motor 
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E b

Tm m

VS

b

TL

J

 

 
La

Ra

Ia

Lf

Rf

If

Vf

 

 

 
The three dynamic equations are: 

Vf  Lf
dI f

dt
 Rf I f

Va  La
dIa

dt
 RaIa  Eb

J d 
dt

 b  Tm  J d 
dt

 b  kaia  J d 
dt

 b  kaIak f I f

 

b)  Simulink block diagram 
 

 
 

Simulink DC Motor Subsystem 
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d)     Simulink Responses: 
 Armature Control: 

 
 Field Control: 
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______________________________________________________________________________________ 

Problem 17.32 

Solution: 
Known quantities: 

Ra, La, ka = kT, Jm, bm, J, b, TL. 
Find: 
Transfer functions from armature voltage to angular velocity and from load torque to angular velocity. 
Schematics, diagrams, circuits and given data. 

See equations 17.16-18 and Figure 17.20. 
Assumptions: 
Analysis: 
Applying KVL and equation 17.47 to the electrical circuit we obtain: 

Va (t)  RaIa (t)  La
dIa (t )

dt
 Eb (t)  0

or

La
dIa (t)

dt
 RaIa (t)  ka  m (t)  Va(t)

 

Applying Newton’s Second Law and equation 17.46 to the load inertia, we obtain: 
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Jm  J  d (t )
dt

 Tm (t)  TL(t)  bm  b   
or

 kT Ia (t)  Jm  J  d (t )
dt

 bm  b   (t )  TL(t)

 

To derive the transfer function, we Laplace transform the two equations to obtain: 

 
sLa  Ra  Ia (s )  ka  (s)  Va (s)

 kaIa (s )  s Jm  J   bm  b     (s)  TL(s)
 

We can write the above equations in matrix form and resort to Cramer’s rule to solve for Ωm(s) as a 
function of Va(s) and TL(s). 

sLa  Ra  ka
 ka s Jm  J   bm  b    

  

  
  

 

  
  

Ia (s)
 m (s)

  
    

  
    

 
Va (s)
TL (s)

  
    

  
    

with solution

 m (s)  
det

sLa  Ra  Va (s)
ka TL (s)

  
    

  
    

det
sLa  Ra  ka

 ka s Jm  J   bm  b    
  

  
  

  

  
  

or

 m (s)  
sLa  Ra  

sLa  Ra  s J m  J   bm  b     ka
2 TL (s)  ka

sLa  Ra  s J m  J   bm  b     ka
2 Va (s)

and finally

 m (s)
TL (s) Va (s) 0

 
sLa  Ra  

sLa  Ra  s J m  J   bm  b     ka
2

 m (s)
Va (s) TL (s ) 0

 ka
sLa  Ra  s Jm  J   bm  b     ka

2

 

______________________________________________________________________________________ 

Problem 17.33 

Solution: 
Known Quantities: 
A PM DC motor that is coupled to a pump with a long shaft. 
Find: 
The dynamic equations of the system and the transfer function from input voltage to load inertia speed. 
Assumptions: 
The energy conversion is ideal. 
Analysis: 
 
Sketch:     
 

PM DC Motor-Load Coupling 
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Knowing: 

  
d 
dt

                    dt  
1
s

   

Then the three dynamic equations for the system are: 

Va  La
dia

dt
 Raia  Ea  La

dia

dt
 Raia  ka m

Jm
d m

dt
 bm m  K

 m

s
 kaia  K

 L

s
 0

JL
d L

dt
 bL L  K  L

s
 K  m

s
  TL

 

Putting them in matrix form: 

( )( )( ) ( ) ( ) ( )( )( )aaLLaaLLmmaa

a

Ta

L

L

a

L

m

a

LL

mma

aaa

kks
KbsJRsLs
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s
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=
2

0
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0

0

0

ω

ω
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______________________________________________________________________________________ 

Problem 17.34 

Solution: 
Known quantities: 
Field and armature circuit parameters; magnetization and armature constants; motor and load inertia and 
damping coefficients. 
Find: 
a) sketch system diagrams for shunt and series configuration 
b) write expression for torque-speed curves for each configuration 
c) write the differential equations for each configuration 
d) determine whether equations are linear or nonlinear and how they could be linearized 

TL 

Vs 

La 
Ra 

J 

TM 

b 

mω JL 

bL 

k 

Lω
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Assumptions: 
Analysis: 
a) System diagrams 

 

 
E b

Tm m

VS

b

TL

J
Lf

Rf

 

 
La

Ra

IaIf

IS

 
Shunt motor-load system 

 

 
E b

Tm m

VS

b

TL

J

Lf Rf

 

 
La

Ra

Ia

 
Series motor-load system 

b) Write expressions for the torque-speed curves 
Shunt configuration 
Applying KVL and Newton’s Second Law for the steady-state system we write: 
VS  Rf I f  field circuit

and
VS  RaIa  k f I f  m armature circuit

or

VS  RaIa  k f
VS
Rf

 m

Tm  k f I f Ia  k f
VS
Rf

Ia  b m  TL

 

To obtain the torque-speed curve of the motor (there will also be a load torque-speed equation, but we do 
not have any information on the nature of the load), we write: 
 
Tm  k f I f Ia

Ia  Tm
k f If

 
TmRf

k f VS

 

and substitute the expression for Ia in the electrical circuit equation: 

VS  RaIa  k f
VS
Rf

 m  
RaRf
k f VS

Tm  k f
VS
Rf

 m

or

Tm  
k f VS
RaRf

VS  k f
VS
Rf

 m
  

  
  

  

  
   

k f VS
2

RaRf
 

k f
2VS

2

RaRf
2  m

 

Series configuration 
Applying KVL and Newton’s Second Law for the steady-state system we write: 
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VS  Ra  Rf  Ia  k f Ia
2 m

Tm  k f Ia
2  b m  TL

 

To obtain the torque-speed curve of the motor (there will also be a load torque-speed equation, but we do 
not have any information on the nature of the load), we write: 

Ia  Tm
kf

VS  Ra  Rf  Ia  k f Ia
2 m = Ra  Rf  Tm

kf
 Tm m

 

which leads to a quadratic equation in Tm and ωm. 
c) Write the differential equations 

Shunt configuration 
Applying KVL and equation 17.47 to the electrical circuit we obtain: 

Lf
dIf (t)

dt
 Rf I f (t)  VS (t)   field circuit

or

La
dIa (t)

dt
 RaIa (t)  k f I f (t ) m (t)  VS(t)   armature circuit

 

Applying Newton’s Second Law and equation 17.46 to the load inertia, we obtain: 

J d m (t)
dt

 Tm(t)  TL (t )  b m

or

 k f I f (t)Ia (t)  J d m (t)
dt

 b m (t)  TL (t )

 

Note that we have three differential equations that must be solved simultaneously.  If the dynamics of the 

field circuit are much faster than those of the armature circuit (time constant 
L f
Rf

  
La
Ra

, as is often the 

case) one can assume that the field current varies instantaneously with the supply voltage, leading to 

I f  
VS
Rf

 and to the equations: 

La
dIa (t)

dt
 RaIa (t)  k f

VS(t)
Rf

ωm (t )  VS (t )

 k f
VS (t)

Rf
Ia (t)  J dωm (t )

dt
 bωm (t)  TL(t)

 

Series configuration 
Applying KVL and equation 17.47 to the electrical circuit we obtain: 

La  Lf  dIa (t)
dt

 Ra  Rf  Ia(t)  k f Ia (t)ωm (t)  VS (t)  

Applying Newton’s Second Law and equation 17.46 to the load inertia, we obtain: 

J dωm (t)
dt

 Tm(t)  TL (t )  bωm

or

 k f Ia
2(t)  J dωm (t )

dt
 bωm (t)  TL (t)

 

d) Determine whether the equations are nonlinear 
Both systems of equations are nonlinear.  In the shunt case, we have product terms in If and ωµ, and in If 
and Ia (or in VS and ω, and in VS and Ia if we use the simplified system of two equations).  In the series case, 
we have a quadratic term in Ia

2  and a product term in If and ωm.  In either case, no simple assumption leads 
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to a linear set of equations; thus either linearization or nonlinear solution methods (e.g.: numerical 
simulation) must be employed. 
______________________________________________________________________ 

Problem 17.35 

Solution: 
Known quantities: 
A shunt-connected DC motor shown in Figure P17.35 
Motor parameters: Ta kk , = armature and torque reluctance constant and =fk field flux constant 

Find: 
Derive the differential equations describing the electrical and mechanical dynamics of the motor 
Draw a simulation block diagram of the system 
Assumptions: 
None 
Analysis: 
Electrical subsystem  

VS (t)  Lf
dI f (t)

dt
 Rf I f ( t) field  

armature)()()()()()()()( ttIkktIR
dt

tdILtktIR
dt

tdILtV mffaaa
a

amaaa
a

aS ωφω ++=++=  

Mechanical subsystem 

)()()()()()()()()()()( tbtTtItIkktbtTtIktbtTtT
dt

tdJ mLaffamLaamLm
m ωωφωω −−=−−=−−=

Simulation block diagram: 
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______________________________________________________________________________________ 

Problem 17.36 

Solution: 
Known quantities: 
A series-connected DC motor shown in Figure P17.36 
Motor parameters: Ta kk , = armature and torque reluctance constant and =fk field flux constant 

Find: 
Derive the differential equations describing the electrical and mechanical dynamics of the motor 
Draw a simulation block diagram of the system 
Assumptions: 
None 
Analysis: 
Electrical subsystem  



G. Rizzoni, Principles and Applications of Electrical Engineering Problem solutions, Chapter 17 

      17.39 

VS (t)  La  L f  dI a(t)
dt

 Ra  Rf  Ia (t)  ka  m (t )

VS (t)  L
dI a (t)

dt
 RI a (t)  kak f Ia (t ) m (t)

dIa (t)
dt

 
1
L

VS (t)  
R
L

I a (t)  
kak f

L
Ia (t ) m (t )

 

Mechanical subsystem 

J d m (t)
dt

 Tm (t)  TL (t )  b m (t)  kT Ia (t)  TL (t )  b m (t )  kT k f Ia
2(t)  TL (t)  b m (t )

d m (t)
dt

 
kT kf

J
I a

2 (t)  1
J

TL (t )  b
J

 m (t)
 

Simulation block diagram: 

______________________________________________________________________________________ 
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Section 17.6:  The Alternator (Synchronous Generator) 

Problem 17.37 

Solution: 
Known quantities: 
A VAV 20,550 ⋅  rated automotive alternator.  At rated AV ⋅ , the power factor is 85.0 .  The resistance 
per phase is Ω05.0 .  The field takes A2  at V12 .   The friction and windage loss is W25  and core 
loss is W30 . 

Find: 
The percent efficiency under rated conditions. 
Assumptions: 
None. 
Analysis: 

%4.79100
25.535

425%

25.535243025
24)12(2

425)85.0(500
25.31

25
20

500

2

=×=

=++++=

==
==

==

==

WPPP
WP

WP
WRIP

AI

aoutin

f

out

aaa

a

 

______________________________________________________________________________________ 

Problem 17.38 

Solution: 
Known quantities: 

A three-phase AkVV ⋅500,2300  synchronous generator.  Ω=Ω= 1.0,0.8 aS rX .  The machine is 

operating at rated load and voltage at a power factor of 867.0  lagging. 
Find: 
The generated voltage per phase and the torque angle. 
Assumptions: 
None. 
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Analysis: 

V
j

jE

AkI

�

�

��

3.33.1391
7.801389

9.522.1019.1327

)8.01.0(305.1250
3

2300

5.125
)2300(3

500

∠=
+=

∠+=

+−∠+∠=

==

 

 

�3.3
3.1391

=

=∴

δ
VE

 

______________________________________________________________________________________ 

Problem 17.39 

Solution: 
Known quantities: 
As shown in Figure P17.39. 
Find: 
Explain the function of Q , D , Z , and SCR . 

Assumptions: 
None. 
Analysis: 
Q  :  The setting of 1R  determines the biasing of Q .  When Q  conducts, the SCR  will fire, energizing 
the alternator’s field. 
 
D :  This diode serves as a “free-wheeling” element, allowing the field current to circulate without 
interfering with the commutation of the SCR . 
 
Z :  The Zener diode provides a fixed reference voltage at the emitter of transistor Q ;  i.e., determination 

of when Q  conducts is controlled solely by the setting of 1R . 
 
SCR :  The SCR acts as a half-wave rectifier, providing field excitation for the alternator.  Without the 
field, of course, the alternator cannot generate. 
______________________________________________________________________________________ 
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Section 17.7:  The Synchronous Motor 

Problem 17.40 

Solution: 
Known quantities: 
A non-salient pole, Y-connected, three phase, two-pole synchronous machine.  The synchronous reactance 
is Ω7  and the resistance and rotational losses are negligible.  One point on the open-circuit characteristic 

is given by VV 4000 = (phase voltage) for a field current of A32.3 .  The machine operates as a motor, 

with a terminal voltage of V400 (phase voltage).  The armature current is A50 , with power factor 85.0  
leading. 
Find: 

bE , field current, torque developed, and power angle δ . 

Assumptions: 
None. 
Analysis: 
The per phase circuit is shown below: 

+
-

bE
IS

XL

+

-

VS

 
Since the power factor is 85.0 , we have: 

 
sec3773600

60
2
79.31

radm ==

=
πω

θ �

 

From VVOC 400= , we have 

 fmb ikcircuitopenVE ω== )(400  

Therefore 3196.0
32.3377

400 =
×

=k  

 

���

�

���

77.5898.2679.31

44.5
48.120

98.2674.655
49.29738.184400

90779.31500400

=+=

==

−∠=

−+=
∠×∠−∠=

T

b
f

b

AEi

V
j

E

θ

 

The torque developed is: 

 mNIET TSb ⋅== 27.135cos
377

3 θ  
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δ  is the angle from V  to bE : 

 �98.26−=δ  
The phase diagram is shown below: 

 
 

I

V

Eb

S
 T

 
______________________________________________________________________________________ 

Problem 17.41 

Solution: 
Known quantities: 
A factory load of kW900  at 6.0  power factor lagging is increased by adding a kW450  synchronous 
motor. 
Find: 
The power factor this motor operates at and the KVA input if the overall power factor is 9.0  lagging. 
Assumptions: 
None. 
Analysis: 

 

leading
P
Q

pf

kVARQ
kVARQkWP

kWP
kVARQkWP

m

m
m

m

TT

m

oldold

636.0)cos(tan

2.54612008.653
8.6531350

450
1200900

1 ==

−=−=
==

=
==

−

 

 kVA
pf
PS

m

m
m 708==  

______________________________________________________________________________________ 

Problem 17.42 

Solution: 
Known quantities: 
A non-salient pole, Y-connected, three phase, two-pole synchronous generator is connected to a 

V400 (line to line), Hz60 , three-phase line.  The stator impedance is 6.15.0 j+ (per phase).  The 
generator is delivering rated current A36  at unity power factor to the line. 

Find: 
The power angle for this load and the value of bE  for this condition.  Sketch the phasor diagram, showing 

bE , SI , and SV . 



G. Rizzoni, Principles and Applications of Electrical Engineering Problem solutions, Chapter 17 

      17.44 

Assumptions: 
None. 
Analysis: 

 

V
jZIVE

jZ
AI

VV

SLLb

S

L

L

�

�

�

��

03.135.255

6.579.248
65.72676.16.15.0

036

09.2300
3

400

∠=

+=+=
Ω∠=+=

∠=

∠=∠=

 

The power angle is �03.13 . 

 
V

Eb

I s s  
_____________________________________________________________________________________ 

Problem 17.43 

Solution: 
Known quantities: 
A non-salient pole, three phase, two-pole synchronous generator is connected in parallel with a three-phase, 
Y-connected load.  The equivalent circuit is shown in Figure P17.43.  The parallel combination is 
connected to a V220 (line to line), , three-phase line.  The load current is A25  at a power factor of 

866.0  inductive. Ω= 2SX .  The motor is operating with mNTAI f ⋅== 50,1  at a power angle of 
�30− . 

Find: 

inS PI , (to the motor), the overall power factor and the total power drawn from the line. 

Assumptions: 
Neglect all losses for the motor. 
Analysis: 
The phasor per-phase voltage is: 

δsin
377

350

0127

S

Sb
dev

S

X
VE

mNT

VV

−=⋅=

∠= �

 

Therefore, 

VE

VE

b

b

�

�

309.197

9.197
)30sin()127(3

2)377(50

−∠=

=
−

−=
 

For Ai f 1= , 

AjI S
�16.2423.542.2247.49 ∠=+=  

The load current is: 
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 5.1265.21866.0cos25 1 jI L −=−∠= −  
and 
 AjIII SL

�77.778.717.912.711 ∠=+=+=  

 
kWP

kWP

totalin

motorin

10.2777.7cos12778.713

85.1816.24cos12723.543

_

_

=×××=

=×××=
�

�

 

The power factor is: 
 leadingpf 991.077.7cos == �  
______________________________________________________________________________________ 

Problem 17.44 

Solution: 
Known quantities: 
A non-salient pole, Y-connected, three phase, four-pole synchronous machine.  The synchronous reactance 

is Ω10 . It is connected to a V3230 (line to line), Hz60 , three-phase line.  The load requires a torque 

of  mNTshaft ⋅= 30 .  The line current is A15  leading the phase voltage. 

Find: 
The power angle δ  and E  for this condition.  The line current when the load is removed.  Is it leading or 
lagging the voltage. 
Assumptions: 
All losses can be neglected. 
Analysis: 
At sec5.188 radm =ω , we can calculate 

WPout 56555.18830 =×=  

Since outin PP =  and θcos152301885)(' ×== WphaseperPin , we calculate  

 �88.565464.0cos 1 == −θ  
Since AIVV SS

�� 88.5615,0230 ∠=∠=  

 VjEb
�98.1292.36496.816.355 −∠=−=  

The power angle is: 
 

�
98.12−=δ  

If the load is removed, the power angle is �0  and from 

 
AI �

���

90495.13
90100230092.643

∠=�

∠−∠=∠
 

The current is leading the voltage. 
______________________________________________________________________________________ 
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Problem 17.45 

Solution: 
Known quantities: 
A HzVhp 60,230,10  Y-connected, three phase synchronous motor delivers full load at a power factor 
of 8.0  leading.  The synchronous reactance is Ω6 .  The rotational loss is W230 , and the field loss is 

W50 . 

Find: 
a)  The armature current. 
b)  The motor efficiency. 
c)  The power angle. 
Assumptions: 
Neglect the stator winding resistance. 
Analysis: 

AI

VV

IVphaseperP
PPPP

WhpP

S

S

SSin

copperroutin

out

3.24
8.08.132

2580

8.132
3

230
8.02580)(

7740
746010

=
×

=∴

==

==∴

=++=
==

 

That is: 

VIVE
AIVV

SSb

SS
��

��

9.272.249)096(

87.363.24,08.132

−∠=∠−=

∠=∠=
 

a) 
AI S

�87.363.24 ∠=  
b) 

 %4.96964.0
7740
7460 ===efficiency  

c) 
�9.27−=anglepower  

______________________________________________________________________________________ 

Problem 17.46 

Solution: 
Known quantities: 
A three-phase hppolesHzV 2000,30,60,2300 , unity power factor synchronous motor.  

Ω= 95.1SX  per phase.  

Find: 
The maximum power and torque. 
Assumptions: 
Neglect all losses. 
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Analysis: 

sec13.25

min240
15

3600

rad

revn

S

S

=

==

ω
 

At full load,  

VV

MWP

S

in

�09.1327
3

2300
492.12000746

∠==

=×=
 

For unity power factor, 

 

V
jjXIVE

AI

SSSb

S

�

�

2.285.1515
3.7309.1327

05.374

−∠=

−=−=
∠=

 

The maximum power and torque are: 

 

mkNPT

MW
X

VE
P

S

S

Sb

⋅==

==

2.123

096.33

max
max

max

ω

 

______________________________________________________________________________________ 

Problem 17.47 

Solution: 
Known quantities: 
A V1200  Y-connected, three phase synchronous motor takes kW110  when operated under a certain 

load at min1200 rev .  The back emf of the motor is V2000 .  The synchronous reactance is Ω10  per 
phase. 
Find: 
The line current and the torque developed by the motor. 
Assumptions:  
Winding resistance is negligible. 
Analysis: 

�08.692
3

1200 ∠==SV  

The input power per phase is: 

HNL
T

8.0
1051.12

100
3

22

=
×

=
ℜ

=  

The power developed is: 

�34.15
2646.0sin

sin3

−=
−=∴

−=

δ
δ

δ
S

Sb

X
VE

P

 

The torque developed is: 
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 mNPT
S

⋅== 1.875
ω

 

______________________________________________________________________________________ 

Problem 17.48 

Solution: 
Known quantities: 
A V600  Y-connected, three phase synchronous motor takes kW24  at a leading power factor of 

707.0 .  The per-phase impedance is Ω+ 505 j . 

Find: 
The induced voltage and the power angle of the motor. 
Assumptions: 
None. 
Analysis: 

 
Ω∠=+=

∠==

�

�

29.8425.50505

04.346
3

600

jZ

VV

S

S
 

From 707.0=pf , we have �45=θ . 

From θcos3 SSin IVP = , we have 

V
jZIVE

AI

AI

SSSb

S

S

�

�

51.423.1880
6.12701385

4567.32

67.32707.0
4.3463

1024 3

−∠=

−=−=
∠=

=×
×

×=

 

The power angle is: 

 �51.42−=δ  

The power developed and the copper loss are: 

 
kWRIP

kWIEP

SSloss

Sbdev

01.163

006.851.87cos3
2 ==

== �

 

______________________________________________________________________________________ 
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Section 17.8:  The Induction Motor 

Problem 17.49 

Solution: 
Known quantities: 
A kW6.74  three-phase, V440  (line to line), four-pole, Hz60  induction motor.  The equivalent circuit 
parameters are: 

Ω=Ω=Ω=
Ω=Ω=

53.03.0
08.006.0

mRS

RS

XXX
RR

 

The no-load power input is W3240  at a current of A45 . 

Find: 
The line current, the input power, the developed torque, the shaft torque, and the efficiency at 02.0=s . 
Assumptions: 
None. 
Analysis: 

 

Ω∠=+=
+
+++=

∠==

�

�

59.44268.3294.2328.2
3.54

)3.04(53.006.0

0254
3

400

j
j
jjjZ

VV

in

S

 

AI
j

jI

kWP
AI

S

in

S

�

�

55.751.58
3.54

5
16.42)59.44cos(7.772543

59.447.77

2 −∠=
+

=

=−××=

−∠=

 

The total power transferred to the rotor is: 

 

sec7.1845.18898.0)1(
25.40)1(101.41

1.413

3

___

2
2

rads
kWs

PPP

kWI
S
R

P

Sm

rotorinlosscopperTm

S
T

=×=−=
=−×=

−=

==

ωω

 

Therefore, the torque developed is: 

V

mNPT m
dev

�51.423.1880

218
7.184

−∠=

⋅==
 

The rotational power and torque losses are: 
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mNT

WP

rot

rot

⋅=
=××−=

56.15
5.287506.04533240 2

 

The shaft torque is: 

 mNTsh ⋅=−= 4.20256.15218  
Efficiency is: 

 887.0
1016.42

7.1844.202
3 =

×
×==

in

out
sh P

PT  

______________________________________________________________________________________ 

Problem 17.50 

Solution: 
Known quantities: 
A Hz60 , four-pole, Y-connected induction motor is connected to a  three-phase, V400  (line to line), 

Hz60  line.  The equivalent circuit parameters are: 

Ω=Ω=Ω=
Ω=Ω=

202.05.0
1.02.0

mRS

RS

XXX
RR

 

When the machine is running at min1755rev , the total rotational and stray-load losses are W800 . 

Find: 
The slip, input current, total input power, mechanical power developed, shaft torque and efficiency. 
Assumptions: 
None. 
Analysis: 
From min1800 revnS = ¸ we have 

 

Ω∠=+=
+

+++=

=

=

�98.19226.4444.1972.3
2.204

)2.04(205.02.0

4

025.0

j
j

jjjZ

s
R
s

in

R

 

Therefore, 
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904.0
6.35

17.32
175

sec8.183
17.32800

97.32)1(
81.332.0)6.54(3106.35

3

6.35))98.19cos(
3

400)(6.54(3

98.196.54

23

2

==

⋅=
=

=−==
=−=

=×−×=

==

=−=

−∠=

efficiency

mNT
rad

kWPPP
kWPsP

kW

RIPP

kWP

AI

sh

m

moutsh

tm

SSint

in

S

ω

�

�

 

______________________________________________________________________________________ 

Problem 17.51 

Solution: 
Known quantities: 
A three-phase, Hz60 , eight-pole induction motor operates with a slip of 05.0  for a certain load.  

Find: 
a)  The speed of the rotor with respect to the stator. 
b)  The speed of the rotor with respect to the stator magnetic field. 
c)  The speed of the rotor magnetic field with respect to the rotor. 
d)  The speed of the rotor magnetic field with respect to the stator magnetic field. 
Assumptions: 
None. 
Analysis: 

 sec25.94,min900 radrevn SS == ω  
a) 
 min855)1( revnsn Sm =−=   
b) 

The speed of the stator field is min900 rev , the rotor speed relative to the stator field is 

min45 rev− . 
c) 

min45 rev  
d) 
 min0 rev  
______________________________________________________________________________________ 
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Problem 17.52 

Solution: 
Known quantities: 

A three-phase, Hz60 , V400 (per phase), two-pole induction motor develops kWPm 37=  at a certain 
speed.  

The rotational loss at this speed is W800 . 

Find: 
a)  The slip and the output torque if the total power transferred to the rotor is kW40 . 

b)  SI  and the power factor if Ω== 5.0,45 Sm RkWP . 

Assumptions: 
Stray-load loss is negligible. 
Analysis: 
a) 

mNPT

kWPP
rads

radrevn
ss

kWPsP

sh
sh

outsh

Sm

SS

tm

⋅==

=−==
=−=

==
=�=−

=−=

8.103
7.348

2.368.037
sec7.348)1(

sec377,min3600
075.0925.01

37)1(3

ωω
ω

 

b) 

 

kWIVP

AI

kWRI

PRIP

SSin

S

SS

tSSin

45cos3

7.57

53

3
2

2

==

=∴

=

+=

θ

 

The power factor is: 
 lagging65.0cos =θ  
______________________________________________________________________________________ 

Problem 17.53 

Solution: 
Known quantities: 

The nameplate speed of a Hz25  induction motor is min720 rev .  The speed at no load is 

min745rev .  

Find: 
a)  The slip. 
b)  The percent regulation. 
Assumptions: 
None. 
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Analysis: 
a) 

 

%404.0
750

720750

750
4

)25(120

417.4
720

)25(120

==−=

==

=�=≈

slip

rpmn

pp

sync  

b) 

 %5.3035.0
720

720745 ==−=reg  

______________________________________________________________________________________ 

Problem 17.54 

Solution: 
Known quantities: 
The name plate of a squirrel-cage four-pole induction motor has 

ArevHzVhp 64,min830,60,220,25 , three-phase line current.  The motor draws W800,20  
when operating at a full load. 
Find: 
a)  slip. 
b)  Percent regulation if the no-load speed is rpm895 . 
c)  Power factor. 
d)  Torque. 
e)  Efficiency. 

Assumptions: 
None. 
Analysis: 
a) 

%8.7078.0
900

830900
900

==−=

=

slip

rpmnsync

 

b)  

%8.7078.0
830

830895 ==−=reg  

c)  

laggingpf 853.0
)64)(220(3

800,20 ==  

d)  

 ftlbT ⋅=×= 2.158
830

)74625(04.7
 

e)  

 %7.89897.0
800,20
74625 ==×=eff  

______________________________________________________________________________________ 
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Problem 17.55 

Solution: 
Known quantities: 
A Hz60 , four-pole, Y-connected induction motor is connected to a V200 (line to line), three-phase, 

Hz60  line.  The equivalent circuit parameters are: 

 

)(8.030
)(42.08.0

5.348.0

statorthetoreferredXX
statorthetoreferredRX

mNtorquelossRotationalR

Rm

RS

S

Ω=Ω=
Ω=Ω=

⋅=Ω=
 

The motor is operating at slip 04.0=s . 
Find: 
The input current, input power, mechanical power, and shaft torque. 

Assumptions: 
Stray-load losses are negligible. 
Analysis: 

AI
j

j
jjjZ

rads
VV

S

in

m

S

�

�

2.2602.11
2.2648.1063.4404.9
8.305.10

)8.05.10(308.048.0

sec1815.188)1(
5.115

−∠=∴

∠=+=
+

+++=

=−=
=

ω

 

mNT

WPsP
WIRtotalPP

WtotalP
phaseperP

sh

tm

SSint

in

in

⋅==

=−=∴
=−=

=
−××=

24.17
181
3121

3121)1(
32513)(

3426)(
)2.26cos(02.115.115)(

2

�

 

______________________________________________________________________________________ 

Problem 17.56 

Solution: 
Known quantities: 
a)  A three-phase, V220 , Hz60  induction motor runs at min1140 rev . 

b)  A three-phase squirrel-cage induction motor is started by reducing the line voltage to 2SV  in order to 
reduce the starting current. 
Find:  
a)  The number of poles (for minimum slip), the slip, and the frequency of the rotor currents. 
b)  The factor the starting torque and the starting current reduced. 
Assumptions: 
None. 
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Analysis: 
a)  

For minimum slip, the synchronous speed, 
2

3600
p

, should be as close as possible to min1140 rev , 

therefore,  

 

Hzf

s

polespn

rotor

S

3

05.0
1200

11401200
6,1200

=

=−=

==

 

b)  
If the line voltage is reduced to half, the starting current is reduced by a factor of 2 .  The developed torque 

is proportional to 
2

SI .  Therefore, the starting torque is reduced by a factor of 4 . 
______________________________________________________________________________________ 

Problem 17.57 

Solution: 
Known quantities: 
A six-pole induction machine has a kW50  rating and is 85  percent efficient.  If the supply is V220  at 

Hz60 . 
6 poles 

 60 Hz 
 50 kW 
 85% efficient 
 220 Volt 
 4% slip 
Find: 
The motor speed and torque at a slip s = 0.04. 

Assumptions: 
None. 
Analysis: 

a) ns  
120 f

p
 

120  60
6

 1200rev / min   

 @ slip of 4% 
 n  ns 1 s   1200 rev/ min 1 0.04 1152 rev/ min  
 

b) 
( )( )

m-N 3.352
min

sec60
rad 2

rev 1*
rev/min 1152

 W42500
kW 5.4285.050efficiency

===

==×=

πω
out

out

inout

PT

kWPP
 

______________________________________________________________________________________ 

Problem 17.58 

Solution: 
Known quantities:   6 poles 
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 60 Hz 
 240 Volt rms 
 10% slip 
 Torque = 60 N-m 
Find: 
a) The speed and the slip of the induction machine if a load torque of 50 N-m opposes the motor. 
b) The rms current when the induction machine is operating under the load conditions of part a. 
Assumptions: 
The speed torque curve is linear in the region of our interests. 
Analysis: 

a)  

ns  
120 f

p
 

120  60
6

 1200rev / min   

 @ slip of 4% 
 n  ns 1  s   1200 rev/ min 1 0.04 1152 rev/ min  

Torque
[N-m]

60

50

ns

T = m * n + b

Torque
[N-m]

60

50

ns

T = m * n + b

 
torque 
T  m  n  b

m  60  0  N  m
1080  1200  rev/min

  0.5 N  m
rev/min

 

b  T  m  n  60 N  m    0.5
N m

rev/min
 1080 rev/min

  
  

  
   600 N - m  

motor speed (@ 50 N-m) 

n  
T  b  

m
 

rev/min
.5 N  m

50 N - m   600 N - m     1000 rev/min  

n 
slip (@ 50 N-m) 

s  
ns  n

ns
 

1200  1100
1200

 .0833  8.33%  

b) 
Output Power 

Pout  Tω  50 N - m  1100 
rev
min

2π rad
rev

1min
60sec

  
  

  
   5760 W  

 
Input Power 

Pin  
Pout

efficiency
 Irms  Vrms  
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Current 

Irms  
Pout

efficiency  Vrms
 

5760 W
0.92  240 volts   26.1 amps  

______________________________________________________________________________________ 

Problem 17.59 

Solution: 
Known quantities: 
A three-phase, hp5 , V220 , Hz60  induction motor.  WPAIVV 610,18,8 === . 

Find: 
a)  The equivalent stator resistance per phase, SR . 

b)  The equivalent rotor resistance per phase, RR . 

c)  The equivalent blocked-rotor reactance per phase, RX . 

Assumptions: 
None. 
Analysis: 
a)  

Ω== 314.0
32

1
2
BR

BR
S I

PR  

b)  
Ω= 314.0RR  

c) 

Ω=−=−=

Ω===

4.1)628.0()54.1(

54.1
18

3483

2222 RZX

I
VZ

SR

BR

BR
S

 

______________________________________________________________________________________ 

Problem 17.60 

Solution: 
Known quantities: 
The starting torque equation is: 

22
2

)()( SRSR

R
S

e XXRR
RVmT

+++
⋅⋅=

ω
 

Find: 
a)  The starting torque when it is started at V220 . 
b)  The starting torque when it is started at V110 . 

Assumptions: 
None. 
Analysis: 
a)  
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mNT

s
XR

sRVqT R

S

⋅=
+

=∴

=
+

=

1.17
)4.1()628.0(
)314.0()127(3

377
1

1;)(1

22

2

22

2
11

ω
 

b)  

mNT ⋅=
+

= 28.4
)4.1()628.0(
)314.0()5.63(3

377
1

22

2

 

______________________________________________________________________________________ 

Problem 17.61 

Solution: 
Known quantities: 
A four-pole, three-phase induction motor drives a turbine load with torque-speed characteristic given by 

2006.020 ϖ+=LT  
At a certain operating point, the machine has 4% slip and 87% efficiency. 
Find: 
Torque at the motor-turbine shaft 
Total power delivered to the turbine 
Total power consumed by the motor 
Assumptions: 
Motor run by 60-Hz power supply 
Analysis: 
Synchronous speed of four-pole induction motor at 60-Hz: 

 min/1800
2/4

/60min/60120 rsrs
P

fns =×==  

 srad
s

revradrevs /5.188
min/60
/2min/1800 =×= πϖ  

Rotor mechanical speed at 4% slip: 
 ( ) ( )( ) sradsrads sm /0.181/5.18804.011 =−=−= ϖϖ  
Load torque at the shaft: 
 mNsradTL −=+= 216)/0.181(006.020 2  
Total power delivered to the turbine: 
 ( )( ) kWsradmNTP mL 1.39/0.181216 =−== ϖ  
Total power consumed by the motor: 

 kWkwPPm 9.44
87.0
1.39 ===

η
 

___________________________________________________________________________________ 

Problem 17.62 

Solution: 
Known quantities: 
A four-pole, three-phase induction motor rotates at 1700 r/min when the load is 100 N-m. 
The motor is 88% efficient. 
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Find: 
a)  Slip 
b)  For a constant-power, 10-kW load, the operating speed of the machine 
c)  Total power consumed by the motor 
d)  Sketch the motor and load torque-speed curves on the same graph.  Show numerical values. 
Assumptions: 
Motor run by 60-Hz power supply 
Analysis: 

a)  Synchronous speed of four-pole induction motor at 60-Hz: 

min/1800
2/4

/60min/60120 rsrs
P

fns =×==  

Slip: 

%6.5056.0
min/1800

min/1700min/1800 ==−=−=
r

rr
n

nns
s

s  

b)  Operating speed of machine for a constant-power load of 10-kW 

min/955
/2
min/60

sec/100
100
10000

r
revrad

sn

rad
mN

W
T
P

L

==

=
−

==

π
ϖ

ϖ
 

c) Total power consumed by the motor 

kWkWPPm 4.11
88.0

10 ===
η

 

d) Sketch of motor and load torque-speed curves on the same graph, with the operating point at the 
first intersection: 
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___________________________________________________________________________________ 

Problem 17.63 

Solution: 
Known quantities: 
A six-pole, three-phase motor. 
Find: 
The speed of the rotating field when the motor is connected to: 
a)  a Hz60  line. 
b)  a Hz50  line. 

Assumptions: 
None. 
Analysis: 
a)  

For Hz60 , min1200,sec7.1254 revnrad
P

f
mm === πω  

b)  
For Hz50 , min1000,sec72.104 revnrad mm ==ω  
______________________________________________________________________________________ 
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Problem 17.64 

Solution: 
Known quantities: 
A six-pole, three-phase, HzV 60,440  induction motor.  The model impedances are: 

Ω=
Ω=Ω=
Ω=Ω=

35
7.03.0
7.08.0

m

RR

SS

X
XR
XR

 

Find: 
The input current and power factor of the motor for a speed of min1200 rev . 

Assumptions: 
None. 
Analysis: 

VVS
�0254

3
440 ∠==  

For min1200 revnn Sm == , )(0 loadnos = . 

AI

jXXjRZ

S

mSSin

�

�

7.8811.7
7.8871.35

7.358.0)(

−∠=
Ω∠=

+=++=

 

The power factor is: 

 
WVIP

lagging

SSin 4.121cos3
0224.07.88cos

==
=

θ

�

 

______________________________________________________________________________________ 

Problem 17.65 

Solution: 
Known quantities: 
A eight-pole, three-phase, HzV 60,220  induction motor.  The model impedances are: 

Ω=
Ω=Ω=
Ω=Ω=

32
84.028.0
56.078.0

m

RR

SS

X
XR
XR

 

Find: 
The input current and power factor of the motor for 02.0=s . 
Assumptions: 
None. 
Analysis: 
For 8  poles,  
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sec4.92)1(
sec25.94

min900
4

3600

rads
rad

revn

Sm

S

S

=−=
=

==

ωω
ω  

By using the equivalent circuit, we have: 

 

laggingpf

AI
VV
j

j

jj
jZ

S

S

in

8898.0)15.27cos(
15.2739.9

0127
15.2752.1317.603.12
84.3214

)84.0
02.0
28.0(32

56.078.0

=−=

−∠=
∠=

Ω∠=+=
+

+
++=

�

�

�

�

 

______________________________________________________________________________________ 

Problem 17.66 

Solution: 
Known quantities: 
The nameplate is as given in Example 17.2. 
Find: 
The rated torque, rated volt amperes, and maximum continuous output power for this motor. 
Assumptions: 
None. 
Analysis: 
The speed is: 

 
sec3.373

60
35652

min3565

rad

revn

m

m

=×=

=
πω

 

The rated amperesvolt ⋅  is: 

 
kVAAVor

kVAAV

23.42)53()460(3

23.42)106()230(3

=××

=××
 

The maximum continuous output power is: 
 WPO 2984074640 =×=  
The rated output torque is: 

 mNPT
m

O ⋅== 93.79
ω

 

______________________________________________________________________________________ 
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Problem 17.67 

Solution: 
Known quantities: 
At rated voltage and frequency, the 3-phase induction machine has a starting torque of 140  percent and a 
maximum torque of 210  percent of full-load torque. 
Find: 
a)  The slip at full load. 
b)  The slip at maximum torque. 
c)  The rotor current at starting as a percent of a full-load rotor current. 
Assumptions: 
Neglect stator resistance and rotational losses.  Assume constant rotor resistance. 
Analysis: 
a)  

X
RsTT

sTT
XsR

sRKVT

MTRMT

STRST

R

R
R

2

22
2

2
2

1.2

0.14.1
)(

)(

==

==
+

=

 

The above leads to 3 equations in 3 unknowns: 
(1) 22

22 4.14.12.4 XRXR +=  

(2) 22
2

2
2
2 4.14.1 XRXs

s
R

R
R

+=+  

(3) 2222 )(2.4 X
s
R

s
XR

RR

+=  

Solving the equations, we have: 

 
097.0

382.02

=

=

Rs
X
R

 

b)  

 382.0==
X
Rs T

MT   

c)  

 
%379100

07.1
,

06.4

=×

==

R

ST

STR

I
I

KVIKVI
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	Find:
	Assumptions:
	Analysis:


	Problem 17.41
	Solution:
	Known quantities:
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	Find:
	The line current and the torque developed by the motor.
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	When the machine is running at �, the total rotational and stray-load losses are �.
	Find:
	The slip, input current, total input power, mechanical power developed, shaft torque and efficiency.
	Assumptions:
	Analysis:


	Problem 17.51
	Solution:
	Known quantities:
	A three-phase, �, eight-pole induction motor operates with a slip of � for a certain load.
	Find:
	Assumptions:
	Analysis:


	Problem 17.52
	Solution:
	Known quantities:
	A three-phase, �, �(per phase), two-pole induction motor develops � at a certain speed.
	The rotational loss at this speed is �.
	Find:
	Assumptions:
	Analysis:


	Problem 17.53
	Solution:
	Known quantities:
	The nameplate speed of a � induction motor is �.  The speed at no load is �.
	Find:
	Analysis:


	Problem 17.54
	Solution:
	Known quantities:
	The name plate of a squirrel-cage four-pole induction motor has �, three-phase line current.  The motor draws � when operating at a full load.
	Find:
	Assumptions:
	Analysis:


	Problem 17.55
	Solution:
	Known quantities:
	A �, four-pole, Y-connected induction motor is connected to a �(line to line), three-phase, � line.  The equivalent circuit parameters are:
	Find:
	Assumptions:
	Analysis:


	Problem 17.56
	Solution:
	Known quantities:
	Find:
	b)  The factor the starting torque and the starting current reduced.
	Assumptions:
	Analysis:


	Problem 17.57
	Solution:
	Known quantities:
	A six-pole induction machine has a � rating and is � percent efficient.  If the supply is � at �.
	Find:
	Assumptions:
	Analysis:

	a)
	b)

	Problem 17.58
	Solution:
	Find:
	Assumptions:
	Analysis:

	a)
	b)

	Problem 17.59
	Solution:
	Known quantities:
	Find:
	Assumptions:
	Analysis:


	Problem 17.60
	Solution:
	Known quantities:
	Find:
	Assumptions:
	Analysis:


	Problem 17.61
	Solution:
	Known quantities:
	Find:
	Assumptions:
	Analysis:


	Problem 17.62
	Solution:
	Known quantities:
	Find:
	Assumptions:
	Analysis:


	Problem 17.63
	Solution:
	Known quantities:
	Find:
	Assumptions:
	Analysis:


	Problem 17.64
	Solution:
	Known quantities:
	Find:
	Assumptions:
	Analysis:


	Problem 17.65
	Solution:
	Known quantities:
	Find:
	Assumptions:
	Analysis:


	Problem 17.66
	Solution:
	Known quantities:
	Find:
	Assumptions:
	Analysis:


	Problem 17.67
	Solution:
	Known quantities:
	Find:
	Assumptions:
	Analysis:



