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Executive Summary 
The effectiveness of Decision Making and Management of Transportation Systems is based on 
well-prepared decision makers and managers, who possess knowledge and experiences related to 
the technologies that are the subject of their decision making. With the advent of new electric, 
hybrid and fuel cell vehicles, the need for engineers and technology managers with related 
knowledge will grow. CSULA is extending its curriculum to meet those needs. A brand new 
Electric, Hybrid and Alternatively Fueled Vehicles course seeks to introduce students to all 
major technologies implemented in those vehicles. Among them are electric motors and 
generators. This project resulted in the development of two laboratory experiences with the 
Hampden electric motor test station available in the Department of Technology. The findings of 
the project were presented at the 2010 Jack R. Widmeyer Transportation Research Conference at 
CSU San Bernardino. 

Project Outcomes 
The PI worked with two students, Pavlo Andoni and Amanda Turk. Pavlo Andoni conducted the 
initial research and prepared first drafts of the two laboratories on the topics he had identified to 
benefit the Electric, Hybrid and Alternatively Fueled Vehicles course. He worked for ten weeks 
in summer 2009. His work was supported by NSF Research Experience for Undergraduates 
funding. Pavlo Andoni was a visiting researcher from Grand Valley State University, MI. 
Amanda Turk joined the project in winter 2010 and provided a major evaluation and rewriting of 
the draft versions of laboratories. Also funded by the NSF, she was a visiting researcher from 
MIT, MA. 

The Department of Technology owns the Hampden Series 100 motor experimentation station, 
not currently utilized for any of the courses, see Figure 1. The test bench is specifically designed 
for students to perform experiments with motors and generators. The test bench is also equipped 
with a set of modules serving as a versatile power and instrument facility for a wide range of 
other laboratory experiments in power technologies. As the outcome ofthis project two 
laboratories were created to support the course in Electric, Hybrid and Alternatively Fueled 
Vehicles. The two labs addressed: "DC Motors and Generators: Efficiency and Losses" and 
"AC Motors: Efficiency and Losses". 

Figure 1. Hampden Electric Motor Testing Station. 



Laboratory 1 Summary 
DC Motors and Generators: Efficiency and Losses sets the following outcomes for student 
learning for cases when the DC motors are used. 

1. To gain hands-on experience with the circuitry layout of DC motors and generators. 
2. To calculate the efficiency of a self-excited motor and of a separately-excited generator. 
3. To determine where losses occur in DC electric machines and discuss methods for 

reducing losses and increasing efficiency. 
4. To identify the ideal operating range for electric motors and for electric generators. 

For example, students obtain the DC motor efficiency as a function of RPM utilizing the current 
and voltage data collected in the laboratory, see Figure 2. 
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Figure 2. The relationship of a DC motor efficiency and shaft speed. 

The laboratory contains theoretical section addressing DC motor operating principles, clear 
instructions on experiment set up and procedures, connection diagrams, formulas for calculations 
and the assignment of specific observations and determinations. 

Three documents are prepared: Instructor's manual, Student's manual and Solution manual. 

Laboratory 2 Summary 
AC Motors: Efficiency and Losses sets the following outcomes for student learning for cases 
when the AC motors are used. 

1. To gain hands-on experience with the circuitry layout of AC induction motors. 
2. To calculate the efficiency of an induction motor. 
3. To determine where losses occur in AC machines and discuss methods for reducing 

losses and increasing efficiency. 
4. To identify the ideal operating range for AC induction motors. 



For example, students obtain the DC motor efficiency as a function of RPM utilizing the current 
and voltage data collected in the laboratory, see Figure 3. 
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Figure 3. The relationship of an AC motor efficiency and shaft speed. 

The laboratory contains theoretical section addressing DC motor operating principles, clear 
instructions on experiment set up and procedures, connection diagrams, formulas for calculations 
and the assignment of specific observations and determinations. 

Three documents are prepared: Instructor's manual, Student's manual and Solution manual. 

Conclusions 
Two laboratory manuals and accompanying instructor's manuals to support the introduction of 
the topic of electric motors in the Electric, Hybrid and Alternatively Fueled Vehicles course were 
created. During the project, two students were mentored and prepared educational materials to be 
used at the college level. Previously underutilized equipment was brought back into the 
instruction. The next offering of the course where the new laboratories will be tested is Winter 
2011. 
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Background Information 

An electric motor is a device that transforms electrical energy into mechanical energy 
through electromagnetic induction. An electromagnet is rotated in the presence of a 
second, stationary electromagnet; the interaction of the two magnetic fields results in a 
torque that drives a shaft. In a sense, a generator is simply an electric motor working 
backwards, transforming mechanical energy into electrical energy. The source of the 
mechanical energy can be anything that turns a shaft- from a simple hand crank to a 
steam engine, wheels turned by road friction to an electric motor- but the principle 
remains the same. The mechanical force moves a magnet near a wire in order to induce a 
magnetic flux which, in turn, creates a steady flow of electrons in the wire. 

Hybrid and electric vehicles (HEVs) contain both motors and generators. HEVs are 
powered by a combination of a gasoline-powered engine and a battery-powered electric 
motor. These two power sources can be combined either in parallel (in which both the 
engine and the electric motor are directly connected to the transmission) or in series {in 
which only the electric motor is directly connected to the transmission; the gasoline 
engine turns a generator that either charges the batteries or directly powers the electric 
motor.) . 

You will most frequently encounter two types of generators in HEVs. The type of 
generator discussed above, that appears in series hybrid systems, is called a gasoline 
generator. The second type, common to both hybrid and electric vehicles, is the 
regenerative braking system. Such a system runs the electric motor backwards as a 
vehicle brakes, using the motor as a generator that is turned by the transaxle as the 
vehicle slows. The mechanical energy of the spinning axles, instead of being completely 
dissipated by traditional brakes, is partially converted into electrical energy that recharges 
the car batteries. 

Both motors and generators contain an alternator, which converts the mechanical input 
into an electrical output or vice versa. An alternator contains a rotor {the rotating 
component)· and a stator {the stationary component). 

In electrical terms, the stator is called the field coil: it contains either a permanent magnet 
or, more commonly, an electromagnet (current-carrying wire wound in coils around an 
iron core). The field coil creates a magnetic field through which the rotor will turn. 

The rotor can also be called the armature coil. In a motor, the armature coil acts as an 
electromagnet; a power source directly supplies current through the armature coil. The 
interaction between the two magnetic fields {of the field coil and the armature coil) 
results in a torque that drives a shaft. In a generator, the armature is not connected to an 
external power source. Instead, as the armature rotates through the magnetic field created 
by the field coil, the resulting magnetic flux induces a current in the armature. This 
current flows through a load (like the motor of a car) or back to a battery, recharging it for 
future use. 

Not all of the input energy to a motor or generator is transformed into output energy; 
some energy is lost during the process due to friction between parts, inappropriate 
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operating conditions, necessary internal power draws, and dozens of other factors. The 
ratio of input energy to output energy is called efficiency, and one of the most important 
challenges for modern technicians is to develop vehicles with the highest efficiency. In 
this laboratory exercise, you will be working with a self-excited1 shunt motor, commonly 
used to power vehicles, and a separately-excited shunt generator, much like those used in 
regenerative braking and series hybrid systems. You will calculate the power inputs, 
outputs, and efficiencies of both machines and determine the operating range for which 
each machine has the highest efficiency. 

Concept Check (Solutions) 

1 . . An electric motor: 

(a) converts mechanical energy into electrical energy 

Incorrect; a motor converts electrical energy into mechanical energy 

-7 (b) does not convert all input power into output power. 

Correct; there are always power losses in a motor due to internal 
mechanical and electrical resistances. 

(c) contains an alternator coil and a rotor coil. 

Incorrect; a motor contains an alternator which, in turn, contains an 
armature coil (the rotor} and a field coil (the stator} 

(d) can also be called a regenerative braking system. 

Incorrect; a regenerative braking system is a type of generator. 

2. The armature carries current that is: 

(a) drawn directly from a battery or generator. 

Partially correct; this is true in a motor. 

(b) induced as the armature rotates through a magnetic field. 

Partially correct; this is true in a generator. 

1 
A generator may be self-excited (the field coil is powered by some of the current produced in the armature) or separately-excited 

(the field coil is powered by an independent outside power source.) The advantages of self-excitation include high starting torque 
and rapid acceleration, but separately-excited generators are more often used in electric vehicles, as they offer excellent control 

flexibility and potential for optimization. 
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-7 ( c) either (a) or (b), depending on whether it is part of a generator or a motor. 

Correct; see {a} and {b) for explanation. 

(d) An armature does not carry current. 

Incorrect; the armature coil becomes an electromagnet by carrying 
current. 

3. Generators: 

-7 (a) are used in regenerative braking systems. 

Correct; generators play a key role in regenerative braking systems. 

(b) do not appear in modern electric vehicles. 

Incorrect; gasoline generators appear in hybrid vehicles and electric 
generators play a key role in regenerative braking systems. 

(c) convert electrical energy into mechanical energy. 

Incorrect; generators convert mechanical energy into electrical energy. 

( d) all of the above. 

Incorrect; see (b) and {c} for explanation. 

4. The efficiency of an electric vehicle: 

(a) is not an overwhelming concern in vehicle design. 

Incorrect; increasing vehicle efficiency is a main focus for modern 
technicians. 

(b) is the ratio of input power to output power. 

Correct; efficiency is the ratio of input power to output power and is most 
often expressed as a percentage. However, {d} is a better answer. 

(c) is reduced when motor parts are poorly machined. 

Correct; poorly machined parts increase power loss due to friction, 
thereby reducing vehicle efficiency. However, (d) is a better answer. 

-7(d) band c 

Correct; see (b) and {c} for explanation. 
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5. A regenerative braking system: 

(a) creates electrical energy by regenerating the motor. 

Incorrect; a regenerative braking systems converts mechanical energy into 
electrical energy by running the motor backwards as a generator. One 
cannot create energy. 

(b) lets no rotational energy be dissipated as heat. 

Incorrect; a regenerative braking system relies on a generator, and is 
therefore not 100% efficient. Some rotational energy is dissipated as heat 
due to internal resistances. 

-7 (c) is an electric generator that converts rotational energy into electrical energy. 

Correct; a regenerative braking system converts rotational energy into 
electrical energy as a vehicle slows. 

(d) is powered by gasoline. 

Incorrect; a regenerative braking system is a generator powered by the 
rotational energy of vehicle tires. See answer {c}. 

6. Power losses in a motor or generator occur: 

(a) in the armature coil only. 

Incorrect; power losses do occur in the armature coil, but they also occur 
elsewhere. 

(b) in the armature and field coils only. 

Incorrect; power losses do occur in the armature and field coils, but they 
also occur elsewhere. 

(c) in the rotating shaft only. 

Incorrect; power losses do occur in the rotating shaft, but they also occur 
elsewhere. 

-7 (d) in every part of the machine. 

Correct; power losses occur in every part of the machine, though some 
parts have higher losses than others. 

7. In this lab, the motor is a(n) __ machine and the generator is a(n) __ machine. 

(a) AC.AC 

Incorrect; see {a} for explanation. 
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(b) AC, DC 

Incorrect; see {a} for explanation. 

(c) DC.AC 

Incorrect; see {a} for explanation. 

7(d) DC, DC 

Correct; this lab uses the DC Machine and the Dynamometer; both of 
which are DC machines. 

8. Big Picture: In Lab 1, your overall aim is to: 

(a) measure shaft speed, torque, armature current, and field voltage. 

Incorrect; while you will measure these quantities in Lab 1, your overall 
aim is to use them for calculating efficiency {see {b)}. 

-7 (b) find the efficiency of a motor and a generator and identify the source of power 
losses. 

Correct; the objective of Lab 1 is to calculate motor/generator efficiency 
and to identify power losses. 

(c) observe the effect of a changing load on motor and generator efficiency. 

Incorrect; the load is held constant in Lab 1, at 68.1 BQ. 

(d) find the output power of a motor and a generator. 

Incorrect; while you will calculate these quantities in Lab 1, your overall 
aim is to use them for calculating efficiency {see {b)}. 

Objectives 

1. To gain hands-on experience with the circuitry layout of DC motors and 
generators. 

2. To calculate the efficiency of a self-excited motor and of a separately-excited 
generator. 

3. To determine where losses occur in DC electric machines and discuss methods for 
reducing losses and increasing efficiency. 

4. To identify the ideal operating range for electric motors and for electric 
generators. 
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Equipment 

Console Instruments: Additional Equipment: 

1. 0-150 volt Variable DC supply, 1 amp 1. DM-lOOADC Machine 

2. (2) 0-150 volt DC voltmeter 2. DYN-100-DM Dynamometer 

3. (2) 0-5.0amp DC ammeter 3. RL-lOOA Resistance Load Bank 

4. HT-100 Series Tachometer 

5. (2) Auxiliary ammeter 

Procedure 

1. Place the two machines on the bedplate with the motor {DYN-100-DM 
Dynamometer) on the left and the generator {DM-1 OOA DC Machine) on the 
right. 

2. Couple the machines and clamp both tightly to the bedplate. 

3. Turn the knob of the 0-125 volt and the 0-150 volt DC supplies fully 
counterclockwise to the zero output position. Power should remain off. 

4. Connect the motor as shown in Figure 1. Refer to Appendix A for schematic of 
motor. Turn the motor's field rheostat knob {black dial located on top of the 
dynamometer) fully counterclockwise to its minimum resistance position. 

START 
SWITCH+ 

MOTOR 
(Dynamometer) 

GENERATOR 
(DC Machine) 

2 

+ 
0-150V 0-125V 

DC SUPPLY 
RL-100A V DC SUPPLY 

\_ ________ _} 

Figure 1: Motor and generator connections 
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5. Connect the generator as shown in Figure 1. Refer to Appendix B for schematic of 
generator. Note that this is a separately excited generator connection. Turn the 
generator's field rheostat knob (black dial located on top of the DC machine) fully 
counterclockwise to its minimum resistance position. 

6. Ground both machines. (Connect the green terminal on each machine to the green 
terminal on the console.) 

7. Have someone check your connections to be sure they are correct. Be certain that 
your auxiliary ammeter is ON and set to handle at least 2.5A of current. Then turn 
ON only the main AC and the 0-150V DC supply circuit breakers. 

8. Turn ON the 0-150 volt supply and the circuit breaker switch. 

9. Locate the voltmeter connected across the 0-150 volt supply (V2) and adjust the 
knob until voltmeter 2 reads 124 volts. (If you followed the setup in Appendix B, 
V 2 is the voltmeter on the left of the console.) 

10. Turn the generator's field rheostat knob (located on top of DC Machine) 
clockwise until voltmeter 2 reads 130V. 

11. Calibrate the dynamometer. (Turn the silver knob, located on top of the scale, 
until the scale reads zero.) 

12. Turn ON the 0-125 volt supply and the circuit breaker switches on the motor. 

13. Locate the voltmeter connected across the 0-125 volt supply (V 1) and start the 
motor by adjusting the knob until V1 reads 124 volts. (If you followed the setup in 
Appendix A V 1 is the voltmeter on the left of the console.) 

14. Now locate the RL-1 OOA Resistance Load Bank. Switch on resistance legs 1-10. 
This will produce a load of 68.18.Q. 

15. Adjust the knob on the tachometer to read 1500 RPM. 

16. Point the tachometer against the motor shaft and turn the motor's field rheostat 
knob clockwise until the motor shaft appears to stop moving. 

17. Recheck voltmeter 1 to verify that the output of the 0-125 volt supply is still 124 
volts. If it is not, adjust 0-125 volt supply until voltmeter 1 reads 125V and then 
repeat step 16. 

18. Record the following values in Table 1: 

a. Shaft speed: Adjust the field rheostat knob until the motor shaft appears to 
stop moving under the light of the tachometer. Record the value displayed on 
the tachometer screen in column 1. 

b. Torque: Record the value displayed by the dynamometer scale in column 2. 
Use the outer scale and record all results in N·m. 
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c. Motor armature current: Verify that Ai (the leftmost ammeter) is set to read 
on a 0-2.5A scale. Record the value displayed by ammeter 1 in column 3. 
(Note: If the needle points at or past the 2.5A mark for later measurements, 
you will need to adjust Ai to read on a 0-5.0A scale.) 

d. Motor input current: Verify that A2 (the rightmost ammeter) is set to read on a 
0-5.0A scale. Record the value displayed by ammeter 2 in column 4. 

e. Load current: Record the value displayed by A3, an auxiliary ammeter, in 
column 5. 

f. Generator input current: Record the value displayed by A4, an auxiliary 
ammeter, in column 6. 

g. Motor and generator voltages: Record the values displayed by voltmeters 1 
and 2 in columns 7 and 8. (Since you are constantly monitoring the power into 
the motor in step 17, these values should remain fixed at 124 and 130 volts, 
respectively.) 

19. Adjust the speed on the tachometer to 1600 RPM 

20. Repeat steps 16-18. 

21. Repeat, increasing tachometer speed by intervals of 100 RPM, until the 
tachometer reads 2100 RPM. 

22. Adjust all voltage supplies to zero and turn OFF all circuit breaker switches. 

Data Collection (Solutions) 

Table 1: Collected Data 

1 2 3 4 5 6 7 8 9 

ffishaft 'tshaft li 12 13 14 Vi V2 RLoad 
(RPM) (N·m) (Amps) (Amps) (Amps) (Amps) (Volts) (Volts) (Q) 

1500 1.105 1.85 2.38 1.41 0.38 124 130 68.18 

1600 1.15 2.00 2.43 1.49 0.38 124 130 68.18 

1700 1.2 2.15 2.54 1.56 0.38 124 130 68.18 

1800 1.25 2.35 2.69 1.65 0.38 124 130 68.18 

1900 1.275 2.50 2.87 1.73 0.38 124 130 68.18 

2000 1.3 2.70 3.08 1.81 0.38 124 130 68.18 

2100 1.305 3.00 3.30 1.89 0.38 124 130 68.18 
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Data Analysis (Solutions) 

Table 2: Motor Calculations 

1 2 3 4 5 6 7 

hield Prn PArm PField Pout lJMotor lJArm 
(Amps) (Watts) (Watts) (Watts) (Watts) (%) (%) 

0.53 294.50 229.40 68.25 173.57 58.94 75.66 

0.43 301.32 248.00 55.90 192.68 63.95 77.70 

0.39 314.96 266.60 50.70 213.63 67.83 80.13 

0.34 333.56 291.40 4420 234.68 70.36 80.53 

0.37 355.88 310.00 48.10 253.68 71.28 81.83 

0.38 381.92 334.80 49.40 272.27 71.29 81.32 

0.30 409.20 372.00 39.00 286.98 70.13 77.15 

1. Using equation 1, find the current through the motor rheostat and field coil. 
Record the result in column 1 of Table 2. 

2. Calculate the power input to the motor armature, the power input to the motor 
field coil and rheostat, and the total power supplied to the motor. Record the 
results in columns 2-4 of Table 2. 

(2) ~rm = T1i ' fl 

(3) pFleld = v; '[Field 

3. Use equation 5 to calculate the power output of the motor. Record the results in 
column 5 of Table 2. 

Note: Because the motor shaft and the generator shaft are mechanically linked, 
the power output of the motor is equal to the power input to the generator 
armature. Therefore, you may also record these results in column 1 of Table 3. 
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4. Use equation 6 to calculate the % efficiency of the motor and record the results in 
column 6 of Table 2. 

5. Find the % efficiency of the motor armature using equation 7. Record the results 
in column 7 of Table 2. 

(7) 

1 

PArm 
(Watts) 

173.57 

192.68 

213.63 

234.68 

253.68 

272.27 

286.98 

1J = Pout · 100 
Arm p 

Arm 

Table 3: Generator Calculations 

2 3 4 

PFleld P1n Pout 
(Watts) (Watts) (Watts) 

49.40 222.97 135.55 

49.40 242.08 151.37 

49.40 263.03 165.92 

49.40 284.08 185.62 

49.40 303.08 204.06 

49.40 321.67 223.36 

49.40 336.38 243.55 

5 6 

llGenerator llArm 
(%) (%) 

60.73 78.09 

62.53 78.56 

63.08 77.67 

65.34 79.10 

67.33 80.44 

69.44 82.04 

72.40 84.86 

6. Using equation 8, find the power supplied to the generator field coil. Record the 
results in column 2 of Table 3. Then, use equation 9 to compute the input power to 
the generator. Record the results in column 3 of Table 3. 

(9) ~n =~rm+ pFle/d 
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7. Use equation 10 to find the power output of the generator {the power supplied to 
the load.) Record the results in column 4 of Table 3. 

{10) Pout = Ii · RLoad 

8. Using equation 11, calculate the % efficiency of the generator. Record the results 
in column 5 of Table 2. 

(11) Pout 100 T/ Generator = P, · 
In 

9. Find the % efficiency of the generator armature using equation 12. Record the 
results in column 6 of Table 2. 

{12) 
P, 

T/ = ___Q!!!._ • 10 0 
Arm p 

Arm 

Discussion (Solutions) 

1. Where do the most significant energy losses occur in the motor? What could be 
responsible for these losses? 

Hint: Compare the input power to the armature input power. Then, compare the 
armature input power to the armature output power (the total output). Which 
efficiency is higher, the total efficiency or the armature efficiency? What accounts 
for the difference? 

The most significant energy losses occur in {l) the field/rheostat circuit branch 
and (2) the armature. 

(1) The field/rheostat branch: In the range of shaft speeds tested, 75-90% of the 
input power reaches the armature; as the shaft speed increases, more current 
{and therefore a higher portion of the input power} is drawn through the 
armature. The remaining power (I 0-25% of the input) flows through the field 
coil and the rheostat, where most of it is either dissipated by the rheostat 
{which is an electrical resistor) or is used to power the field coil. Other minor 
losses in this branch include dissipation by resistance in the motor wires and 
connections. 
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(2) The armature branch: In the range of shaft speeds tested, 75-80% of the 
electrical power drawn into the armature circuit branch is converted into a 
mechanical output. The remaining power {20-25% of the armature input} is 
dissipated as heat due to the internal friction between the motors moving 
parts. Other minor losses in this branch include dissipation by resistance in 
the motor wires and connections. 

2. Where do the most significant energy losses occur in the generator? What could be 
responsible for these losses? 

The most significant energy losses occur in (1) the field/rheostat circuit and (2) 
the armature. 

(1) The field/rheostat circuit: In the range of shaft speeds tested only 77-85% of 
the total input power is a direct input to the armature. As the speed of the 
armature shaft increases, the mechanical power input to the system increases; 
however, a constant amount of electrical power must be separately supplied to 
the field coil. As the mechanical input changes, this electrical input comprises 
15-23% of the total power input. This electrical power input flows through the 
field coil and the rheostat, where most of it is either dissipated by the rheostat 
{which is an electrical resistor} or is used to power the field coil. Other minor 
losses in this branch include dissipation by resistance in the motor wires and 
connections. 

(2) The armature branch: In the range of shaft speeds tested, 78-85% of the 
mechanical power input to the armature is converted into an electrical power 
output. The remaining power {15-22% of the armature input} is dissipated as 
heat due to the internal friction between the motors moving parts. Other 
minor losses in this branch include dissipation by resistance in the motor 
wires and connections. 

3. How would the efficiency of each machine change if the field coils were replaced 
by permanent magnets? 

The efflciency of each machine would simply become the armature efficiency 
Permanent magnets, unlike field coils, do not require an electrical input in order 
to generate a magnetic field. Thus, replacing the field coil with a permanent 
magnet eliminates one of the main power losses {the field/rheostat branch, see 
questions 1 and 2) from the machine and increases efflciency by 15-20%. 
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4. Plot a curve showing the relationship of motor efficiency and shaft speed. Plot 
speed along the x-axis and efficiency along the y-axis. Title the graph "Motor 
Efficiency." On the same graph, also plot the motor armature efficiency. 

i:' 
i ·;; 

90.0% 

80.0% 

ill 70.0% 

60.0% 

Motor Efficiency 

-Total Efficiency 
-+-Armature Efficiency 

50.0% +--~-~------~---~---~-~___, 
1500 1600 1700 1800 

Speed (rpm) 

1900 2000 2100 

5. On a separate graph, plot the relationship between generator efficiency and shaft 
speed. Title the graph "Generator Efficiency." On the same graph, also plot the 
generator armature efficiency. 
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6. Plot a curve showing the relationship of shaft speed and motor output torque. 
Plot speed along the x-axis scale and torque along the y-axis. Title the graph 
"Torque and Power." 

See question 7. 

7. On the same graph, plot a curve showing the relationship between shaft speed 
and output power (use the same x-axis scale for speed, make a second scale 
along the y-axis for power.) 

Torque and Power 

1.30 

250 

1.25 

r 2 
2;. .. -Torque 

" 200 ~ -m-Motor Output Power 
~ .. !: ~ -.--Generator Output Power 
0 0 
I- II. 

1.20 

150 

1.15 

1.10 +----~-----,-----~--~---~----+ 100 
1500 1600 1700 1800 1900 2000 2100 

Speed (rpm) 

8. For which shaft speeds are the efficiencies highest? For which shaft speeds does 
the motor produce the highest output torque? 

Motor efficiency is highest {around 80%) when the shaft speed is greater than 
approximately 1900rpm. Until 1900rpm, motor efficiency increases as shaft 
speed increases. Above 1900rpm, the efficiency remains at approximately 
80%. 

Generator efficiency is highest (around 80%) when the shaft speed is 
2100rpm. Generator efficiency increases as shaft speed increases. 

Output torque is highest when the shaft speed is greater than approximately 
2000rpm. Until 2000rpm, torque increases linearly in the region of shaft 
speeds that we tested; above 2000rpm, the torque remains at approximately 
1.3Nm. 
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9. What is the relationship between power and torque? 

When the shaft speed is less than 2000rpm, both torque and output power 
increase linearly The output power is directly related to the shaft speed in this 
region. When the shaft speed is greater than 2000rpm, the torque remains the 
same, while the power continues to increase. The torque and output power are 
independent of each other in this region. 

10. How would you define an optimal operating range? Based on your graphs and 
your answers in question 1, what can you conclude about the optimal operating 
range (i.e. range of optimal shaft speeds) of the motor? 

The optimal operating range is the range of speeds within which torque, 
output power; and efficiency are at a maximum. 

One can make several key observations from question 1 and the graphs: 
1. Efficiency is highest when the shaft speed is above 1900rpm. 
2. Torque is highest when the shaft speed is above 2000rpm. 
3. Armature loss increases slightly (but stays relatively constant} as shaft 

speed increases. 
4. Field coil loss increases as shaft speed increases and increases sharply 

when the shaft speed is greater than 1900rpm. 
From these observations, one can conclude that the motor is in its optimal 
operating range when the shaft speed is between 2000rpm and 2100rpm. 
Above 1900rpm, the field coil loss increases more quickly than the total power 
output, resulting in a decreasing efficiency above 1900rpm. 
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Appendix A: Motor Connections 
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Appendix B: Generator Connections 
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Concept Check (Solutions) 

1 .. An electric motor: 

(a) converts mechanical energy into electrical energy 

Incorrect; a motor converts electrical energy into mechanical energy. 

-7 (b) does not convert all input power into output power. 

Correct; there are always power losses in a motor due to internal 
mechanical and electrical resistances. 

(c) contains an alternator coil and a rotor coil. 

Incorrect; a motor contains an alternator which, in turn, contains an 
armature coil {the rotor} and a field coil {the stator} 

(d) can also be called a regenerative braking system. 

Incorrect; a regenerative braking system is a type of generator. 

2. The armature carries current that is: 

(a) drawn directly from a battery or generator. 

Partially correct; this is true in a motor. 

(b) induced as the armature rotates through a magnetic field. 

Partially correct; this is true in a generator. 

-7 (c) either (a) or (b), depending on whether it is part of a generator or a motor. 

Correct; see {a} and {b) for explanation. 

(d) An armature does not carry current. 

3. Generators: 

Incorrect; the armature coil becomes an electromagnet by carrying 
current. 

-7 (a) are used in regenerative braking systems. 

Correct; generators play a key role in regenerative braking systems. 

(b) do not appear in modern electric vehicles. 

Incorrect; gasoline generators appear in hybrid vehicles and electric 
generators play a key role in regenerative braking systems. 
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{c) convert electrical energy into mechanical energy. 

Incorrect; generators convert mechanical energy into electrical energy. 

{d) all of the above. 

Incorrect; see (b) and {c} for explanation. 

4. The efficiency of an electric vehicle: 

{a) is not an overwhelming concern in vehicle design. 

Incorrect; increasing vehicle efficiency is a main focus for modern 
technicians. 

{b) is the ratio of input power to output power. 

Correct; efficiency is the ratio of input power to output power and is most 
often expressed as a percentage. However, {d} is a better answer. 

{c) is reduced when motor parts are poorly machined. 

Correct; poorly machined parts increase power loss due to friction, 
thereby reducing vehicle efficiency. However, {d} is a better answer. 

7{d) band c 

Correct; see (b) and {c} for explanation. 

5. A regenerative braking system: 

{a) creates electrical energy by regenerating the motor. 

Incorrect; a regenerative braking systems converts mechanical energy into 
electrical energy by running the motor backwards as a generator. One 
cannot create energy. 

{b) lets no rotational energy be dissipated as heat. 

Incorrect; a regenerative braking system relies on a generator, and is 
therefore not 100% efficient. Some rotational energy is dissipated as heat 
due to internal resistances. 

7 {c) is an electric generator that converts rotational energy into electrical energy. 

Correct; a regenerative braking system converts rotational energy into 
electrical energy as a vehicle slows. 

(d) is powered by gasoline. 

Incorrect; a regenerative braking system is a generator powered by the 
rotational energy of vehicle tires. See answer {c}. 
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6. Power losses in a motor or generator occur: 

(a) in the armature coil only. 

Incorrect; power losses do occur in the armature coil. but they also occur 
elsewhere. 

(b) in the armature and field coils only. 

Incorrect; power losses do occur in the armature and field coils, but they 
also occur elsewhere. 

(c) in the rotating shaft only. 

Incorrect; power losses do occur in the rotating shaft, but they also occur 
elsewhere. 

-7 (d) in every part of the machine. 

Correct; power losses occur in every part of the machine, though some 
parts have higher losses than others. 

7. In this lab, the motor is a(n) __ machine and the generator is a(n) __ machine. 

{a) AC.AC 

Incorrect; see {a} for explanation. 

{b) AC, DC 

Incorrect; see {a} for explanation. 

{c) DC, AC 

Incorrect; see {a} for explanation. 

-7{d) DC, DC 

Correct; this lab uses the DC Machine and the Dynamometer; both of 
which are DC machines. 

8. Big Picture: In Lab 1, your overall aim is to: 

(a) measure shaft speed, torque, armature current, and field voltage. 

Incorrect; while you will measure these quantities in Lab 1, your overall 
aim is to use them for calculating efficiency {see (b)). 
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-7 (b) find the efficiency of a motor and a generator and identify the source of power 
losses. 

Correct; the objective of Lab 1 is to calculate motor/generator efficiency 
and to identify power losses. 

(c) observe the effect of a changing load on motor and generator efficiency. 

Incorrect; the load is held constant in Lab 1, at 68.18Q. 

(d) find the output power of a motor and a generator. 

Incorrect; while you will calculate these quantities in Lab 1, your overall 
aim is to use them for calculating efficiency (see (b)). 

Data Collection (Solutions) 

Table 1: Collected Data 

1 2 3 4 5 6 7 8 9 

roshaft 'tshaft 11 12 13 14 V1 V2 RLoad 

(RPM) (N·m) (Amps) (Amps) (Amps) (Amps) {Volts) {Volts) (Q) 

1500 1.105 1.85 2.38 1.41 0.38 124 130 68.18 

1600 1.15 2.00 2.43 1.49 0.38 124 130 68.18 

1700 1.2 2.15 2.54 1.56 0.38 124 130 68.18 

1800 1.25 2.35 2.69 1.65 0.38 124 130 68.18 

1900 1.275 2.50 2.87 1.73 0.38 124 130 68.18 

2000 1.3 2.70 3.08 1.81 0.38 124 130 68.18 

2100 1.305 3.00 3.30 1.89 0.38 124 130 68.18 
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Data Analysis (Solutions) 

Table 2: Motor Calculations 

1 2 3 4 5 6 7 

I Field P1n PArm PField Pout lJMotor lJArm 
{Amps) {Watts) {Watts) {Watts) {Watts) {%) {%) 

0.53 294.50 229.40 68.25 173.57 58.94 75.66 

0.43 301.32 248.00 55.90 192.68 63.95 77.70 

0.39 314.96 266.60 50.70 213.63 67.83 80.13 

0.34 333.56 291.40 44.20 234.68 70.36 80.53 

0.37 355.88 310.00 48.10 253.68 71.28 81.83 

0.38 381.92 334.80 49.40 272.27 71.29 81.32 

0.30 409.20 372.00 39.00 286.98 70.13 77.15 

1. Using equation 1, find the current through the motor rheostat and field coil. 
Record the result in column 1 of Table 2. 

2. Calculate the power input to the motor armature, the power input to the motor 
field coil and rheostat, and the total power supplied to the motor. Record the 
results in columns 2-4 of Table 2. 

{2) ~rm = Vi · Jl 

{3) pFleld = Vi · J Field 

3. Use equation 5 to calculate the power output of the motor. Record the results in 
column 5 of Table 2. 

Note: Because the motor shaft and the generator shaft are mechanically linked, 
the power output of the motor is equal to the power input to the generator 
armature. Therefore, you may also record these results in column 1 of Table 3. 
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( ) [ ] [ ] 
'ishaft · 2n ·OJ shaft 

5 Pout Motor = ~rm Generator = -----
60 

4. Use equation 6 to calculate the % efficiency of the motor and record the results in 
column 6 of Table 2. 

(6) T/ Motor = Pout · 100 
~n 

5. Find the % efficiency of the motor armature using equation 7. Record the results 
in column 7 of Table 2. 

(7) n = Pout · 100 
'/Arm p 

Arm 

Table 3: Generator Calculations 

1 2 3 4 5 6 

PArm PFleld P1n Pout 11 Generator Tl Arm 
(Watts) (Watts) (Watts) (Watts) (%) (%) 

173.57 49.40 222.97 135.55 60.73 78.09 

192.68 49.40 242.08 151.37 62.53 78.56 

213.63 49.40 263.03 165.92 63.08 77.67 

234.68 49.40 284.08 185.62 65.34 79.10 

253.68 49.40 303.08 204.06 67.33 80.44 

272.27 49.40 321.67 223.36 69.44 82.04 

286.98 49.40 336.38 243.55 72.40 84.86 

6. Using equation 8, find the power supplied to the generator field coil. Record the 
results in column 2 of Table 3. Then, use equation 9 to compute the input power to 
the generator. Record the results in column 3 of Table 3. 

(9) ~n = pArm + pFteld 
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7. Use equation 10 to find the power output of the generator (the power supplied to 
the load.) Record the results in column 4 of Table 3. 

(10) Pout = Ii ' RLoad 

8. Using equation 11, calculate the % efficiency of the generator. Record the results 
in column 5 of Table 2. 

(11) - Pout · 100 1J Generator - P. 
In 

9. Find the % efficiency of the generator armature using equation 12. Record the 
results in column 6 of Table 2. 

(12) 7] = Pour · 100 
Arm p 

Ann 

Discussion (Solutions) 

1. Where do the most significant energy losses occur in the motor? What could be 
responsible for these losses? 

Hint: Compare the input power to the armature input power. Then, compare the 
armature input power to the armature output power (the total output). Which 
efficiency is higher, the total efficiency or the armature efficiency? What accounts 
for the difference? 

The most significant energy losses occur in (1) the field/rheostat circuit branch 
and (2) the armature. 

{1} The field/rheostat branch: In the range of shaft speeds tested, 75-90% of the 
input power reaches the armature; as the shaft speed increases, more current 
{and therefore a higher portion of the input power} is drawn through the 
armature. The remaining power (10-25% of the input) flows through the field 
coil and the rheostat, where most of it is either dissipated by the rheostat 
{which is an electrical resistor} or is used to power the field coil. Other minor 
losses in this branch include dissipation by resistance in the motor wires and 
connections. 

(2) The armature branch: In the range of shaft speeds tested, 75-80% of the 
electrical power drawn into the armature circuit branch is converted into a 
mechanical output. The remaining power {20-25% of the armature input) is 
dissipated as heat due to the internal friction between the motors moving 
parts. Other minor losses in this branch include dissipation by resistance in 
the motor wires and connections. 
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2. Where do the most significant energy losses occur in the generator? What could be 
responsible for these losses? 

The most significant energy losses occur in {1} the field/rheostat circuit and (2) 
the armature. 

(1) The field/rheostat circuit: In the range of shaft speeds tested, only 77-85% of 
the total input power is a direct input to the armature. As the speed of the 
armature shaft increases, the mechanical power input to the system increases; 
however; a constant amount of electrical power must be separately supplied to 
the field coil. As the mechanical input changes, this electrical input comprises 
15-23% of the total power input. This electrical power input flows through the 
field coil and the rheostat, where most of it is either dissipated by the rheostat 
(which is an electrical resistor} or is used to power the field coil. Other minor 
losses in this branch include dissipation by resistance in the motor wires and 
connections. 

(2) The armature branch: In the range of shaft speeds tested, 78-85% of the 
mechanical power input to the armature is converted into an electrical power 
output. The remaining power {15-22% of the armature input} is dissipated as 
heat due to the internal friction between the motors moving parts. Other 
minor losses in this branch include dissipation by resistance in the motor 
wires and connections. 

3. How would the efficiency of each machine change if the field coils were replaced 
by permanent magnets? 

The efficiency of each machine would simply become the armature efficiency 
Permanent magnets, unlike field coils, do not require an electrical input in order 
to generate a magnetic field. Thus, replacing the field coil with a permanent 
magnet eliminates one of the main power losses (the field/rheostat branch, see 
questions 1 and 2) from the machine and increases efficiency by 15-20%. 

4. Plot a curve showing the relationship of motor efficiency and shaft speed. Plot 
speed along the x-axis and efficiency along the y-axis. Title the graph "Motor 
Efficiency." On the same graph, also plot the motor armature efficiency. 
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5. On a separate graph, plot the relationship between generator efficiency and shaft 
speed. Title the graph "Generator Efficiency." On the same graph, also plot the 
generator armature efficiency. 
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6. Plot a curve showing the relationship of shaft speed and motor output torque. 
Plot speed along the x-axis scale and torque along the y-axis. Title the graph 
"Torque and Power." 

See question 7. 

7. On the same graph, plot a curve showing the relationship between shaft speed 
and output power (use the same x-axis scale for speed, make a second scale 
along the y-axis for power.) 
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8. For which shaft speeds are the efficiencies highest? For which shaft speeds does 
the motor produce the highest output torque? 

Motor efficiency is highest {around 80%} when the shaft speed is greater than 
approximately l 900rpm. Until l 900rpm, motor efficiency increases as shaft 
speed increases. Above l 900rpm, the efficiency remains at approximately 
80%. 

Generator efficiency is highest {around 80%} when the shaft speed is 
21 OOrpm. Generator efficiency increases as shaft speed increases. 

Output torque is highest when the shaft speed is greater than approximately 
2000rpm. Until 2000rpm, torque increases linearly in the region of shaft 
speeds that we tested; above 2000rpm, the torque remains at approximately 
1.3Nm. 
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9. What is the relationship between power and torque? 

When the shaft speed is less than 2000rpm, both torque and output power 
increase linearly The output power is directly related to the shaft speed in this 
region. When the shaft speed is greater than 2000rpm, the torque remains the 
same, while the power continues to increase. The torque and output power are 
independent of each other in this region. 

10. How would you define an optimal operating range? Based on your graphs and 
your answers in question 1, what can you conclude about the optimal operating 
range (i.e. range of optimal shaft speeds) of the motor? 

The optimal operating range is the range of speeds within which torque, 
output power, and efficiency are at a maximum. 

One can make several key observations from question 1 and the graphs: 
1. Efficiency is highest when the shaft speed is above 1900rpm. 
2. Torque is highest when the shaft speed is above 2000rpm. 
3. Armature Joss increases slightly {but stays relatively constant) as shaft 

speed increases. 
4. Field coil loss increases as shaft speed increases and increases sharply 

when the shaft speed is greater than 1900rpm. 
From these observations, one can conclude that the motor is in its optimal 
operating range when the shaft speed is between 2000rpm and 21 OOrpm. 
Above 1900rpm, the field coil loss increases more quickly than the total power 
output, resulting in a decreasing efficiency above 1900rpm. 
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Background Information 

An electric motor is a device that transforms electrical energy into mechanical energy through 
electromagnetic induction. An electromagnet is rotated in the presence of a second, stationary 
electromagnet; the interaction of the two magnetic fields results in a torque that drives a shaft. In 
a sense, a generator is simply an electric motor working backwards, transforming mechanical 
energy into electrical energy. The source of the mechanical energy can be anything that turns a 
shaft- from a simple hand crank to a steam engine, wheels turned by road friction to an electric 
motor- but the principle remains the same. The mechanical force moves a magnet near a wire in 
order to induce a magnetic flux which, in turn, creates a steady flow of electrons in the wire. 

Hybrid and electric vehicles (HEVs) contain both motors and generators. HEVs are powered by 
a combination of a gasoline-powered engine and a battery-powered electric motor. These two 
power sources can be combined either in parallel (in which both the engine and the electric 
motor are directly connected to the transmission) or in series (in which only the electric motor is 
directly connected to the transmission; the gasoline engine turns a generator that either charges 
the batteries or directly powers the electric motor.) 

You will most frequently encounter two types of generators in HEVs. The type of generator 
discussed above, that appears in series hybrid systems, is called a gasoline generator. The 
second type, common to both hybrid and electric vehicles, is the regenerative braking system. 
Such a system runs the electric motor backwards as a vehicle brakes, using the motor as a 
generator that is turned by the trans axle as the vehicle slows. The mechanical energy of the 
spinning axles, instead of being completely dissipated by traditional brakes, is partially converted 
into electrical energy that recharges the car batteries. 

Both motors and generators contain an alternator, which converts the mechanical input into an 
electrical output or vice versa. An alternator contains a rotor (the rotating component) and a 
stator (the stationary component). 

In electrical terms, the stator is called the field coil: it contains either a permanent magnet or, 
more commonly, an electromagnet (current-carrying wire wound in coils around an iron core). 
The field coil creates a magnetic field through which the rotor will turn. 

The rotor can also be called the armature coil. In a motor, the armature coil acts as an 
electromagnet; a power source directly supplies current through the armature coil. The 
interaction between the two magnetic fields (of the field coil and the armature coil) results in a 
torque that drives a shaft. In a generator, the armature is not connected to an external power 
source. Instead, as the armature rotates through the magnetic field created by the field coil, the 
resulting magnetic flux induces a current in the armature. This current flows through a load (like 
the motor of a car) or back to a battery, recharging it for future use. 

Not all of the input energy to a motor or generator is transformed into output energy; some 
energy is lost during the process due to friction between parts, inappropriate operating 
conditions, necessary internal power draws, and dozens of other factors. The ratio of input 
energy to output energy is called efficiency, and one of the most important challenges for 
modern technicians is to develop vehicles with the highest efficiency. In this laboratory exercise, 
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you will be working with a self-excited1 shunt motor, commonly used to power vehicles, and a 
separately-excited shunt generator, much like those used in regenerative braking and series 
hybrid systems. You will calculate the power inputs, outputs, and efficiencies of both machines 
and determine the operating range for which each machine has the highest efficiency. 

Concept Check 

1. An electric motor: 

(a) converts mechanical energy into electrical energy. 

(b) does not convert all input power into output power. 

(c) contains an alternator coil and a rotor coil. 

(d) can also be called a regenerative braking system. 

2. The armature carries current that is: 

(a) drawn directly from a battery or generator. 

(b) induced as the armature rotates through a magnetic field. 

(c) either (a) or (b), depending on whether it is part of a generator or a motor. 

(d) An armature does not carry current. 

3. Generators: 

(a) are used in regenerative braking systems. 

(b) do not appear in modern electric vehicles. 

(c) convert electrical energy into mechanical energy. 

(d) all of the above. 

1 
A generator may be self-excited (the field coil is powered by some of the current produced In the armature} or separately-excited (the field coil 

is powered by an independent outside power source.) The advantages of self-excitation include high starting torque and rapid acceleration, 
but separately-excited generators are more often used in electric vehicles, as they offer excellent control flexibility and potential for 

optimization. 
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4. The efficiency of an electric vehicle: 

(a) is not an overwhelming concern in vehicle design. 

(b) is the ratio of input power to output power. 

(c) is reduced when motor parts are poorly machined. 

(d) band c 

5. A regenerative braking system: 

(a) creates electrical energy by regenerating the motor. 

(b) lets no rotational energy be dissipated as heat. 

DC Motors: Efl1ciency and Losses 

(c) is an electric generator that converts rotational energy into electrical energy. 

(d) is powered by gasoline. 

6. Power losses in a motor or generator occur: 

(a) in the armature coil only. 

(b) in the armature and field coils only. 

(c) in the rotating shaft only. 

(d) in every part of the machine. 

7. In this lab, the motor is a(n) __ machine and the generator is a(n) __ machine. 

(a) AC.AC 

(b) AC, DC 

(c) DC, AC 

(d) DC, DC 

8. Big Picture: In Lab 1, your overall aim is to: 

(a) measure shaft speed, torque, armature current, and field voltage. 

(b) find the efficiency of a motor and a generator and identify the source of power losses. 

(c) observe the effect of a changing load on motor and generator efficiency. 

(d) find the output power of a motor and a generator. 
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Objectives 

1. To gain hands-on experience with the circuitry layout of DC motors and 
generators. 

2. To calculate the efficiency of a self-excited motor and of a separately-excited 
generator. 

3. To determine where losses occur in DC electric machines and discuss methods for 
reducing losses and increasing efficiency. 

4. To identify the ideal operating range for electric motors and for electric 
generators. 

Equipment 

Console Instruments: Additional Equipment: 

1. 0-150 volt Variable DC supply, 1 amp 1. DM-lOOA DC Machine 

2. (2) 0-150 volt DC voltmeter 2. DYN-100-DM Dynamometer 

3. (2) 0-5.0amp DC ammeter 3. RL-lOOA Resistance Load Bank 

4. HT-100 Series Tachometer 

5. (2) Auxiliary ammeter 

Procedure 

1. Place the two machines on the bedplate with the motor (DYN-100-DM 
Dynamometer) on the left and the generator (DM-lOOADC Machine) on the 
right. 

2. Couple the machines and clamp both tightly to the bedplate. 

3. Turn the knob of the 0-125 volt and the 0-150 volt DC supplies fully 
counterclockwise to the zero output position. Power should remain off. 
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4. Connect the motor as shown in Figure 1. Refer to Appendix A for schematic of 
motor. Turn the motor's field rheostat knob (black dial located on top of the 
dynamometer) fully counterclockwise to its minimum resistance position. 

MOTOR 
(Dynamometer) 

GENERATOR 
(DC Machine) 

2 

0-125V 
DC SUPPLY 

RL-100A 

\_ ________ _) 

Figure 1: Motor and generator connections 

5. Connect the generator as shown in Figure 1. Refer to Appendix B for schematic of 
generator. Note that this is a separately excited generator connection. Turn the 
generator's field rheostat knob (black dial located on top of the DC machine) fully 
counterclockwise to its minimum resistance position. 

6. Ground both machines. (Connect the green terminal on each machine to the green 
terminal on the console.) 

7. Have someone check your connections to be sure they are correct. Be certain that 
your auxiliary ammeter is ON and set to handle at least 2.5A of current. Then turn 
ON only the main AC and the 0-150V DC supply circuit breakers. · 

8. Turn ON the 0-150 volt supply and the circuit breaker switch. 

9. Locate the voltmeter connected across the 0-150 volt supply (Vz) and adjust the 
knob until voltmeter 2 reads 124 volts. (If you followed the setup in Appendix B, 
V 2 is the voltmeter on the left of the console.) 

10. Turn the generator's field rheostat knob (located on top of DC Machine) 
clockwise until voltmeter 2 reads 130V. 

11. Calibrate the dynamometer. (Turn the silver knob, located on top ofthe,scale, 
until the scale reads zero.) 

12. Turn ON the 0-125 volt supply and the circuit breaker switches on the motor. 

13. Locate the voltmeter connected across the 0-125 volt supply (V1) and start the 
motor by adjusting the knob until V1 reads 124 volts. (If you followed the setup in 
Appendix A, V 1 is the voltmeter on the left of the console.) 
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14. Now locate the RL- lOOA Resistance Load Bank. Switch on resistance legs 1-10. 
This will produce a load of 68.180. 

15. Adjust the knob on the tachometer to read 1500 RPM. 

16. Point the tachometer against the motor shaft and turn the motor's field rheostat 
knob clockwise until the motor shaft appears to stop moving. 

17. Recheck voltmeter 1 to verify that the output of the 0-125 volt supply is still 124 
volts. If it is not, adjust 0-125 volt supply until voltmeter 1 reads 125V and then 
repeat step 16. 

18. Record the following values in Table 1: 

a. Shaft speed: Adjust the field rheostat knob until the motor shaft appears to 
stop moving under the light of the tachometer. Record the value displayed on 
the tachometer screen in column 1. 

b. Torque: Record the value displayed by the dynamometer scale in column 2. 
Use the outer scale and record all result~ in N·m. 

c. Motor armature current: Verify that A1 (the leftmost ammeter) is set to read 
on a 0-2.5A scale. Record the value displayed by ammeter 1 in column 3. 
{Note: If the needle points at or past the 2.5A mark for later measurements, 
you will need to adjust A1 to read on a 0-5.0Ascale.) 

d. Motor input current: Verify that Az (the rightmost ammeter) is set to read on a 
0-5.0A scale. Record the value displayed by ammeter 2 in column 4. 

e. Load current: Record the value displayed by A3, an auxiliary ammeter, in 
column 5. 

f. Generator input current: Record the value displayed by A4, an auxiliary 
ammeter, in column 6. 

g. Motor and generator voltages: Record the values displayed by voltmeters 1 
and 2 in columns 7 and 8. {Since you are constantly monitoring the power into 
the motor in step 17, these values should remain fixed at 124 and 130 volts, 
respectively.) 

19. Adjust the speed on the tachometer to 1600 RPM 

20. Repeat steps 16-18. 

21. Repeat, increasing tachometer speed by intervals of 100 RPM, until the 
tachometer reads 2100 RPM. 

22. Adjust all voltage supplies to zero and turn OFF all circuit breaker switches. 
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Data Collection 

Table 1: Collected Data 

1 2 3 4 5 6 7 8 9 

(!)shaft 'tshaft 11 lz l3 l4 V1 V2 RLoad 

(RPM) (N·m) (Amps) (Amps) (Amps) (Amps) (Volts) (Volts) (n) 

124 130 68.18 

124 130 68.18 

124 130 68.18 

124 130 68.18 

124 130 68.18 

124 130 68.18 

124 130 68.18 

Data Analysis 

Table 2: Motor Calculations 

1 2 3 4 5 6 7 

h1eld Pin PArm PFteld Pout TJMotor TJArm 

(Amps) (Watts) (Watts) (Watts) (Watts) (%) (%) 
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1. Using equation 1, find the current through the motor rheostat and field coil. 
Record the result in column 1 of Table 2. 

2. Calculate the power input to the motor armature, the power input to the motor 
field coil and rheostat, and the total power supplied to the motor. Record the 
results in columns 2-4 of Table 2. 

(2) ~rm = \1i ' Jl 

(3) PF!eld = \1i ' J Field 

3. Use equation 5 to calculate the power output of the motor. Record the results in 
column 5 of Table 2. 

Note: Because the motor shaft and the generator shaft are mechanically linked, 
the power output of the motor is equal to the power input to the generator 
armature. Therefore, you may also record these results in column 1 of Table 3. 

( ) [ ] [ ] 
Tshaft' 21l" 'OJ shaft 

5 Pout Motor = ~rm Generator = ------
60 

4. Use equation 6 to calculate the % efficiency of the motor and record the results in 
column 6 of Table 2. 

(6) 1] Motor = Pout · 100 
~n 

5. Find the% efficiency of the motor armature using equation 7. Record the results 
in column 7 of Table 2. 

(7) 7] = Pour · 100 
Arm p 

Arm 
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Table 3: Generator Calculations 

1 2 3 4 5 6 

PArm PF1eld Prn Pout 11 Generator 11Arm 
(Watts) (Watts) (Watts) (Watts) (%) (%) 

6. Using equation 8, find the power supplied to the generator field coil. Record the 
results in column 2 of Table 3. Then, use equation 9 to compute the input power to 
the generator. Record the results in column 3 of Table 3. 

(9) ~n = ~rm + pFJe/d 

7. Use equation 10 to find the power output of the generator (the power supplied to 
the load.) Record the results in column 4 of Table 3. 

(10) Pout = Ji · RLoad 

8. Using equation 11, calculate the % efficiency of the generator. Record the results 
in column 5 of Table 2. 

(11) - Pout 100 1/ Generator - P, · · 
In 

9. Find the% efficiency of the generator armature using equation 12. Record the 
results in column 6 of Table 2. 

(12) 1/ = Pout · 100 
Arm p 

Arm 

JO 
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Discussion 

1. Where do the most significant energy losses occur in the motor? What could be 
responsible for these losses? 

Hint: Compare the input power to the armature input power. Then, compare the 
armature input power to the armature output power (the total output). Which 
efficiency is higher, the total efficiency or the armature efficiency? What accounts 
for the difference? 

2. Where do the most significant energy losses occur in the generator? What could 
be responsible for these losses? 

3. How would the efficiency of each machine change if the field coils were replaced 
by permanent magnets? 

4. Plot a curve showing the relationship of motor efficiency and shaft speed. Plot 
speed along the x-axis and efficiency along the y-axis. Title the graph "Motor 
Efficiency." On the same graph, also plot the motor armature efficiency. 

5. On a separate graph, plot the relationship between generator efficiency and shaft 
speed. Title the graph "Generator Efficiency." On the same graph, also plot the 
generator armature efficiency. 

6. Plot a curve showing the relationship of shaft speed and motor output torque. Plot 
speed along the x-axis scale and torque along the y-axis. Title the graph "Torque 
and Power." 

7. On the same graph, plot a curve showing the relationship between shaft speed and 
output power (use the same x-axis scale for speed, make a second scale along the 
y-axis for power.) 

8. For which shaft speeds are the efficiencies highest? For which shaft speeds does 
the motor produce the highest output torque? 

9. What is the relationship between power and torque? 

10. How would you define an optimal operating range? Based on your graphs and 
your answers in question 1, what can you conclude about the optimal operating 
range (i.e. range of optimal shaft speeds) of the motor? 
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Appendix A: Motor Connections 

Voltmeter 1 Ammeter 1 
CV1l (Ii) 

+ + 
: ---------------------------------------0 ~ (i) (i) 

I I 
I I 

I 

I I I 

~::::::::::::::::::::::::~====~-! 

! j lYNAMOMETER DC ~ACHINE 
I I 

: : FIELD RHEOSTAT 

I I 
I I 
I I 
I I 
I I 
I I 
I I 

6 SHUNT FIELD r -+-----r 

: 1- - -E) ARMATURE G-, 
I 
I 
I 

I 
I 
I 
I 
I 
I 
I 

Q SERIES FIELD Q I 
I 
I 

SWITCH 

0 0 

12 

Ammeter2 
(!:J 

+ 

0-125VDC 

+ 
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Appendix B: Generator Connections 

Voltmeter 1 Ammeter 1 Ammeter 2 Voltmeter 2 
{V,) 

+-- + +-- +--
00 00 00 

DC MACHINE 
r--------------1 

(!) Ci) I 
FIELD RHEOSTAT I I 

1--------- I 0-150VDC 
I I + 

(!) SHUNT FIELD (7 - - - I L_ - - - - - - - - - - - - -

I 
I 
I 

:- - - - - - - - - - - - - - - - - - - - - -() ARMATURE Q- - - - - - ----------------. 
' 

I 
I 
I 

AMMETER3 
(fa) 

+ 

0 SERIES FIELD 0 

0 SWITCH 0 

0 0 

AMMETER4 
(I.,) I 

' I r-------------

+ 
---0 

1 
I 
1-
C) 

RL-100 

~----0 
' 
' 

0 0 

--E) 0- --------- ------------- ------- -~ 0- -------' 
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Background Information 

An alternating-current (AC) motor, like a DC motor, converts electrical energy into mechanical 
energy by means of electromagnetic induction. However, while a DC motor has a rotating 
armature coil and a stationary field coil, an AC motor uses a stationary armature coil and a 
rotating field coil (or permanent magnet). This eliminates the need for the commutator and 
brushes of a DC machine. This, along with their superior speed control, ability to deliver high 
initial torque, and overall high efficiency have contributed to the increasing popularity of AC 
motors in hybrid and electric vehicle (HEV) applications. 

There are two main types of AC motors, both of which run using 3-phase1 AC power: 
synchronous and asynchronous. The main difference is simple: synchronous rotors rotate at the 
same rate as the changing magnetic fields in the motor (the "synchronous speed") and 
asynchronous rotors rotate at a rate slightly off from the synchronous speed. Though permanent 
magnet (PM) synchronous machines are sometimes used in HEVs, this lab will focus on the 
asynchronous AC machine, more commonly called an induction motor. 

Within the category of induction motors, there are also two main 
types: squirrel-cage and wound rotor. The difference lies in the 
rotor structure, as all induction motors (and, indeed, all AC 
motors) use the same type of stator. Wound-rotors are exactly 
that; a set of "windings" (wire wrapped around a solid core) that 
are connected by slip-rings to form a cylinder. The squirrel-cage 
rotor is the most common in automotive applications. It consists 
of two conductive rings connected by a set of copper or aluminum 
bars to form a cylinder {see Figure A). Figure A: Squirrel-cage rotor 

This lab examines the squirrel-cage induction motor, the type of AC motor used most often in the 
automotive industry. It has a squirrel-cage rotor, as described above, and a typical AC motor 
stator. This stator consists of three electromagnets (conducting wire wound several times around 
a core) that are evenly spaced around the cylindrical interior of the motor. 

In this lab, you will measure the power input, output, and efficiency of an AC induction motor, 
both while unloaded and driving a DC generator (a configuration often seen in HEVs2

). You will 
then use these results to determine optimal operating range for the AC induction motor. 

1 In a 3-phase system, three different conductors carry sinusoidal currents (of the same frequency). Taking one 
conductor as the reference, the other two currents are delayed in time by one-third and two-thirds of one cycle of the 
electrical current. In this way, one of the conductors is carrying the maximum level of current at any given point. 

2 See Lab 1 Background for a discussion on series and parallel power source configurations in HEVs. 
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Concept Check (Solutions) 

1. AC motors are often used to power HEVs because: 

{a) it is easy to control AC motor speed. 

Instructor Manual 

Partially correct; one can easily control the shaft speed of an AC motor by 
varying the frequency of the input current. 

{b) AC motors deliver high initial torque. 

Partially correct; AC motors can almost instantly deliver their rated torque upon 
starting. 

{c) AC motors require less maintenance than DC motors. 

Partially correct; because AC motors are brushless, they require Jess maintenance 
than the brushed DC motors usually used in automotive applications. 

7 (d) all of the above. 

Correct; see (a}, (b}, and (c} for explanation. 

2. The main difference between AC and DC machines is: 

{a) AC machines use alternating current, while DC machines use direct current. 

Partially correct; AC and DC machines use alternating current (AC) and direct 
current (DC) respectively 

(b) AC machines are brushed while DC machines are brushless. 

Incorrect; many DC machines used in automotive applications are brushed (they 
use a commutator and brush to create a magnetomotive force}, while AC 
machines are brushless (they use alternating current to create a magnetomotive 
force.} 

{c) the armature is on the rotor in DC machines and on the stator in AC machines. 

Partially correct; in DC machines, the armature coil is the rotor and the field coil 
is the stator. The opposite is true in AC machines. 

7 {d) Both a and care major differences. 

Correct; see (a} and (c} for explanation. 
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3. An induction motor is a: 

(a) permanent magnet (PM) motor. 

Incorrect; permanent magnet (PM) motors are a type of synchronous AC machine. 
An induction motor is a type of asynchronous AC machine. 

-7 (b) asynchronous motor. 

Correct; "induction motor" is another term for "asynchronous motor." 

(c) squirrel-cage motor. 

Incorrect; a squirrel-cage motor is only one type of induction motor. 

(d) all of the above. 

Incorrect; see {a} and {c} for explanation. 

4. An asynchronous motor: 

(a) most often uses 2-phase power. 

Incorrect; an asynchronous motor most often uses 3-phase power. 

-7 (b) is an induction motor. 

Correct; "induction motor" is another term for "asynchronous motor. " 

(c) has a rotor that spins in synch with the changing magnetic fields. 

Incorrect; an asynchronous motor has a rotor that spins slightly out of synch with 
the changing magnetic fields. 

(d) Both a and bare correct. 

Incorrect; see {a} for explanation. 

5. An AC motor has two main parts. One part is the stator, which: 

(a) can be constructed in three distinct ways. 

Incorrect; the stator is constructed the same way in all AC machines. 

(b) contains the three field coils. 

Incorrect; while the stator does contain three electromagnets, these are not the 
field coils. The field coil is located on the rotor in an AC machine. 
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-7 {c) can also be called the armature coil. 

Correct; the stator can also be called the armature coil in an AC motor, as the 
stator is the part of the motor in which a current is induced by magnetomotive 
forces. 

{d) Both a and c are correct. 

Incorrect; see {a} for explanation. 

6. The other part of an AC motor is the rotor. The rotor: 

-7 {a) often used in HEVs is the squirrel-cage rotor. 

Correct; the squirrel-cage rotor is often used in HEVs. 

(b) is the same in every AC motor. 

Incorrect; there are many different types of AC rotors, including squirrel-cage, 
permanent magnet {PM), and wound rotors. 

{c) is most often made of copper and steel. 

Incorrect; squirrel-cage rotors are made of highly conductive metals, such as 
copper and aluminum. Other types of rotors can be made of wires, magnets, or 
other metals. 

{d) can also be called the armature coil. 

Incorrect; the rotor can also be called the field coil in AC machines. 

7. If a wattmeter needle moves to the left of the zero on the wattmeter scale, you should: 

{a) Record the negative number to which the needle points. 

Incorrect; the wattmeter scale does not include negative values. 

(b) Turn the wattmeter off and switch the leads. Then, record all future readings as 
positive. 

Incorrect; all readings should be recorded as negative once the leads are 
switched. 

-7 {c) Turn the wattmeter off and switch the leads. Then, record all future readings as 
negative. 

Correct; proceed as in step 1 Ob in Part I 
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(d) It is impossible for the wattmeter needle to move to the left of the zero. 

Incorrect; when the power factor is negative, the wattmeter needle wm point to 
the left of the zero on the wattmeter ~cale. 

8. Big Picture: The purpose of Part I is to __ , while Part II focuses on __ . 

(a) study only the motor; both the motor and the generator 

Incorrect; Both Part I and Part II focus on taking measurements and making 
calculations for only the motor. The generator functions only to load the motor. 

7 (b) gather data for calculating copper and frictional losses; gathering data to calculate 
motor efficiency 

Correct; In Part L you gather data that allows you to calculate copper and 
frictional losses. In Part IL you gather data that allows you to calculate motor 
emciency 

(c) study power only; studying power and torque 

Incorrect; Both Part I and Part II study power, but in different contexts (see (b) 
for explanation}. Torque is measured in Part IL but with the purpose of using it to 
study power. 

(d) study AC machines only; both AC and DC machines 

Incorrect; Both Part I and Part II focus on taking measurements and making 
calculations for only the motor, which is an AC machine. The DC generator 
functions only to load the motor. 

Objectives 

1. To gain hands-on experience with the circuitry layout of AC induction motors. 

2. To calculate the efficiency of an induction motor. 

3. To determine where losses occur in AC machines and discuss methods for reducing 
losses and increasing efficiency. 

4. To identify the ideal operating range for AC induction motors. 
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Equipment 

Console Instruments: Additional Equipment: 

1. Variable 3cp AC supply 1. IM-100 Induction Motor 

2. 0-300 volt AC Voltmeter 2. DYN-100-DM Dynamometer 

3. 0-4 amp AC Ammeter 3. RL-lOOA Resistance Load Bank 

4. (2) AC Wattmeter 4. HT-100 Series Tachometer 

5. 0-150 volt Variable DC Supply, 1 amp 

6. 0-150 volt DC Voltmeter 

7. 0-2.4 amp DC Ammeter 

Procedure 

Part I: No Load Test 

1. Place the IM-100 induction motor on the left side of the bedplate. Clamp it tightly. 

2. Connect the motor to the variable 240V AC supply as shown in Figure 2. (Refer to 
Appendix B for schematic of motor.) Ground the motor by connecting the green terminal 
on the motor to the green terminal on the console. 

600W 
~~~~~---1VV21--~.._~~~(l 

VARIABLE B ... 
3ct> AC A • ..,, ___ _ 

INPUT C ... •----
·' c 

Figure 2: Motor {no load} 

3. Have someone check your connections to be sure they are correct. 

4. Turn the knob of the 0-240V AC power supply fully counterclockwise to the zero output 
position. Power should remain off. Verify that the circuit breaker switch on the motor is 
off. 
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5. Turn ON the main AC and the 0-240V AC power supply. 

6. Locate the voltmeter connected across the 0-240V supply (V1) and adjust the power 
supply knob until there is an output of 210 volts. (Note: If you followed the setup in 
Appendix A, V1 is the only voltmeter on the left side of the console.) 

7. Locate A1, an AC ammeter on the left side of the console. Turn the current reading knob 
fully clockwise to 8 amps. (This sets the ammeter to read a current from 0-8.0A and is to 
protect against an inrush of current when the motor is turned on.) 

8. Locate the two wattmeters in the center of the console. Verify that both wattmeters are 
turned off. 

9. Turn ON the motor. 

10. Turn on each wattmeter in turn and observe which way the needle moves. 

a. If the needle moves to the right side of the zero on the wattmeter scale (a positive 
number), leave the wattmeter on. 

b. If the needle moves to the left side of the zero on the wattmeter scale (a negative 
number), turn the wattmeter off. Reverse the leads of the voltage terminals, keeping 
all current connections the same, and turn on the wattmeter again. It should now read 
a positive number, though the readings from this wattmeter should be recorded as 
negative. 

Note: The power factor on an unloaded induction motor is likely to be negative, but the 
wattmeter cannot display negative values. For this reason, we proceed as in step 9b in the 
case that the wattmeter reads a negative value. 

11. Record the following values in Table 2: 

a. Motor current: Set ammeter 1 to read on a 0-2.0A scale. Record the displayed value 
in column 1. 

b. Input power. Turn wattmeter 1 fully clockwise to read on a 0-300W scale. Record the 
displayed value in column 2, referring to the conversion table directly beneath the 
wattmeters for proper scaling. Turn wattmeter 2 fully counterclockwise to read on a 
0-1 SOW scale. Record the displayed value in column 3. If necessary, remember to 
record readings as negative (see step 9) ! 

12. Turn OFF the motor. Turn the 0-240V AC supply knob fully clockwise to the zero output 
position. Turn OFF the wattmeters. Turn OFF all circuit breaker switches. 

13. If necessary, readjust the leads of the wattmeters so that they are once again wired 
according to the schematic in Appendix A. 
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Part II: Locked Rotor Test 

1. Locate the dynamometer. Install the rotor locking device, referring to Appendix A for 
directions. 

2. Place the dynamometer on the right side of the bedplate. Couple it to the induction motor 
and clamp both machines securely in place. Install all the safety guards. 

3. Verify that the 0-240V AC supply knob is turned to the zero output position. Turn the 
current reading knob on ammeter 1 fully clockwise to 8 amps. 

4. Turn ON the main circuit breaker switch. Turn ON the 0-240V AC circuit breaker switch. 
Turn ON the motor. 

5. Slowly increase the output of the 0-240V AC supply until ammeter 1 reads 2.4A. 

6. Turn on both wattmeters and record the following values in Table 1: 

a. Motor current: Set ammeter 1 to read on a 0-4.0A scale. Record the displayed value 
in column 1. 

b. Input power. Turn wattmeter 1 fully clockwise to read on a 0-300W scale. Record the 
displayed value in column 2, referring to the conversion table directly beneath the 
wattmeters for proper scaling. Turn wattmeter 2 fully counterclockwise to read on a 
0-lSOW scale. Record the displayed value in column 3. 

7. Turn OFF the motor. Adjust the knob of the 0-240V AC supply back to zero. Turn OFF 
the wattmeters. Turn OFF all circuit breaker switches. 

8. Remove the rotor locking device. 

Part III: Load Test 

1. Connect the dynamometer as shown in Figure 3. (Refer to Appendix C for schematic of 
generator.) Ground the dynamometer by connecting the green terminal on the machine to 
the green terminal on the console. 

VARIABLE 
30 AC 
INPUT 

INDUCTION MOTOR 

~ =~~~()----{ 
c~~ 

GENERATOR 
RL-100A 

RHEO. 

0-150V DC 

SHUNT 

~----&---<!>.....-----------' c 2~-~-~ 
FLO. 

Figure 3: Motor and generator (with load} 
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2. Have someone check your connections to be sure they are correct. 

3. Calibrate the dynamometer. (Turn the silver knob, located on top of the scale, until the 
scale reads zero.) 

4. Adjust the dynamometer field rheostat knob (black dial located on top of the 
dynamometer) fully clockwise to its maximum resistance position. Verify that both power 
supply knobs are turned fully counterclockwise to the zero output position. 

5. With the motor switch OFF, turn on the main AC, the 0-240V AC, and the 0-150V DC 
supplies. 

6. Using the reading from V1, adjust the AC supply to 210 volts. 

7. Slowly turn the 0-150V DC supply knob fully clockwise. 

8. Make sure all switches on the RL-1 OOA resistance load bank are off, in the downward 
position. Turn the current reading knob on ammeter 1 fully clockwise to 8 amps. 

9. Turn the motor ON. 

10. Adjust ammeter 1 to read on a 0-2.0A scale. Repeat step 10 of Part 1. 

11. Locate the DC voltmeter across the generator armature, V 2. Adjust the dynamo meter field 
rheostat knob (the black dial located on top of the dynamometer) until voltmeter 2 reads 
120VDC. 

12. Read and record the following values in Table 3: 

a. Motor current: Set ammeter 1 to read on a 0-2.0A scale. Record the displayed value 
in column 2. 

b. Input power: Turn wattmeter 1 fully clockwise to read on a 0-300W scale. Record the 
displayed value in column 3, referring to the conversion table directly beneath the 
wattmeters for proper scaling. Turn wattmeter 2 fully counterclockwise to read on a 
O- l 50W scale. Record the displayed value in column 4. If necessary, remember to 
record readings as negative (see step 9) ! 

c. Torque: Record the value displayed by the dynamometer scale in column 5. Use the 
outer scale and record all results in N·m. 

d. Shaft speed: Turn on the tachometer and set it to read 1500rpm. Then, keeping the 
tachometer pointed at the shaft, turn the black dial on the tachometer away from you 
(so that the displayed value increases) until the shaft appears to stop moving. Record 
the value displayed by the tachometer in column 6. 

Note: If it becomes necessary to switch wattmeter leads at any time during the 
experiment, switch off the relevant wattmeter before removing the leads. 

13. Turn ON load steps 1 and 2 on the RL-1 OOA load bank. 
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14. Adjust the dynamometer's field rheostat knob as required to maintain a reading of 120V 
on voltmeter 2. 

15. Repeat steps 12-14, switching on t:wo additional load steps each time, until load steps 1-
12 are switched on. 

16. Turn OFF the motor. Adjust all voltage supplies to zero. Turn OFF the wattmeters. Turn 
OFF all circuit breaker switches. 

Data Collection (Solutions) 

Table 1: Locked Rotor Test 

l 2 3 

ILR P1 P2 
{Amps) (Watts) {Watts) 

2.40 156.00 48.00 

Table 2: No Load Test 

1 2 3 

INL P3 P4 
{Amps) {Watts) (Watts) 

1.20 184.0 -101.0 
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Table 3: Load Test 

1 2 3 4 5 6 

Load IL Ps p6 l"shaft ffishaft 

(Amps) (Watts) {Watts) (N·m) (rpm) 

None 1.250 204.0 -92.0 0.150 1792.3 

1-2 1.250 214.0 -72.0 0.255 1787.1 

1-4 1.255 230.0 -54.0 0.400 1781.6 

1-6 1.355 250.0 -26.0 0.600 1774.6 

1-8 1.400 268.0 -1.0 0.800 1766.3 

1-10 1.505 316.0 50.0 1.255 1748.1 

1-12 1.950 400.0 134.0 1.855 1716.9 

Data Analysis (Solutions) 

Table 4: Locked Rotor Calculations 

1 2 3 

P1n R1nternal PcL 
{Watts) (n) {Watts) 
204.0 11.81 204.0 

1. Using the results of the locked rotor test, you can calculate the internal resistance of the 
induction motor. First, find the total input power during the locked rotor test, P1nLR. using 
equation 1. Record the result in column 1 of Table 4. 

(1) ~nLR = Pi + Pz 

12 



Lab2 Instructor Manual 

2. Because the rotor is locked, all parts inside of the motor are stationary. Thus, all of the 
input power must be dissipated inside of the motor due to internal electrical resistance. 
We can find this internal resistance, R1nternaJ. using formula 2. Record the result in column 
2 of Table 4. 

(2) R _ ~nlR 
Internal - 3.J2 

LR 

3. Internal electrical losses are also called copper losses. During the locked rotor test, all of 
the input power is dissipated internally so that the copper loss during the locked rotor test, 
Pcu. is given by equation 3. Record the result column 3 of Table 4. 

(3) PCLI = ~nlR 

Table 5: No Load Calculations 

1 2 3 

P1n PcL PFL 
(Watts) (Watts) (Watts) 

83.0 51.0 32.0 

4. Using the results of the no load test, you can calculate the power loss due to rotational 
friction. First, calculate the total input power during the no load test, PrnNL. using equation 
4. Record the result in column 1 of Table 5. 

5. Because the motor shaft is allowed to spin freely under no load, all of the input power is 
dissipated inside of the motor due either to electrical resistance (copper loss) or 
mechanical resistance (friction loss.) Use equation 5 to find the copper loss during the no 
load test, PcL2· Record the result in column 2 of Table 5. 

(5) PCL2 = 3 · Jtl ' Rinternal 

6. As stated above, the no load input power is the sum of the no load copper loss and the 
friction loss. Use this relationship (found in equation 6) to calculate the friction loss. 
Record this result in column 3 of Table 5. 
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Note: The friction loss, PFL. is a mechanical loss; it is independent of the current through 
the motor and therefore has a constant value, regardless of loading conditions. Therefore, 
you may copy your calculated value for PFL (in column 3 of Table 5) into column 4 of 
Table 6. 

Table 6: Load Calculations 

1 2 3 4 5 6 7 

Load Pin PcL PFL Ploss Pout 11Motor 
{Watts) {Watts) (Watts) {Watts) {Watts) {%) 

No Load 112.0 55.34 32.0 87.34 28.15 0.2514 

1-2 142.0 55.34 32.0 87.34 47.72 0.3361 

1-4 176.0 55.78 32.0 87.78 74.63 0.4240 

1-6 224.0 65.03 32.0 97.03 111.50 0.4978 

1-8 267.0 69.42 32.0 101.42 147.97 0.5542 

1-10 366.0 80.22 32.0 112.22 229.74 0.6277 

1-12 534.0 134.67 32.0 166.67 333.52 0.6246 

7. Using equation 7, find the total power input to the motor for each loading condition. 
Record the results in column 2 of Table 6. 

8. Use equation 8 to calculate the copper loss at each loading condition. Record the results 
in column 3 of Table 6. 

{8) pCL3 = 3' Ji ' Rlnternal 

9. Use equation 9 to find the total power loss for each loading condition. Record result in 
column 5 of Table 6. 
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10. Using equation 10, calculate the output power, Pout. for each loading condition. Record 
the result in column 6 of Table 6. 

(lO) P, = '(shaft' 27!' OJ shaft 
Out 60 

11. Use equation 11 to find the efficiency of the motor for each loading condition. Record the 
result in column 7 of Table 6. 

{11) 17Motor = Pout · 100 
~n 

Discussion 

1. In Analysis 9, you found the power loss, Ploss. by adding the copper loss and the 
frictional loss. Another way to find the Ploss is to subtract the output power from the input 
power. Calculate Ploss this way {using Ploss = ~n - Pout) and make a table comparing your 

newly calculated values for Ploss to the values of Ploss in column 5 of Table 5. Do your 
results suggest that copper and frictional losses are the only losses? 

1 2 3 

Load 
PLoss {P FL + P CL) P Loss (P Jn - P Out) 

{Watts) (Watts) 

No Load 87.34 83.85 

1-2 87.34 94.28 
' 

1-4 87.78 101.37 

1-6 97.03 112.50 

1-8 101.42 119.03 

1-10 112.22 136.26 

1-12 166.67 200.48 
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These results suggest the copper and frictional losses are not the only losses; in all but 
the unloaded case, the actual power loss {found using Pross = ~n - P0111 ) is greater than 

just the sum of the copper and frictional losses. 

2. Based on your results in Table 6 and your answer to question 1, where do the most 
significant energy losses occur in the motor? What is responsible for these losses? What 
might be responsible for any additional losses? 

The most significant energy losses are {1) the copper loss and (2) the frictional 
(mechanical} loss. 

(1) The copper loss: Copper loss is a variable loss; the amount of energy lost due to 
copper loss increases as the load increases. However, the percentage of energy 
lost due to copper loss decreases as load increases. For the loading conditions 
tested, copper loss accounts for 20-50% of input power, with the largest copper 
losses occurring when there is no load. Copper losses occur due to electrical 
resistances inside of the motor and are dependent on the amount of current 
flowing through the motor. 

(2) The frictional {mechanical} loss in the motor: Frictional losses are fixed; the 
amount of energy lost due to friction remains constant, regardless of load. As 
such, frictional losses account for anywhere from 6% to 30% ofinput power. It 
occurs due to the internal friction between the motors moving parts, which 
dissipates energy as heat. 

Other, minor power losses account for 5-8% of the input energy. Mechanical friction in 
the generator or in the axle coupling, electrical resistance in the generator, and assorted 
electrical losses in the wires connecting the motor may be responsible for additional 
losses. There may have been an unavoidable experimental error in the calculation of 
motor internal resistance and/or mechanical friction; it is also possible that internal 
resistance and/or mechanical friction vary slightly with increased load, a factor that has 
been neglected in this lab 
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3. Plot a curve showing the relationship between motor efficiency and shaft speed. Plot 
speed along the x-axis and efficiency along the y-axis. Label the graph "Efficiency." 

Efficiency 

0.70 

0.60 

~ 
050 

~ 
~ 
w 0.40 

0.30 

0.20 
1700 1710 1720 1730 H40 1750 1760 1770 1780 1790 1800 

Speed (rpm) 

4. Plot a curve showing the relationship between shaft speed and output torque. Plot speed 
along the x-axis and efficiency along the y-axis. Label the graph "Torque and Power." 

See question 5. 

5. On the same graph, plot a curve showing the relationship between shaft speed and output 
power (use the same x-axis scale for speed, make a second scale along the y-axis for 
power.) 

Torque and Power 

1.50 300 

---TOfque 
_...._ Oulpul Power 1.00 200 

0.50 100 

o.oo~~~~~m~m~~~~~~~~..--+ 

1700 1710 1720 1730 1740 1750 1760 1770 1780 1790 1800 

Speed (rpm) 
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6. For which shaft speeds is the motor efficiency highest? For which shaft speeds does the 
motor produce the highest output torque? 

Efficiency js hjghest (around 60%} when the shaft speed js Jess than 1750rpm. Above 
1750rpm, efficiency begjns to decrease approxjmately Hnearly. Output torque decreases 
Hnearly jn the regfon of shaft speeds that we tested; therefore, the Mghest output torque 
occurs at lower shaft speeds. 

7. What is the relationship between output power and torque? 

Power and torque both decrease (jn an approxjmately Hnear manner} as shaft speed 
jncreases. Thus, output power and torque are dkectly related {as power changes Hnearly 
wHh torque}. 

8. How would you define an optimal operating range? Based on your graphs and your 
answers in question 2, what can you conclude about the optimal operating range (i.e. 
range of optimal shaft speeds) of the motor? 

The opUmal operaUng range js the range of speeds wHhfa whkh torque, output power, 
and efficiency are at a maxjmum. 

One can make several key observaUons from quesUon 2 and the graphs: 
1. Efficiency js hjghest when the shaft speed js below 1750rpm 
2. Torque and output power decrease Hnearly as shaft speed jncreases 
3. Copper loss and stray power Joss jncrease as current (jnput power} jncreases. 

Both decrease as shaft speed jncreases. 
4. Copper Joss decreases more slowly than output power above a shaft speed of 

1750rpm. 
5. FrkUonal Joss js jndependent of shaft speed. 

From these observaUons, one can conclude that the motor js jn Hs opUmal operaUng 
range when the shaft speed js between 171 Orpm and 1750rpm. Above 1750rpm, the 
copper Joss decreases more slowly than the total power output, resulUng jn a decreasjng 
efficiency above 1750rpm. 
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Appendix A: Installing the Rotor Locking Device 

1. Check that the there are NO leads connected to the dynamometer. If possible, the 
machine should be oriented so that the right side is facing you. 

2. Locate the rotor locking device. Notice that the front face has a pin protruding from the 
center while the back face has two thumbscrews, one in each corner. 

3. Locate the circular indentation in the rotor on the dynamometer's right side. The pin will 
fit into this indentation. Then, locate the two threaded holes through the righthand 
coupling disk of the dynamometer. The thumbscrews will fit into these holes. 

4. Align the coupling disk with the thumbscrews and fit the pin into the indentation. 

5. Tightly screw the thumbscrews into the threaded holes in the coupling disk. 

6. Carefully test your installation by manually turning the left side of the dynamometer axle. 
The finished locking device should keep the dynamometer axle from rotating more than a 
few degrees in any direction. 

Appendix B: Motor Connections 
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Appendix C: Generator Connections 

Ammeter Ammeter Voltmeter 2 
(Armature Voltage) 

+ + + 
00 0 0 (j) CD 

I r------------------------------------
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I 
I 
I 
I 
I 
I 

I r--------------------------------------------------, I , , 

I 0 FIELD RHEOSTAT () 
I ' I , 
I ,-------------.J 

: 6 0---------------------------: 
I SHUNT FIELD 

I 
I 

, I 
0~150VDCI 
, I 

+' --, 
6 Q)1 

, ' I 
I 
I 

G-----------------~--------~~ 
L - - - - - - - - - - - - -· ARMATURE 

0 0 
SERIES FIELD 

0 0 
SWITCH 

RL-100 

0 0 
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Concept Check (Solutions) 

1. AC motors are often used to power HEVs because: 

(a) it is easy to control AC motor speed. 

Partially correct; one can easily control the shaft speed of an AC motor by 
varying the frequency of the input current. 

(b) AC motors deliver high initial torque. 

Partially correct; AC motors can almost instantly deliver their rated torque upon 
starting. 

(c) AC motors require less maintenance than DC motors. 

Partially correct; because AC motors are brushless, they require less maintenance 
than the brushed DC motors usually used in automotive applications. 

7 (d) all of the above. 

Correct; see {a}, {b), and {c) for explanation. 

2. The main difference between AC and DC machines is: 

(a) AC machines use alternating current, while DC machines use direct current. 

Partially correct; AC and DC machines use alternating current {AC) and direct 
current {DC) respectively 

(b) AC machines are brushed while DC machines are brushless. 

Incorrect; many DC machines used in automotive applications are brushed (they 
use a commutator and brush to create a magnetomotive force}, while AC 
machines are brushless {they use alternating current to create a magnetomotive 
force.} 

(c) the armature is on the rotor in DC machines and on the stator in AC machines. 

Partially correct; in DC machines, the armature coil is the rotor and the field coil 
is the stator. The opposite is true in AC machines. 

7 (d) Both a and c are major differences. 

Correct; see {a} and {c} for explanation. 
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3. An induction motor is a: 

(a) permanent magnet (PM) motor. 

Incorrect; permanent magnet (PM) motors are a type of synchronous AC machine. 
An induction motor is a type of asynchronous AC machine. 

7 (b) asynchronous motor. 

Correct; "induction motor" is another term for "asynchronous motor. " 

(c) squirrel-cage motor. 

Incorrect; a squirrel-cage motor is only one type of induction motor. 

(d) all of the above. 

Incorrect; see {a) and (c} for explanation. 

4. An asynchronous motor: 

(a) most often uses 2-phase power. 

Incorrect; an asynchronous motor most often uses 3-phase power. 

7(b) is an induction motor. 

Correct; "induction motor" is another term for "asynchronous motor." 

(c) has a rotor that spins in synch with the changing magnetic fields. 

Incorrect; an asynchronous motor has a rotor that spins slightly out of synch with 
the changing magnetic fields. 

(d) Both a and bare correct. 

Incorrect; see {a) for explanation. 

5. An AC motor has two main parts. One part is the stator, which: 

(a) can be constructed in three distinct ways. 

Incorrect; the stator is constructed the same way in all AC machines. 

(b) contains the three field coils. 

Incorrect; while the stator does contain three electromagnets, these are not the 
field coils. The field coil is located on the rotor in an AC machine. 

7 (c) can also be called the armature coil. 
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Correct; the stator can also be called the armature coil in an AC motor, as the 
stator is the part of the motor in which a current is induced by magnetomotive 
forces. 

(d) Both a and care correct. 

Incorrect; see {a} for explanation. 

6. The other part of an AC motor is the rotor. The rotor: 

-7 (a) often used in HEVs is the squirrel-cage rotor. 

Correct; the squirrel-cage rotor is often used in HEVs. 

(b) is the same in every AC motor. 

Incorrect; there are many different types of AC rotors, including squirrel-cage, 
permanent magnet {PM}, and wound rotors. 

(c) is most often made of copper and steel. 

Incorrect; squirrel-cage rotors are made of highly conductive metals, such as 
copper and aluminum. Other types of rotors can be made of wires, magnets, or 
other metals. 

(d) can also be called the armature coil. 

Incorrect; the rotor can also be called the field coil in AC machines. 

7. If a wattmeter needle moves to the left of the zero on the wattmeter scale, you should: 

(a) Record the negative number to which the needle points. 

Incorrect; the wattmeter scale does not include negative values. 

(b) Turn the wattmeter off and switch the leads. Then, record all future readings as 
positive. 

Incorrect; all readings should be recorded as negative once the leads are 
switched. 

-7 (c) Turn the wattmeter off and switch the leads. Then, record all future readings as 
negative. 

Correct; proceed as in step I Ob in Part I 

(d) It is impossible for the wattmeter needle to move to the left of the zero. 

Incorrect; when the power factor is negative, the wattmeter needle will point to 
the left of the zero on the wattmeter scale. 
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8. Big Picture: The purpose of Part I is to __ , while Part II focuses on __ . 

(a) study only the motor; both the motor and the generator 

Incorrect; Both Part I and Part II focus on taking measurements and making 
calculations for only the motor. The generator functions only to load the motor. 

7 (b) gather data for calculating copper and frictional losses; gathering data to calculate 
motor efficiency 

Correct; In Part I, you gather data that allows you to calculate copper and 
frictional losses. In Part II, you gather data that allows you to calculate motor 
efficiency. 

(c) study power only; studying power and torque 

Incorrect; Both Part I and Part II study power, but in different contexts {see (b) 
for explanation). Torque is measured in Part II, but with the purpose of using it to 
study power. 

(d) study AC machines only; both AC and DC machines 

Incorrect; Both Part I and Part II focus on taking measurements and making 
calculations for only the motor, which is an AC machine. The DC generator 
functions only to load the motor. 

Data Collection (Solutions) 

Table 1: Locked Rotor Test 

1 2 3 

ILR P1 P2 
(Amps) (Watts) (Watts) 

2.40 156.00 48.00 

Table 2: No Load Test 

1 2 3 
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INL P3 P4 
(Amps) (Watts) (Watts) 

1.20 184.0 -101.0 

Table 3: Load Test 

1 2 3 4 5 6 

Load lL Ps p6 l"shaft ffishaft 
(Amps) (Watts) {Watts) (N·m) {rpm) 

None 1.250 204.0 -92.0 0.150 1792.3 

1-2 1.250 214.0 -72.0 0.255 1787.1 

1-4 1.255 230.0 -54.0 0.400 1781.6 

1-6 1.355 250.0 -26.0 0.600 1774.6 

1-8 1.400 268.0 -1.0 0.800 1766.3 

1-10 1.505 316.0 50.0 1.255 1748.1 

1-12 1.950 400.0 134.0 1.855 1716.9 

Data Analysis (Solutions) 

Table 4: Locked Rotor Calculations 

1 2 3 

P1n R1n1ernal PcL 
{Watts) (n) (Watts) 
204.0 11.81 204.0 

1. Using the results of the locked rotor test, you can calculate the internal resistance of the 
induction motor. First, find the total input power during the locked rotor test, P1nLR. using 
equation 1. Record the result in column 1 of Table 4. 
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(1) ~nLR = Pi + ~ 

2. Because the rotor is locked, all parts inside of the motor are stationary. Thus, all of the 
input power must be dissipated inside of the motor due to internal electrical resistance. 
We can find this internal resistance, R1nterna1. using formula 2. Record the result in column 
2 of Table 4. 

(2) R ~nLR 
Internal = 3. J2 

LR 

3. Internal electrical losses are also called copper losses. During the locked rotor test, all of 
the input power is dissipated internally so that the copper loss during the locked rotor test, 
Pcu. is given by equation 3. Record the result column 3 of Table 4. · 

(3) PCLI = ~nLR 

Table 5: No Load Calculations 

1 2 3 

Pin PcL PFL 
(Watts) (Watts) (Watts) 

83.0 51.0 32.0 

4. Using the results of the no load test, you can calculate the power loss due to rotational 
friction. First, calculate the total input power during the no load test, P1nNL. using equation 
4. Record the result in column 1 of Table 5. 

(4) ~nNL = ~ + ~ 

5. Because the motor shaft is allowed to spin freely under no load, all of the input power is 
dissipated inside of the motor due either to electrical resistance (copper loss) or 
mechanical resistance (friction loss.) Use equation 5 to find the copper loss during the no 
load test, Perz. Record the result in column 2 of Table 5. 

(5) PCL2 = 3' J!L ' Rintemal 

6. As stated above, the no load input power is the sum of the no load copper loss and the 
friction loss. Use this relationship (found in equation 6) to calculate the friction loss. 
Record this result in column 3 of Table 5. 
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Note: The friction loss, Ppr. is a mechanical loss; it is independent of the current through 
the motor and therefore has a constant value, regardless of loading conditions. Therefore, 
you may copy your calculated value for PFL (in column 3 of Table 5) into column 4 of 
Table 6. 

Table 6: Load Calculations 

1 2 3 4 5 6 7 

Load Pin PcL PFL PLoss Pout llMotor 
(Watts) (Watts) (Watts) (Watts) (Watts) (%) 

No Load 112.0 55.34 32.0 87.34 28.15 0.2514 

1-2 142.0 55.34 32.0 87.34 47.72 0.3361 

1-4 176.0 55.78 32.0 87.78 74.63 0.4240 

1-6 224.0 65.03 32.0 97.03 111.50 0.4978 

1-8 267.0 69.42 32.0 101.42 147.97 0.5542 

1-10 366.0 80.22 32.0 112.22 229.74 0.6277 

1-12 534.0 134.67 32.0 166.67 333.52 0.6246 

7. Using equation 7, find the total power input to the motor for each loading condition. 
Record the results in column 2 of Table 6. 

8. Use equation 8 to calculate the copper loss at each loading condition. Record the results 
in column 3 of Table 6. 

(8) pCL3 = 3 · Ji ' Rlntema/ 

9. Use equation 9 to find the total power loss for each loading condition. Record result in 
column 5 of Table 6. 
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10. Using equation 10, calculate the output power, Pout• for each loading condition. Record 
the result in column 6 of Table 6. 

(10) P, = 'ishafl '2tr' OJshafl 
Out 

60 

11. Use equation 11 to find the efficiency of the motor for each loading condition. Record the 
result in column 7 of Table 6. 

(11) 1] Motor = Pout · 100 
~n 

Discussion 

1. In Analysis 9, you found the power loss, Ploss. by adding the copper loss and the 
frictional loss. Another way to find the Ploss is to subtract the output power from the input 
power. Calculate Ploss this way (using !{

0
,, = ~n - Pout) and make a table comparing your 

newly calculated values for Ploss to the values of Ploss in column 5 of Table 5. Do your 
results suggest that copper and frictional losses are the only losses? 

1 2 3 

Load 
PLoss (P FL+ p CL) P Loss (P Jn - P Out) 

(Watts) (Watts) 

No Load 87.34 83.85 

1-2 87.34 94.28 

1-4 87.78 101.37 

1-6 97.03 112.50 

1-8 101.42 119.03 

1-10 112.22 136.26 

1-12 166.67 200.48 
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These results suggest the copper and frictional losses are not the only losses; in all but 
the unloaded case, the actual power loss (found using Pross = ~n - Pout) is greater than 

just the sum of the copper and frictional losses. 

2. Based on your results in Table 6 and your answer to question 1, where do the most 
significant energy losses occur in the motor? What is responsible for these losses? What 
might be responsible for any additional losses? 

The most significant energy losses are (I} the copper loss and (2) the frictional 
(mechanical} Joss. 

(1) The copper Joss: Copper Joss is a variable Joss; the amount of energy Jost due to 
copper Joss increases as the load increases. However, the percentage of energy 
Jost due to .copper loss decreases as load increases. For the loading conditions 
tested, copper loss accounts for 20-50% of input power, with the largest copper 
losses occurring when there is no load. Copper losses occur due to electrical 
resistances inside of the motor and are dependent on the amount of current 
flowing through the motor. 

(2) The frictional {mechanical} loss in the motor: Frictional losses are fixed; the 
amount of energy lost due to friction remains constant, regardless of load. As 
such, frictional losses account for anywhere from 6% to 30% of input power. It 
occurs due to the internal friction between the motors moving parts, which 
dissipates energy as heat. 

Other, minor power losses account for 5-8% of the input energy. Mechanical friction in 
the generator or in the axle coupling, electrical resistance in the generator, and assorted 
electrical losses in the wires connecting the motor may be responsible for additional 
losses. There may have been an unavoidable experimental error in the calculation of 
motor internal resistance and/or mechanical friction; it is also possible that internal 
resistance and/or mechanical friction vary slightly with increased load, a factor that has 
been neglected in this lab 
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3. Plot a curve showing the relationship between motor efficiency and shaft speed. Plot 
speed along the x-axis and efficiency along the y-axis. Label the graph "Efficiency." 
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4. Plot a curve showing the relationship between shaft speed and output torque. Plot speed 
along the x-axis and efficiency along the y-axis. Label the graph "Torque and Power." 

See question 5. 

5. On the same graph, plot a curve showing the relationship between shaft speed and output 
power (use the same x-axis scale for speed, make a second scale along the y-axis for 
power.) 
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6. For which shaft speeds is the motor efficiency highest? For which shaft speeds does the 
motor produce the highest output torque? 

Efficiency is highest {around 60%) when the shaft speed is Jess than 1750rpm. Above 
1750rpm, efficiency begins to decrease approximately linearly. Output torque decreases 
linearly in the region of shaft speeds that we tested; therefore, the highest output torque 
occurs at lower shaft speeds. 

7. What is the relationship between output power and torque? 

Power and torque both decrease {in an approximately linear manner} as shaft speed 
increases. Thus, output power and torque are directly related (as power changes linearly 
with torque}. 

8. How would you define an optimal operating range? Based on your graphs and your 
answers in question 2, what can you conclude about the optimal operating range (i.e. 
range of optimal shaft speeds) of the motor? 

The optimal operating range is the range of speeds within which torque, output power, 
and efficiency are at a maximum. 

One can make several key observations from question 2 and the graphs: 
1. Efficiency is highest when the shaft speed is below 1750rpm 
2. Torque and output power decrease linearly as shaft speed increases 
3. Copper loss and stray power loss increase as current {input power} increases. 

Both decrease as shaft speed increases. 
4. Copper loss decreases more slowly than output power above a shaft speed of 

1750rpm. 
5. Frictional loss is independent of shaft speed. 

From these observations, one can conclude that the motor is in its optimal operating 
range when the shaft speed is between 171 Orpm and 1750rpm. Above 1750rpm, the 
copper Joss decreases more slowly than the total power output, resulting in a decreasing 
efficiency above 1750rpm. 
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Lab2 AC Motors: Efflciency and Losses 

Background Information 

An alternating-current (AC) motor, like a DC motor, converts electrical energy intq mechanical 
energy by means of electromagnetic induction. However, while a DC motor has a rotating 
armature coil and a stationary field coil, an AC motor uses a stationary armature coil and a 
rotating field coil (or permanent magnet). This eliminates the need for the commutator and 
brushes of a DC machine. This, along with their superior speed control, ability to deliver high 
initial torque, and overall high efficiency have contributed to the increasing popularity of AC 
motors in hybrid and electric vehicle (HEV) applications. 

There are two main types of AC motors, both of which run using 3-phase1 AC power: 
synchronous and asynchronous. The main difference is simple: synchronous rotors rotate at the 
same rate as the changing magnetic fields in the motor (the "synchronous speed") and 
asynchronous rotors rotate at a rate slightly off from the synchronous speed. Though permanent 
magnet (PM) synchronous machines are sometimes used in HEVs, this lab will focus on the 
asynchronous AC machine, more commonly called an induction motor. 

Within the category of induction motors, there are also two main 
types: squirrel-cage and wound rotor. The difference lies in the 
rotor structure, as all induction motors (and, indeed, all AC 
motors) use the same type of stator. Wound-rotors are exactly· 
that; a set of "windings" (wire wrapped around a solid core) that 
are connected by slip-rings to form a cylinder. The squirrel-cage 
rotor is the most common in automotive applications. It consists 
of two conductive rings connected by a set of copper or aluminum 
bars to form a cylinder (see Figure A). FigureA: Squirrel-cage rotor 

This lab examines the squirrel-cage induction motor, the type of AC motor used most often in the 
automotive industry. It has a squirrel-cage rotor, as described above, and a typical AC motor 
stator. This stator consists of three electromagnets (conducting wire wound several times around 
a core) that are evenly spaced around the cylindrical interior of the motor. 

In this lab, you will measure the power input, output, and efficiency of an AC induction motor, 
both while unloaded and driving a DC generator (a configuration often seen in HEVs2

). You will 
then use these results to determine optimal operating range for the AC induction motor. 

1 In a 3-phase system, three different conductors carry sinusoidal currents {of the same frequency). Taking one 
conductor as the reference, the other two currents are delayed in time by one-third and two-thirds of one cycle of the 
electrical current. In this way, one of the conductors is carrying the maximum level of current at any given point. 

2 See Lab 1 Background for a discussion on series and parallel power source configurations in HEVs. 
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Concept Check 

1. AC motors are often used to power HEVs because: 

(a) it is easy to control their speed. 

(b) they deliver high initial torque. 

(c) they require less maintenance. 

(d) all of the above. 

2. The main difference between AC and DC machines is: 

AC Motors: Efflciency and Losses 

(a) AC machines use alternating current, while DC machines use direct current. 

(b) AC machines are brushed while DC machines are brushless. 

(c) the armature is on the rotor in DC machines and on the stator in AC machines. 

(d) Both a and care major differences. 

3. An induction motor is a: 

(a) permanent magnet (PM) motor. 

(b) asynchronous motor. 

(c) squirrel-cage motor. 

(d) all of the above. 

4. An asynchronous motor: 

(a) most often uses 2-phase power. 

(b) is an induction motor. 

(c) has a rotor that spins in synch with the changing magnetic fields. 

(d) Both a and bare correct. 

5. An AC motor has two main parts. One part is the stator, which: 

(a) can be constructed in three distinct ways. 

(b) contains the three field coils. 

(c) can also be called the armature coil. 

(d) Both a and care correct. 
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6. The other part of an AC motor is the rotor. The rotor: 

(a) usually used in HEVs is the squirrel-cage rotor. 

(b) is the same in every AC motor. 

(c) is most often made of copper and steel. 

( d) can also be called the armature coil. 

7. When a wattmeter reads a negative number, you should: 

(a) Record the negative number to which the needle points. 

AC Motors: Elllciency and Losses 

(b) Turn the wattmeter off and switch the leads. Then, record all future readings as 
positive. 

(c) Turn the wattmeter off and switch the leads. Then, record all future readings as 
negative. 

(d) It is impossible for a wattmeter to read a negative number. 

8. The purpose of Part I is to __ , while Part II focuses on __ . 

(a) study only the motor; both the motor and the generator 

(b) gather data for calculating copper and frictional losses; gathering data to calculate 
motor efficiency 

(c) focus on power only; both power and torque 

(d) study AC machines only; both AC and DC machines 

Objectives 

1. To gain hands-on experience with the circuitry layout of AC induction motors. 

2. To calculate the efficiency of an induction motor. 

3. To determine where losses occur in AC machines and discuss methods for reducing 
losses and increasing efficiency. 

4. To identify the ideal operating range for AC induction motors. 
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Equipment: 

Console Instruments: Additional Equipment: 

1. Variable 3<j> AC supply 1. IM-100 Induction Motor 

2. 0-300 volt AC Voltmeter 2. DYN-100-DM Dynamometer 

3. 0-4 amp AC Ammeter 3. RL-lOOAResistance Load Bank 

4. (2) AC Wattmeter 4. HT-100 Series Tachometer 

5. 0-150 volt Variable DC Supply, 1 amp 

6. 0-150 volt DC Voltmeter 

7. 0-2.4 amp DC Ammeter 

Procedure 

Part I: No Load Test 

1. Place the IM-100 induction motor on the left side of the bedplate. Clamp it tightly. 

2. Connect the motor to the variable 240V AC supply as shown in Figure 2. (Refer to 
Appendix B for schematic of motor.) Ground the motor by connecting the green terminal 
on the motor to the green terminal on the console. 

600W 
~-------< W2 f--~r------[ 1 

VARIABLE B .... 
30 AC A _.., ______ ___, 

INPUT C ..... ______ ___, 
·'· 

c 

Figure 2: Motor {no load) 

3. Have someone check your connections to be sure they are correct. 

4. Turn the knob of the 0-240V AC power supply fully counterclockwise to the zero output 
position. Power should remain off. Verify that the circuit breaker switch on the motor is 
off. 
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5. Turn ON the main AC and the 0-240V AC power supply. 

6. Locate the voltmeter connected across the 0-240V supply (V1) and adjust the power 
supply knob until there is an output of 210 volts. (Note: If you followed the setup in 
Appendix A, V 1 is the only voltmeter on the left side of the console.) 

7. Locate A1. an AC ammeter on the left side of the console. Turn the current reading knob 
fully clockwise to 8 amps. (This sets the ammeter to read a current from 0-8.0A and is to 
protect against an inrush of current when the motor is turned on.) 

8. Locate the two wattmeters in the center of the console. Verify that both wattmeters are 
turned off. 

9. Turn ON the motor. 

10. Turn on each wattmeter in turn and observe which way the needle moves. 

a. If the needle moves to the right side of the zero on the wattmeter scale (a positive 
number), leave the wattmeter on. 

b. If the needle moves to the left side of the zero on the wattmeter scale (a negative 
number), turn the wattmeter off. Reverse the leads of the voltage terminals, keeping 
all current connections the same, and turn on the wattmeter again. It should now read 
a positive number, though the readings from this wattmeter should be recorded as 
negative. 

Note: The power factor on an unloaded induction motor is likely to be negative, but the 
wattmeter cannot display negative values. For this reason, we proceed as in step 9b in the 
case that the wattmeter reads a negative value. 

11. Record the following values in Table 2: 

a. Motor current: Set ammeter 1 to read on a 0-2.0A scale. Record the displayed value 
in column 1. 

b. Input power. Turn wattmeter 1 fully clockwise to read on a 0-300W scale. Record the 
displayed value in column 2, referring to the conversion table directly beneath the 
wattmeters for proper scaling. Turn wattmeter 2 fully counterclockwise to read on a 
0-lSOW scale. Record the displayed value in column 3. If necessary, remember to 
record readings as negative (see step 9) ! 

12. Turn OFF the motor. Turn the 0-240V AC supply knob fully clockwise to the zero output 
position. Turn OFF the wattmeters. Turn OFF all circuit breaker switches. 

13. If necessary, readjust the leads of the wattmeters so that they are once again wired 
according to the schematic in Appendix A. 
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Part II: Locked Rotor Test 

1. Locate the dynamo meter. Install the rotor locking device, referring to Appendix A for 
directions. 

2. Place the dynamometer on the right side of the bedplate. Couple it to the induction motor 
and clamp both machines securely in place. Install all the safety guards. 

3. Verify that the 0-240V AC supply knob is turned to the zero output position. Turn the 
current reading knob on ammeter 1 fully clockwise to 8 amps. 

4. Turn ON the main circuit breaker switch. Turn ON the 0-240V AC circuit breaker switch. 
Turn ON the motor. 

5. Slowly increase the output of the 0-240V AC supply until ammeter 1reads2.4A. 

6. Turn on both wattmeters and record the following values in Table 1: 

a. Motor current: Set ammeter 1 to read on a 0-4.0A scale. Record the displayed value 
in column 1. 

b. Input power. Turn wattmeter 1 fully clockwise to read on a 0-300W scale. Record the 
displayed value in column 2, referring to the conversion table directly beneath the 
wattmeters for proper scaling. Turn wattmeter 2 fully counterclockwise to read on a 
0-lSOW scale. Record the displayed value in column 3. 

7. Turn OFF the motor. Adjust the knob of the 0-240V AC supply back to zero. Turn OFF 
the wattmeters. Turn OFF all circuit breaker switches. 

8. Remove the rotor locking device. 

Part III: Load Test 

1. Connect the dynamometer as shown in Figure 3. (Refer to Appendix C for schematic of 
generator.) Ground the dynamometer by connecting the green terminal on the machine to 
the green terminal on the console. 

VARIABLE 
30 AC 
INPUT 

INDUCTION MOTOR 

8 .,.L2~ 
A~I ·~-~ 
c~'I""' 

STATOR 

Figure 3: Motor and generator {with load} 
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GENERATOR 
RL-100A 

RHEO. 
0-150V DC 

SHUNT 
FLO. 
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2. Have someone check your connections to be sure they are correct. 

3. Calibrate the dynamometer. (Turn the silver knob, located on top of the scale, until the 
scale reads zero.) 

4. Adjust the dynamometer field rheostat knob (black dial located on top of the 
dynamometer) fully clockwise to its maximum resistance position. Verify that both power 
supply knobs are turned fully counterclockwise to the zero output position. 

5. With the motor switch OFF, turn on the main AC, the 0-240V AC, and the 0-150V DC 
supplies. 

6. Using the reading from Vi. adjust the AC supply to 210 volts. 

7. Slowly turn the 0-150V DC supply knob fully clockwise. 

8. Make sure all switches on the RL-lOOA resistance load bank are off, in the downward 
position. Turn the current reading knob on ammeter 1 fully clockwise to 8 amps. 

9. Turn the motor ON. 

10. Adjust ammeter 1 to read on a 0-2.0A scale. Repeat step 10 of Part 1. 

11. Locate the DC voltmeter across the generator armature, V z. Adjust the dynamo meter field 
rheostat knob (the black dial located on top of the dynamometer) until voltmeter 2 reads 
120VDC. 

12. Read and record the following values in Table 3: 

a. Motor current: Set ammeter 1 to read on a 0-2.0A scale. Record the displayed value 
in column 2. 

b. Input power: Turn wattmeter 1 fully clockwise to read on a 0-300W scale. Record the 
displayed value in column 3, referring to the conversion table directly beneath the 
wattmeters for proper scaling. Turn wattmeter 2 fully counterclockwise to read on a 
0-150W scale. Record the displayed value in column 4. If necessary, remember to 
record readings as negative (see step 9) ! 

c. Torque: Record the value displayed by the dynamometer scale in column 5. Use the 
outer scale and record all results in N·m. 

d. Shaft speed: Turn on the tachometer and set it to read 1500rpm. Then, keeping the 
tachometer pointed at the shaft, turn the black dial on the tachometer away from you 
(so that the displayed value increases) until the shaft appears to stop moving. Record 
the value displayed by the tachometer in column 6. 

Note: If it becomes necessary to switch wattmeter leads at any time during the 
experiment, switch off the relevant wattmeter before removing the leads. 

13. Turn ON load steps 1 and 2 on the RL-lOOA load bank. 
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14. Adjust the dynamometer's field rheostat knob as required to maintain a reading of 120V 
on voltmeter 2. 

15. Repeat steps 12-14, switching on two additional load steps each time, until load steps 1-
12 are switched on. 

16. Turn OFF the motor. Adjust all voltage supplies to zero. Turn OFF the wattmeters. Turn 
OFF all circuit breaker switches. 

Data Collection 

Table 1: Locked Rotor Test 

1 2 3 

Im P1 P2 
(Amps) (Watts) (Watts) 

Table 2: No Load Test 

1 2 3 

INL P3 P4 
(Amps) (Watts) (Watts) 
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Table 3: Load Test 

1 2 3 4 5 6 

Load h Ps p6 'tshaft ffishaft 

{Amps) (Watts) (Watts) (N·m) (rpm) 

None 

1-2 

1-4 

1-6 

1~8 

1-10 

1-12 

Data Analysis 

Table 4: Locked Rotor Calculations 

1 2 3 

P1n R1n1ernal PcL 
(Watts) (n) (Watts) 

1. Using the results of the locked rotor test, you can calculate the internal resistance of the 
induction motor. First, find the total input power during the locked rotor test, P1nLR. using 
equation 1. Record the result in column 1 of Table 4. 

(1) ~nLR =Pi +Pi 
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2. Because the rotor is locked, all parts inside of the motor are stationary. Thus, all of the 
input power must be dissipated inside of the motor due to internal electrical resistance. 
We can find this internal resistance, R1nternaJ. using formula 2. Record the result in column 
2 of Table 4. 

(2) R ~nLR 
Internal = ?;:J2 

LR 

3. Internal electrical losses are also called copper losses. During the locked rotor test, all of 
the input power is dissipated internally so that the copper loss during the locked rotor test, 
Pcu. is given by equation 3. Record the result column 3 of Table 4. 

{3) Pell = ~nLR 

Table 5: No Load Calculations 

1 2 3 

P1n Pc1 PFL 
{Watts) (Watts) (Watts) 

4. Using the results of the no load test, you can calculate the power loss due to rotational 
friction. First, calculate the total input power during the no load test, PrnNL. using equation 
4. Record the result in column 1 of Table 5. 

5. Because the motor shaft is allowed to spin freely under no load, all of the input power is 
dissipated inside of the motor due either to electrical resistance {copper loss) or 
mechanical resistance (friction loss.) Use equation 5 to find the copper loss during the no 
load test, Pew Record the result in column 2 of Table 5. 

{5) PCL2 = 3 ' J~L · Rlntemal 

6. As stated above, the no load input power is the sum of the no load copper loss and the 
friction loss. Use this relationship (found in equation 6) to calculate the friction loss. 
Record this result in column 3 of Table 5. 
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Note: The friction loss, PFL. is a mechanical loss; it is independent of the current through 
the motor and therefore has a constant value, regardless of loading conditions. Therefore, 
you may copy your calculated value for PFL {in column 3 of Table 5) into column 4 of 
Table 6. 

Table 6: Load Calculations 

1 2 3 4 5 6 7 

Load 
pln PcL PFL PLoss Pout llMotor 

(Watts) {Watts) (Watts) {Watts) {Watts) {%) 

No Load 

1-2 

1-4 

1-6 

1-8 

1-10 

1-12 

7. Using equation 7, find the total power input to the motor for each loading condition. 
Record the results in column 2 of Table 6. 

8. Use equation 8 to calculate the copper loss at each loading condition. Record the results 
in column 3 of Table 6. 

{8) PCL3 = 3 ·Ji · Rlnternal 

9. Use equation 9 to find the total power loss for each loading condition. Record result in 
column 5 of Table 6. 
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10. Using equation 10, calculate the output power, Pout. for each loading condition. Record 
the result in column 6 of Table 6. 

( ) 
1'shaft '2ff' OJ shaft 

10 Pout = ------
60 

11. Use equation 11 to find the efficiency of the motor for each loading condition. Record the 
result in column 7 of Table 6. 

(11) 7] = Pout · 100 
Motor P, 

Jn 

Discussion 

1. In Analysis 9, you found the power loss, Ploss. by adding the copper loss and the 
frictional loss. Another way to find the Ploss is to subtract the output power from the input 
power. Calculate Ploss this way (using Prass = F}n - P011t). Create a table like the one 

started below and use it to compare your newly calculated values for Ploss to the values of 
Ploss in column 5 of Table 5. Do your results suggest that copper and frictional losses are 
the only losses? 

1 2 3 4 

Load Ploss (P FL+ P CL) p Loss2 (P In - p Out) P Difference (P Loss2- P Loss) 
(Watts) (Watts) (Watts) 

No 
Load 

2. Based on your results in Table 6 and your answer to question 1, where do the most 
significant energy losses occur in the motor? What is responsible for these losses? What 
might be responsible for any additional losses? 

3. Plot a curve showing the relationship between motor efficiency and shaft speed. Plot 
speed along the x-axis and efficiency along the y-axis. Label the graph "Efficiency." 

4. Plot a curve showing the relationship between shaft speed and output torque. Plot speed 
along the x-axis and efficiency along the y-axis. Label the graph "Torque and Power." 

5. On the same graph, plot a curve showing the relationship between shaft speed and output 
power (use the same x-axis scale for speed, make a second scale along the y-axis for 
power.) 
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6. For which shaft speeds is the motor efficiency highest? For which shaft speeds does the 
motor produce the highest output torque? 

7. What is the relationship between power and torque? 

8. How would you define an optimal operating range? Based on your graphs and your 
answers in question 2, what can you conclude about the optimal operating range {i.e. 
range of optimal shaft speeds) of the motor? 

Appendix A: Installing the Rotor Locking Device 

1. Check that the there are. NO leads connected to the dynamometer. If possible, the 
machine should be oriented so that the right side is facing you. 

2. Locate the rotor locking device. Notice that the front face has a pin protruding from the 
center while the back face has two thumbscrews, one in each corner. 

3. Locate the circular indentation in the rotor on the dynamometer's right side. The pin will 
fit into this indentation. Then, locate the two threaded holes through the righthand 
coupling disk of the dynamometer. The thumbscrews will fit into these holes. 

4. Align the coupling disk with the thumbscrews and fit the pin into the indentation. 

5. Tightly screw the thumbscrews into the threaded holes in the coupling disk. 

6. Carefully test your installation by manually turning the left side of the dynamometer axle. 
The finished locking device should keep the dynamometer axle from rotating more than a 
few degrees in any direction. 
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Appendix B: Motor Connections 

Ammeter 

+ 
00 

Voltmeter 1 
(Input Voltage) 

+ 

Ammeter 1 

(!NL. !LR· IJ 
+ 

0 

Wattmeter 1 

(P,,P"Ps) 

cb 0 Cb 

INDUCTION MOTOR 

G-----
s 
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Wattmeter 2 
(P,, P,, Po) 

cb (j) 
I 
I 
I 
I 
I 
I 
I 
I 
I I ------r--
1 
I Fixed AC Supply 

Ao 
,------------· 
I 0 c 
I 

0000 

I 
I 

Tl tr 
variable AC Supp~---l----------0 __ 0, 

0 cp Q __ Q_Q ____________________________ ----!· 
~------------------------, ' 

0 . ' 
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Appendix C: Generator Connections 

Ammeter Ammeter Voltmeter 2 
(Armature Voltage) 

+ + + 
00 00 (j)Ci) 

I 
1-oYNAMOMETER _________________________ _ 
~--------------------------------------------------~ 
' ' 0 FIELD RHEOSTAT (J 

' ' 
.- - - - - - - ~ - - - - - ..I ' 
6 0---------------------------: 

SHUNT FIELD 

0~150VDC 
' +' 6 <:µ 

' , I 

ARMATURE 
G-----------------~--------~~ 

L - - - - - - - - - - - - -· 

0 0 
SERIES FIELD 

0 0 
SWITCH 

RL-100 

0 0 
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