EECE 376 Electromechanics

Module 8:

Part 1: Induction Motors (Chap. 6), Lab-5
Part 2: Single-Phase Motors (Chap. 10)

Spring 2015

Instructor: Dr. Juri Jatskevich
Class Webpage:
http://courses.ece.ubc.ca/376

Important Concepts and Objectives:

» Types and construction of commonly used Induction Motors
» Asynchronous speed, slip & principle of torque production

» Steady-state equivalent circuit

» Power conversion, torque-speed characteristic

» Deep-rotor-bar, Standard Motors NEMA Classes

» Single-phase induction motors, principle & types

* Universal motor
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Electromechanics Devices

Electrical Energy Generation
— Almost all electricity produced in BC (10 ~12GW)
is produced by Synchronous Generators
Electrical Energy Utilization

—  About 65% of all electricity is consumed by
motors: mostly induction, less synchronous, etc.

—  Forindustry it is about 85%

Electromechanical Energy Conversion Devices

—  Predominant way of generating and consuming
electrical energy

> 500 hp

51- 500 h
P 26%

16%

Fractional hp
6-50 hp 19%
30% 1-5hp
9%
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Electromechanical Energy Conversion

Mechanical System I\E/Iechamcal E'eCt”C&' (I%I!?;:lg(;r?ilsii};sr:elrgad
(Prime Mover, nergy _ nergy ) ,
; Conversion etc.)
Turbine, etc.) Gl : ——p
or Device -Or
(Load, plant) (Substation, feeder,
source, etc.)

Power Flow => Generator
Mechanical __ Electrical

System ®,, T - System
Pri M e
rlmtz'r over .\] __\1 L Vabc: Iabc Lg?d
Load ]‘w/ Shaft QS Source
m

P —w.T. Py =i

Motor <= Power Flow

Can the energy flow in both directions in the same device?
Can the energy flow into the device from both sides?

Can the energy flow out of the device from both ends?
What is inside that devices that can store energy?

How does the energy gets converted?
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Part 1: Typical AC Induction Motors (IM)

_Q P

i
f;”

-/

i

|

Most commonly used AC motor in industrial applications

» Efficient

* Reliable

e Low (or no) maintenance

* Inexpensive to produce

» Often used with power-electronic (variable-speed) drives 4
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cooing — Construction of a Typical IM

fan cover

__Stator

sl (i . Bal 3
Easy to manufacture ! " bearing
A
End-bell

Stator ramnaton Rotor Iamination 5
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Sauirrel-Cage Rotor or Wound Rotor

(conductors) v Squirrel-cage rotor winding
Rotor bar
Aluminum
e Ny
: End
g} ring
AN e

Rotor shaft

The rotor winding is short-
pryon circuited and cannot be

C 1 Illlﬁ.,
(rotor winding)

Rator e aCCeSSed!

End ring

The rotor winding is
connected to the slip-rings
and can be accessed from
outside => Doubly-Fed
Induction Machine (DFIM)
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Stator Winding

Stator

Assume sinusoidally
distributed windings

7
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Speed of a P-Pole Motor

Recall P-pole Stator System (P — number of magnetic poles)

(98 = a)et Electrical displacement P Ogyn nsyn Typical 0
d,

Electrical (stator) speed for f, = 60 Hz rad/sec pm :f)i:l
we = 27fg = 377 [1Is] 2 |120n |3600
Synch dis 2/P of th
cectical spoed 4 |60n |1800

2 6 |40m |1200
WDgyn = - De [r/s]

P 8 |30xr (900

120

Ny =——- 1:e [rpm]

p 5 ;
Referred speed & position a)r = — a)rm Qr — erm

2

We can always “convert” a P-pole motor into an equivalent 2-pole motor using the P/2
factor ! 8




Slip & Asynchronous Speed
Induction machine = Asynchronous machine

— Speed of the rotor is different from the speed of the stator magnetic field /
poles

= Slip — difference between the synchronous field speed and the rotor speed

Neyn =N @eyn — @ _
. . syn syn —Orm W — @
Fractional Slip s = —2 _ Sy _ We — Wy

Nsyn Dsyn We

_ N, —N
PercentSlip s=-—""___100%
n

syn

Rotor speed relative to the stator magnetic field (poles) =>

Slip frequency  @Wg = W — Wy = S Wy

Rotor mechanical speed  @pq = (1— S)a)syn n= (1— 5)n5yn

9
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Frequency of Rotor Currents

Slip freqguenc = — — Q. Rotor electrical speed

PIreq y Oy=0, 0 =50, relative to the stator
g Sa)e magnetic field

fr - = =S fe Stator
2w 2

2
nsyn — E 60 fe

¢ P P ( )
r—ms'nsyn—mnsyn_n

Rotor winding (circuit) operates at
different frequency !

This frequency is proportional to slip S

10
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Principle of Operation

W, = W
a) Assume synchronous speed @, = @, —
s=2"% _0 and
@ OPO
W, =, —w, =0
* No flux crosses the rotor bars
* No current induced
* No torque produced
QOO
Y Y,
BSHIIO?‘

11
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Principle of Operation (motoring)

b) Assume Tm in CW, and @, <@,
W, — O,

S= - >0 Wy =0, — Relative to the stator field!
e o, |
0 _.7\7’
My
””5@"‘ 000
7O \

0.4

;@LL/ Q_Q,Q
!

Y Y Y
Bstator Bstamr

12
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Principle of Operation (generating)

c) Assume Tm in CCW, and @, > @,

_Be 7O g Dy = W, — Wy Relative to the stator field!

we

®,
DT AN TN R 0%
DO

o OPONY
=0

0% 000

Bstc;;or Y ' Stl;tor Y Y

13
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Principle of Linear Induction Machine

Recall Running Magnetic field
Q| @ |© (@ |© |®

Movable platform — what
used to be “Stator”

e |® || [® | |®
B R B 0 0 [s) o o SR N < N .
Stationary rail — what used to be “Rotor”

Train Propulsion Svstem

o
~—— oy S

/ Secondary reaction plate
(Aluminium covered rail) 14
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Linear Induction Motors (LIM)

Millennium Line

* Propulsion System

» Motors react with aluminum-capped steel rail on the guideway
» LIM provide both propulsion and regenerative braking

* No moving parts

* Reduced maintenance and risk of mechanical failure

15
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Steady-State Equivalent Circuit

- Assume rotor has the same number of phases as stator (3-ph)
s 1gs o b

as o

* Rotor winding (circuit) operates at different frequency
* Rotor circuit is typically shorted (squirrel-cage) = % (nsyn — n)
* At o, =0, motor looks like 3-phase transformer

» Develop equivalent circuit per-phase

» Extend the results to 3-phase 16
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Steady-State Equivalent Circuit

- Recall equivalent circuit for transformer
' '

reo Xy jXo1 12 - 5L

X11= Kq + Xy I,

Vi Vs
Prinary Secondary
(o, O
- Stator part - Rotor part
X5 = Xis + Xms
= we s + @pLims . Rotor
| Equivalent
. Clircuit |
- What about rotor part ?
17
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Rotor Equivalent Circuit

When rotor moves, ®,

At stall, ®, =0
j/er *—Iar jS/YlP‘___[aS
V, Fy
E., < SEa <

sl =swglyr = sX)y

Xir = oslyr = sawelyy
Slip dependent circuit !

Ear — per-phase induced voltage in the rotor at (0, =0
Xir = per-phase rotor winding leakage reactance

L|r = per-phase rotor winding leakage inductance

18
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Equivalent Circuit

Assume that the rotor rotates with speed M,
Use stator-to-rotor

.])(h‘ ""—Iar ])(b‘ -—Ic;r turns-ration @ = NJ/N,
. Refer rotor variables to
v ' r the Stator side
r r
Ear 2 A Ear 2 A ' _a.E
ar =a- Egr
lar = lar /2
Slip dependent rotor resistance !
2
- c v Xip =a“- X
Ia L Vs J‘XZS ])(lr -_II Ir Ir
Y Y \—___ar , 2
r!
. ! i o
VQS ]Xmsa Ear 2 S
Stator Rotor

Final circuit for the short-circuited rotor !
19
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Determining Machine Parameters

Consider Equivalent Circuit

L _ ¥ ])(}S ])(b, I Tests to determine circuit parameters:
Y ar
1. DC Measurement of winding
: r; resistance
. Tr
Vas jXus? Ear F
2. No Load Test (like Open-Circuit in
transformer
° Stator Rotor )

3. Blocked Rotor Test (like Short-
Circuit in transformer)

1. DC Measurement of winding resistance (use DC source or Multi-meter)

. A
—® = I, = Ve
Vac 2| dc
O
Source
_ C Stator

20
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Determining Machine Parameters

2. No-Load (NL) Test ©

Apply rated voltage \/

O

ph,NL
o,
Rotational P . —P.. —=3r |2
losses rotational NL s " NL
' _ _ QNL
Combined reactance XIS + Xm =X NL =T
315,

where reactive power

QnL = \/SI%M_ ~PgL = \/(3| A

Measure

v I:)nl’ InI

ph»

Assumed Equivalent Circuit

21
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Determining Machine Parameters

3. Blocked-Rotor (BR) Test

3-Phase
Apply reduced voltage V h BR Source
(this test may be performed P,
at reduced frequency)
Measure Vph—BR’ PBR’ IBR

P
Combined resistance I, + I = Rgg = —BR_

2

Combined resistance

X R :\/ZéR _RéR :\/(Vl/ IBR)Z_RéR

XBR

Leakage reactance ~ X' _—
g XIs ~ XIr -

Magnetizing reactance — _
g g Xm - XNL xIs

Rotor resistance rr’ = RBR — T

[

Variac

—9)

Assumed Equivalent Circuit

22
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Power Conversion

I, s JXis J)(I'r - Ic;r Split rotor resistance
o_\/\_r‘v‘v‘\_
vy
Va_g jX % E' !
ms ar r
< -5)
Stator Rotor

Input Power By = 3’\/aSHIaS‘COS((p): 3Vs, phls, ph COS((”)

Stator resistance loss P oss = 3 52 I Conversion power
. 12 1 1-s
| 21 Peonv =311y
Air-gap power Pag =3l — S
S
5 = Fag (1_3)
Rotor resistance loss Py |ogs =311y
23
Power Conversion - Torque
s X X, ' i i
Ias_- s JAlg JAl *—[ar Split rotor resistance
7y
Vs iX, % E .
ms ar ¥
(@ -5)
Stator Rotor
P 1-3s)P P
Electromagnetic torque [, = conv :( ) a9 = a9
@Orm ®rm Wsyn
Il the ai P, =31/ i h d _
Recall the air-gap power  Ppgq =3l ? Synchronous speed gy _Ewe

The expression for the torque becomes
2.1
P 1
_ r'r
T,=3—. 1L
24
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Electromagnetlc Torque

Electromagnetic torque

l 2 4
To=3—-
° 2 S-wg
Stator Rotor
| Ear £ Xms (X +17/) |
ar ' N ar — as
Ire/s+ jXjy Xms + JX|p +1(/s
i 2
lar =— WXms las ”2: Xms Is‘z
Iy /S+ iXtr (r} /s + X2
' 2 2 '
T 33 r Xms 2 _,LP (Xms/a)eer/S)“ ‘2
e 2 ' 2 12 sl 2 ' 2 12 S
5" We (I’r/S) + Xrr (r S) Xrr
25
Electromagnetic Torque
r ' X ' Use per-phase equivalent
los— > I ])(lr — circuit with shorted rotor
r. Stator current V
Vs i | =5

Stator Rotor

jxms(jXI’r +rr'/3)
JXpr +1(/s

rs(rr’/S)Jr{Xr%s — Xgs Xypr + j[(rr'/s)xss +rsxér]}
JXpe +1¢/s

Te =3E- ( r%s/‘f)e)rr'S ’Vs‘z

2 [rsrr"‘s(x Xssxrr)]z"‘(rrlxss"‘Srsxér)2

26
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Approximate Equivalent Circuit
Fs ]/Yls ])Gr

Use per-phase equivalent

I
o - \/\_/W\_/‘YVW;I“” circuit with shorted rotor
' v, Electromagnetic torque
Vas Ea?' gir g I !/ 2q !
o e
2 S * a)e
lar =— Vas
rs+1y/s+ J(Xls + XI'r)
i = : Vil
r - 2 2 S
(rs + r|r’/5) +(Xls + XI’r)
2 !/
T _BE’VS‘ ) (rr/s)
e ' 2 r \2
2 we (rs"‘rr/s) "‘(Xls"‘xlr)
27
Electromagnetic Torque
Te -2 (X%S/we}rr's Ns\z T, :33_ [Vs|2 . (r/s)
[rsrr' +5(Xr%s - Xssx}r)]2 +(rr,Xss +5rsx}r)2 2 we (I’S + I‘,"/S)2 +(X|S + Xir )2
T.
Braking Motor
Plugging
] | | I\ i | ] | | i | | ] |
-1.0 -0.6 -0.2 0.2 0.6 1.2 1.6 20 o/,
2.0 1.6 1.2 0.8 0.4 -0.2 -0.6 -1.0 slip

Generator

28
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Approximate Starting Torque / Current

Equivalent circuit Torgue-speed characteristic

Ias_-_ Fs JXII'S JX.I’:" - ‘((;r
Vas 3 E,y I 1.
JXoms

2 !

Te=3E-’VS‘ . (rr/s) ]
2 we (rs+rr'/3)2+(xls+xl'r)2
Starting torque (set slip s =1) =>
2
Tetart = 33. NS‘ ) I’,f
Star 2 e (rs +r )2 + (Xls + Xy )2 Start-up current

Starting current (set slip s = 1) =>

Vas + Vas

I = - -
as,start Kms  Ts+Ii+ J(Xls + Xfr)
29
Torque Speed Characteristic
Ls _ s JXiso JXir 1.
v, > £ % Changing the input voltage
ij-S‘ T
P V[ (1 /5)
T, =3— 2. r

)2

2 g (rs +rr'/s)2 +(Xls + Xy

——/’___—
T =3 P VSZ 1 —n;,n Ik
max — E 20 ' 2 1 A\2 Brake Motor
¢ rs“‘\/rs +(Xjs + Xjr) PRy
I G
r anerator

STmax =%
12 1 \2
\/rr +(Xjs + Xir)

30
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Example

Consider a Y-connected 7.5kW, 220V (line-line), 60Hz, 6-pole, Squirrel-cage motor
with the following parameters: R1 = 0.294Q2, R'2 = 0.144Q, X1 = 0.503Q2, X'2 =
1

0.209Q, Xm = 13.5Q X | X
g S, o W
a) Compute the starting current I, I

b) Compute the starting torque T,
Assume Approximate Equivalent Circuit
V, = %%-O: |27-01 Yy - Phese Volreoe

At Srevrs S = 4 Wru = O

I i WV _ 12 7.0¢
2,5rare C BB A I, 4Y.) 0294+ Olay +4(0.503 40,209 By —L>

=79.6 —J129.¢9
llrrzas-}-ay-g. [ = !5[‘- 32 A

- _ V1270
1y = Mom . GT32s - Y 3.59

IJJSJ"-"-G =Ty *_Te,g*.,_, -79.6 -J138.39 -
[ T), spane ! = 160.19 4

IZ.Z 'QZ
Stersny Torgae) T = 3505

Wagn = (Z)toe = I—f—)-zz-go = 1285 66%s

_ = . (151.82)% - 0.17y _ :
T=5 12 §5.66 /s = 793G M

31
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Example

Consider a Y-connected 7.5kW, 220V (line-line), 60Hz, 6-pole, Squirrel-cage motor
with the following parameters: R1 = 0.294Q2, R'2 = 0.144Q, X1 = 0.503Q2, X'2 =
0.209Q2, Xm = 13.5Q. Assume motor operates under load with slip s = 0.03 (3%)

c) Compute the torque T,
d) Compute starter current I,

Assume Approximate Equivalent Circuit
Assume no friction or rotational losses

Aol en »&'&&/' ST0.03 CS:S%)

I _ V' _ 127.0/ -
2 Rt itk T 0.299+ 807 Lj(0 505 ©0.209) )

—2Y.95 - J3.92 =[2%4.6€3] A

T =Tp T, =2995-J13.6 =/27.63/ 4

T =T :}I; 78 _ 29.65°% 0. 19
€ S Wi 0.03125.46

= §9.88M-m

32
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Example

Consider a Y-connected 7.5kW, 220V (line-line), 60Hz, 6-pole, Squirrel-cage motor
with the following parameters: R1 = 0.294Q2, R'2 = 0.144Q, X1 = 0.503Q2, X'2 =
0.209Q2, Xm = 13.5Q. Assume motor operates under load with slip s = 0.03 (3%)

e) Compute mechanical speed and power

Medﬁam‘c&fc’ Speea/ elen CLeacl!

120 /20
Fl:s;m = P ge i

ifl e SO bl /200-(9.37 = /16 rpm
Wem = Wi, (1 - 5)':125.55-0.97 =12L.39%
Ay S CYII

AQS(«M Vo Fricecow Ew‘c . "‘O :77;:T

l I I MR .l
Pe = 65. 7712139 =77, 9 kw e A0 Hy

-60 = | 200 ppm

33
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Torque Speed Characteristic & Rotor Type

3¢ T Changing the rotor resistance
Wound Rotor
[: Induction
Motor
Rex
EPLA !
max —
'
S — Ir
T max
\/ XIs + XIr)

34
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National Electrical Manufactures Association
e (NEMA) Design Classes/Types

o1
c0

Rotor cage _

Effective rotor resistance changes with
frequency (which is the slip frequency) and
therefore depends on the rotor speed =>

Different torque-speed characteristics can be
designed by shaping the rotor winding slots!
Recall the Skin Effect!

Practical rotor laminations for
different NEMA Design Classes

Design D

Design B

Design C

35
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NEMA Design Classes

Percent of synchronous speed

350‘ ; g Class A: normal starting torque, high
‘ '= | ! starting current, low operating slip (0.5% <'s
300 L < 1.5%), low rotor resistance, high operating
efficiency (special needs for starting)
250 T Class B: normal starting torque, low starting
2 | current (75% of class A), low operating slip,
g 200 N higher leakage reactance, lower maximum
2 e S 4" \ \“J torque (general purpose motors, fans,
= \ “.1 pumps, etc.)
5 150 —— R—t
E \. ‘\ Class C: high starting torque, low starting
100 |——— e \; current, higher rotor resistance, higher
5 - ! operating slip (compressors, crushers,
'\ conveyors, etc.)
50 ! ; 1 x
T SmA T g:zzg | \‘ Class D: high starting torque, low starting
0 — ; | current, high operating slip (8-18%), low
0 20 40 60 80 10C

efficiency (high acceleration, high impact
loads)

36
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Variable Frequency Drives (VFDs)

Voltage

Use inverter to modulate AC output ;™
with variable frequency and

magnitude oline
urren
A3(’:-1;hase Rectifier DC:‘Link Inverter PWM Wavefo::‘wp
ource
+
Ao A X zx —I"I x —I"I x —|"I x Te
| 2o — A B c A B c Induction
or
C O] - ] V o B B Synchronous ;
dC Machine '
X x = _ _|=l x —|,-_-] x —|,—_-l x ier,(l)r

A
Switching signals

(modulation)

Measured/Estimated
Reference Controller position and/or speed :

input signals PL PID,etc. | T

Typical operation under nominal flux: Volts/Hertz (V/f)

) dA
Vas = ‘/E 'Vrms COS(a)et) = Llgs +d_?s
Ao = \/E'Vrms sin(a)et):> V‘as‘ _ \/E'Vrms — \/E ,Vrms
@, @, 2 f,

37
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Variable Frequency Drives (VFDs)

Voltage,

Line to
Neutral

Line
Current

3-Phase Rectifier DC-Link Inverter
AC Source Q

+

Ao XA X zx —I"| x -5 %

B o=—1| A B c B
o o— o

A
o— o
¢ —[Vdc
b 3 x = _ _|=l = -

O

PWM Waveforr:n.‘::m}

J J1 1A
4]:
=I A _|=l 2

A

Induction
or
Synchronous
Machine

do 7

gl

Switching signals
(modulation)

Measured/Estimated
Reference Controller position and/or speed :

input signals | pL PID, ete. [T

Typical Control Modes
Constant Speed Operation
« Control tries to keep the speed at specified value no matter what the load
is doing => so torque is changing
Constant Torque Operation
» Control tries to keep the torque at specified level no matter what the load
is doing => so speed is changing 38
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Variable Frequency Drives (VFDs)

EECE 376, S15, M8

Part 2. Single-Phase Induction Motors

Less efficient

Low power

Low maintenance

Very inexpensive

Often used capacitors & gearheads

40




Single-Phase Induction Motors
Pulsating magnetic field Fs =Fqy + Fow

Pulsating field Fs can be viewed as two

magnetic fields Ffw and Fbw of %2
strength and rotating in opposite

directions
> . Forward component
As-axis 1

Backward component

Fow :%sz—ﬁe

41
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Torque-Speed (Slip) Characteristic

2 !/
Recall 3-phase IM T = 3P Vs : (r7/s)
2 e (rs+rr'/3)2+(xls+xfr)2

Recall single-phase IM Te’net = TfW _TbW (Forward - Backward)

T, 4
Torque T
Jw -~
/
>
e Speed
_______ i
Synchronous
Speed

42
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Split-Phase Induction Motors

Recall single-phase IM with Torque Tny =
one stator winding ==, \
No starting torque ! e e L~  Speed
A" 4
ol Synchronous
\\#/&wa Speed

Use auxiliary winding (pole)
Shift phase of the current in

Main auxiliary winding
Winding

Squirrel
Cage
Rotor

Auxiliary
Winding

43
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Split-Phase Motors

|

Auxiliary ‘ Main and
I I winding aux winding '
: 300 |— | Main

winding

200 Centrifugal
switch

operates

Percent torque

Centrifugal
\ switch

o]

100

Y

0 25 50 75 100
Percent synchronous speed

44




.
~——

\

entrifugal
switch

Percent torque

Percent torque

EECE 376, S15, M8

Capacitor-Start/Run Motors

300 Centrifugal
switch operates
200 — P
Ve
/
7
100 |— 7
//
P
| I .
0 25 50 75 100
Percent synchronous speed
J .
300 — Centrifugal
switch
operates
200
100

25 50
Percent synchronous speed

45

Very inexpensive
High slip, Low efficiency

Main winding

Shading coil

=9

Percent torque

EECE 376, S15, M8

Shaded-Pole Motors

In very small applications, under 50 W

A
200 —
100 —
! | |
0 25 50 75

Percent synchronous speed

100

46




Single-Phase Induction Motors

EECE 376, S15, M8

Torque as % of Rated Load
Rated Torque
Power Horsepower
Type of Motor Starting Breakdown Factor Efficiency Range
Split-phase (resis- 100-250 Up to 300 50-65 55-65 1/20-1
tance-start)
Capacitor-start 250-400 Up to 350 50-65 55-65 1/8-1
Capacitor-run 100-200 Up to 250 75-90 60-70 1/8-1
Capacitor-start, 200-300 Up to 250 75-90 60-70 1/8-1
capacitor-run
Shaded-pole 40-60 140 25-40 25-40 1/200-1/20

47

Single-Phase Universal Motors
Recall Series DC Motor

EECE 376, S15, M8
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Single-Phase Universal Motors

an s 22

'

WA) N*10°(rpm) P{W) EFF{%)

4 24 ] 1" Fractional horsepower

: Bl P B :: |,, applications

1;5 i 188 «:ﬂ e 11 05 | Domestic appliances such as:
vz L ::: ?;-"i?f T = M s Portable tools, drills, mixers,
TRy s N ! g | blenders, vacuum cleaners,
o8 - / "Illr.-l“""'r HLH"'“"-»..._ 2 o etc

n3 | :: 'E?"r’ no Operate at high speeds

0 o _lg (1500 — 20,000 rpm)

0 n0s2 04 DassE D20 0260 0312
TORGUE {N.m} 49




