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ABSTRACT

A method to detect the slip of a three-phase or single-phaée
induction motor and hence determine the motor speed is proposed. A
pick-up coil is placed in close proximity to the motor and by suitable
amplification and filtering of the weak slip frequency signal, ‘the
slip frequency signal component is isolated for the speed measurement.
No device needs to be attached to the motor shaft.

Experimental results from four test induction motors show that the
proposed method of speed measurement is fully feasible and applies to
normal loads, i.e., for slip less than 13% with considerable accuracy.
Therefore; even the speed of sealed induction motor such as those used

in refrigerators can be easily measured.



TABLE OF CONTENTS
Page
ABSTRACT + v eeneennnennneenesenneenessaseennessnssnnnsnnnennnesns il
TABLE OF CONTENTS suvvevensoenncenncsennesansosensesnseonnsnanass Lil
LIST OF ILLUSTRATIONS 4uveenvcevenacsocesoanocanoeasocanssscnsans iv
LIST OF TABLES tuturuensecosansosanasanensnesosssncncssnncnsnes v
ACKNOWLEDGEMENT 4 .vvveoeccooosoasacacsasoecncanocaneasescanasens vi

l. INTRODUCTION © 9 500000 PP ELNIPILPILEOLI OO NLOCIOD ORI ESOERRLES l

I 18 Y =
1.2 Principle of Operation and Performance

Equation of Induction Motors .......eeeeeeeooneesccoces
.3 Previous Method of Slip Frequency Measurement ,.......
.4 Proposed Method of Slip Frequency Measurement,, ,,...... b

[
£

2, FEASIBILITY TEST OF SPEED MEASUREMENT TECHNIQUE 6

1 Description of Measurement and Circuit,.........ceee..

2 Calculation of Slip Frequency fs ceavevesacsonvscsnsons
.3 Measurement of Supply Frequenty ,...ceceveeoceossoncons
y

Experimental ReSULLS .euceeececressscvccoonsssnnacnens

[colec LN B 0

3. CONSTRUCTION OF SPEED MEASUREMENT CIRCUIT , ... eeeecoeesacees 14
3.1 The Overall Slip Frequency Measurement Circuit,,,..... 1u
3.2 Inductive Device ChOKE ..ueieueeseeencconcavenacannnns 18
3.3 Second Order Butterworth Low-Pass Filter,.....eoeceecose 18
3.4 Input Buffer and AttenUAtor .......ceceseeencesceccees 22
3.5 Phase Shifter .tuieieieeseescssocscasassscenscssnnsanens 23

4,  EXPERIMENTAL RESULTS +uveesoscocnsscscssonsasoeasasonnoneess 25

4,1 Discussion of Experimental ResuUltS,.,...e.eeeevecaceses 36
4.2 Supply Frequency Signal Component,......eeeeeeececcoes 39
4.3 Measurement of Pole Pairs ,....cececescescosacccccaces 39

5. CONCLUSION +eeteerenvoneunnnonssonsosssonsnsonassssassnsnnns 43
REFERENCES ....ieeiecccestorsccnascsnas seeseccasenenterasaasesnan 44
APPENDICES ...ivicecesceresvsosnsscsesnansoscsnasesns cecensesancnn 46
Al. Derivation of the Frequency Response Equation

v for Second Order Butterworth Low-Pass Filter .............. 46
A2. Calculation of Slip Frequency Signal Component ............ 49

iii



LIST OF ILLUSTRATIONS
Figure Page

2.1 Signal Pickup and Detection with Choke and

Galvanometer c.cesvsecesssovsccscssssnsssrssccasccnsscsssbosce 6
2.2 Equivalent Circuit of Figure 2.1 ....iiieveeecescocnsccnnonn 7
2.3 Slip Frequency Waveform of Motor Ml..eeesesvoosocononsenans 10
2.3 Slip Frequency Waveform of MOTOY M2.uiecevecavenenoneceanns 10

2.5 Supply Frequency Waveform of Motor ml...eeeveveccasancnnnss 10

2.6 Supply Frequency Waveform of MOtOr M2..eeeeeencessssosonons 10

2.7 Speed COMPATIiSON  ssseeesscecsssscsnsosssoansasssssassocsss 12
3.1 Overall Block Diagram of Slip Frequency Measurement ,...... 15
3.2 Circuit CompPONENtS .sussecsseovsacsesscsosnsossssnoccncossne 16
(a) PhaSe Shifter ® 5 008 0500800500000 000PC0ENLOELIIEPISELIEOETSTUTS 16
(D) ChOKE teeevsecssosecssocasoscsssossosasscassvasssannne 16
(c) Phasor Diagram of Phase Shifter ....veevecocescocooacas 16
(d) Input Buffer R R R R 16
(e) Attenuator R LR LR LT PR PP PRE PP PR PR PP 16

(f) Second Order Butterworth Low-Pass Filter Stage
(each of them from Filter 1 to Filter 6) ....eeeeeeonn 16
4,1 Experimental SetUD seeeessececcsssccsssscsosonsasessascnssans 26

4,2 Comparison of Expected and Detected Slip Frequency
for Induction Motor (a) M1 (b) M2 (c) M3 (d) M4 ........ - 38

4.3 Amplitude Ratio of 60 Hz Supply Frequency Signal

to Slip Frequency Sighal ceeevecsssovssccesssccssssosssonss 40
4.4 Location Diagram of Pole Pairs Measurement ...cecveessseces b1
4.5 Choke Voltage Waveform at Several Locations ...veeesecccses 41
(a) Supply Frequency Reference WavefOrmM ...eeeececscscecss 41
(b) at L, (c)at L, (d) @t L, veeececescescancnnnsacnnnns 4l

1 2 3
Al.l1 Second Order Butterworth Low-Pass Filter ...eceeececcccccse 46

A2.1 Gain Curve of Three Identical Second Order Butterworth
Filter Stages in Cascade eeeecsvevossscccscccescnsonconsces 50

iv



LIST OF TABLES
Table ‘ Page
2.1 Specification of Motors and Instruments ..........:....;.... 9-
2.2 Measured Values at No Load seeececcncccecscccccnsccncccanes 10
2.3 Measurement ReSulfs ..ucecencecverssnvesscsncsscnrsosconsenss 11
3.1 Specification of Circuits in Figure 3.2 ..ieevecocevanscenss 17
4,1 Motor SpecificaTiONS .eeieeeiencecccesoscnccssossssassasonnss 25
4,2 Experimental Results of Motor Ml ....ccieeevencecnsanssnesss 27
4,3 Experimental Results of Motor M2 ...ceiveircienccececcnnccens 29
4,4 Experimental Results of Motor M3 R 1
4,5 Experimental Results of Motor MH ..iievvecerocseccaccossanee 33
4,6 Waveform Evaluation of Detected Slip Frequency ...ceeeesssces 37
A2.1 Calculated GNodb (NE3) veveceonoesoosocsoncossoscsccsasscnans 52

A2.2 Calculated GNodb (N>3) teveeveeoesnoceescsassssssenocsssnnnona 54



ACKNOWLEDGEMENT

I wish to express my deepest gratitude to my supervisor, -
Dr. Malcome Wvong for his valuable assistance, constant encoufééément and
correct guidance in my graduate program and the preparation of this
thesis.,

I sincerely wish to thank my wife, Hui Chun, for the cooperation,
understanding and encouragement during the entire period of the

study.

vi



1. INTRODUCTION

1.1 General

One of the most important trends in variable speed drives is the use
of induction motors. This technique has been studied in recent years [1-6],
because the induction motor can be used in a variety of poor working con-
ditions and at less expense than dc machines., It is widely used in ac
drives with constant speed requirements. Great progress in thyristor and
power-transistor inverter design has made it possible to use induction
motors in variable-speed drive systems. High performance of induction
motor drives can be obtained by complex loop control systems, such as
slip frequency control [2-4], flux control [2-4], and vector control or
phase~locked loop [pLL] control [5,6].

But the parameter of rotating speed must be available as a measure-
ment for these control systems. Conventional speed measurement requires
a tachometer, transducer or device to be attached to the motor shaft.
There would be less installation and maintenance costs if speed could be

measured without shaft attachment of any such gadget.

1.2 The Principle of Operation and Performance Equation of [nduction Motors

Some important aspects of induction motors will be briefly reviewed
here. As we know, there are two kinds of ac motors,namely,synchronous and
asynchronous motors, the latter being more commonly known as induction
motors. Induction motors are widely used in ac drive systems because of
low capital and maintenance costs.

The principle of operation of an induction motor is different from
that of a synchronous motor which has a speed always equal to the synchronous

speed produced by a rotating magnetic field. When three phase voltage



is applied to the stator of a three phase induction motof, a rotating
magnetic field exists in the space, at a angular speed corresponding to
the supply frequency and cuts the rotor windings. Current flows in the
short-circuited rotor windings, and sefs up a rotating magnetic'field
which interacts with the stator field. The torque produced results in
rotation of the motor rotor. With motion the current in the rotor is at
a frequency which reflects the relative movement 6f the rotor withlrespect
to the rotating magnetic field set up by the stator windings. If a
signal corresponding to the frequency of the rotor current can be picked
up in the vicinity of the motor then the speed of the motor can be
readily determined.

Indeed, the speed of the motor will never reach the speed of the
rotating magnetic field set up by the stator, the so-called synchronous
speed. The speed of the induction motor depends upon the motor size,
mechanical load, etc. Usually, for rated load for most induction motors,
the speed range is from 99% to 92% of synchronous speed (i.e. rotor
current frequency is 0.6 Hz to 5 Hz for 60 Hz motors).

In order to calculate the motor speed ﬁy measuring rotor current
frequency, the relations among induction motor parameters need to be
reviewed.

slip s is defined as follows:

=" (1.1)

where n is synchronous speed.

n, is rotor speed, i.e. asynchronous speed.

1

The rotor rotates at asynchronous speed such that the slip frequency is

given by



f, = sf (1.2)
where fS is slip frequency
f is supply frequency.
The frequency of rotor current is at slip frequency. It is obvious that
if s = 1 the motor stays at rest because the rotating magnetic field cuts
the rotor at synchronous speed corresponding to the supply frequency. The
slip can never be zero because the rotor would need to run at synchronous
speed and this would not be possible because no voltage would be in-
duced in the rotor.

Substituting (1.1) into (1.2) we get:

n-n

‘ 1
£, = "m f (1.3)
since 60f
= (1.'4)
7T p

where p is the number of pole pairs.
Eliminating £ in (1.3) and (1.4)

£ = (“'“1)-%5 (1.5)

and eliminating n in (1.3) and (1.4)

f-f

s
= —— 60 .B
n, 5 (1.6)

If supply frequency f = 60 Hz then egn. (1.6) becomes

1
n = > (3600 - 60 fS) (1.7)
Let N = 60 f_ (1.8)
N
or fs= N (1.9)
then n. = & (3600 - N) (1.10)
Dy =3

Here N is the frequency of the signal which will be found in the simple

experiment discussed in chapter 2,



From (1.6) derived above, actual motor speed can be determined
through measurement of slip frequency, fs’ the given supply frequency, f

and the number of pole pairs, p.

1.3 Previous Method of Slip Frequency Measurement

Ishida, M. and Iwata, K. (7) and (8) have proposed the use of rotor
slot harmonics to determine the slip frequency of induction motors.
The air-gap flux of an induction motor when fed by a balanced sinusoidal
power supply contains the space harmonics, due to variation of reluctance
of the rotor and stator slots and to spatial distribution of stator
windings. The influence of stator slots to harmonics in stator voltage
can be neglected in comparison with that of rotor slots. Thus, when the
motor is operating each stator winding contains both components of the
fundamental and slot harmonic voltages. The detection of the slot har-
monics can be obtained by the use of three single-phase transformers. The
primary of each single-phase transformer is connected in parallel to each
-stator winding and all the secondary windings of the transformer in series
fo;.output. The slip frequency fs can be detected only for motors with
the number of rotor slots equal to 3n # 1 forn =1, 2, 3, ..., reported
by the authors. Experimental results show good linearity of slip frequency
measured by the proposed method with respect to that measured by conven-
tional means in the range of slip frequency up to +30% of the stator
frequency. However, this method can only be used where the number of

the rotor slots per pole pair is known and is equal to 3n # 1.

1.4 Proposed Method of 8lip frequency Measurement

In this thesis a different method of slip frequency measurement of

an induction motor and hence its speed will be reported. By the use of



an inductive pick-up coil in the viecinity of the induction motor it is
found that only two major signal components, namely, the supply frequency
(60 Hz) and the slip frequency (fs)f exist in the inductive choke voltage.
Even though there is very poor signal to noise ratio, for the slip fre-
quency signal with respect to the supply frequency, the supply frequency
("noise) signa} can be filtered out. The unique slip frequency, fs,

can then be detected to determine the motor speed. The methéd does not
require the attachment of any device to the motor shaft and the number of
rotor slots to be known, etc. Therefore, it offers the measurement of
the induction motor for more convenience,

The thesis project is aimed at investigating this concept of using
thé slip frequency component of leakage flux available in the field
around an induction motor to determine the motor speed. However,the opti-
mization of the inductive pick-up transducer,filter stages and the display

"of the speed signal is not attempted in this thesis.

A simple experiment‘to check the feésibility of the proposed method
is discussed in chapter 2. The result of that experiment guided the
design of the final speed measurement circuit, details of which are given
in chapter 3. Finally, test results for four induction motors are given

and discussed in chapter 4.



2, FEASIBILITY TEST OF SPEED MEASUREMENT TECHNIQUE

To test the feasibility of the speed measuring technique, a simple
experiment was done using an inductive pick-up coil and a galﬁéﬁbmeter.
The experiment will indicate two important points, namely;

A(l) The slip frequency signal fS exists in the space around the

motor when it is running.

(2) The slip frequency signal together with a strong signal at

the supply frequency, 60 Hz, would be picked up by an inductive
device, such as a choke and could be Aetected after suitable

filtering.

2.1 Description of Measurement and Circuit

The circuit diagram of signal pick-up and detection is shown in
Fig. 2.1. The choke is placed beside the motor in order to pick up the
signal from the rotor circuit of the motor. High inductance and appro-
priate volume in the choke would be best. The inductive voltage in the
choke (called choke voltage in this thesis) is indicated in the circuit

by the galvanometer, which is highly sensitive to dc or low frequency

MOTOR CHOKE

7

GALVANOMETER

]
OSCILLOSCOPE

Fig 2.1 Signal Pickup and Detection with Choke and Galvanometer



current. The current value is determined by the deviation of the light
sp§t on the scaled glass. The galvanometer also plays the role of a
mechanical low-pass filter because its mechanical inertia will only allow
it to follow the dc or low frequency signal and cuts off higher frequency
signals, such as that of the supply frequency 60 Hz, The sighal com-
ponent of supply frequency may be measured and displayed on the oscillo-

scope by connecting the leads of the choke directly to the input of the

oscilloscope.

2.2 Calculation of Slip Frequency fs

OSCILLOSCOPE

Fig 2.2 Equivalent Circuit of Fig 2.1

The equivalent circuit to measure the slip frequency fS and its

amplitude produced by rotor current is shown in Fig. 2.2 where

r, : choke resistance
rg : galvanometer resistance
r, external variable resistance

Vs : slip frequency voltage component in choke

Its amplitude VS can be derived as follows



_ N
We have fs = T (1.9)
= ( + .
Also V_ = Iglr +r T, ) (2.1)

The current Ig in eqr. (2.1) is given by
Ig = A§ sg (2.2)
where Al is the amplitude of the light spot defection of the galvanometer
and sg is the galvanometer sensitivity.
sg = 0.0035 x 107° a.
Sustituting (2.2) into (2.1)
V = As sg (ri-+ r, -+rg ) (2.3)

In the experiment the slip frequency fS is obtained by counting the number

of oscillations N of the galvanometer light spot for one minute.

2.3 Measurement of supply frequency

The strong rotating magnetic field exists in the space around the
motor when it is running so that the supply frequency 60 Hz is also induced
in the choke. If the switch K is opened so that the choke voltage is
applied directly to the input of the oscilloscope, as indicated in Fig. 2.2,
the wave form on the oscilloscope indicates 60 Hz frequency and its ampli-
tude which can be read from the scale. Even though the choke voltage
contains both signal components of slip frequency and supply frequancy
60 Hz, they are far enough apart and the supply frequency signal is much
stronger than the slip frequency signal, that the wave form of supply

frequency is hardly distorted at all.

2.4 Experimental Results

Measurements were carried out on two single-phase'induction motors
at no load. The specification of motors and instruments employed is shown

in Table 2.1. The measurement, wave form and results are given.in the



Tables and Figures as follows:
(1) Table 2.2 shows the measured signal components of slip and
surply frequencies.
(2) Figure 2.3 and Figure 2.4 show the slip frequency wave forms
for the two motors.
(3) Figure 2.5 and Figure 2.6 show the supply frequency wave form
‘seen.on the oscilloscope.

(4) Table 2.3 shows the final results for fs, Dy, Vs’ V60 and

Table 2.1 Specification of Motors and Instruments

Motor choke : galvanometer
Pole Phase Power T L ‘{1 Sens. Sg ba
Pairs i g
» (#ip) @ ® | a/mm) @
¢
ml (Motorl) 2 1 1/3 92 18.9 |3.5x107° 25
m2 (Motor2) 1 1 1/40 92 18.9 3.5><10_9 25
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Table 2.2 Measured Values at no Load

Actual Slip Frequency Circuit Supply Frequency
Speed Component r, r r Component
Mot Stroboscope g
or Frequency |Amplitude Frequency {Amplitude
(%)
(xpm) (N/min) 1A (am) o0 M2) Vg0 (v. pk-pk)
Galvanometer Oscilloscope
ml 1792 16 48 92 | 330 25 60.5 1.2
m2 3495 105 10 92 {3300 | 25 59.7 1.83
3490 110 10 92 | 3300 | 25 59.7 1.83
3486 114 10 92 | 3300 | 25 59.7 1.83
! !
48mm (v )
| 8 1.2v (v60)
]
Fig 2.3 Slip F .
g P frequency Waveform Fig 2.5 Supply Frequency Waveform
by
of Motor ml of Motor ml
\ i
10mm (v o) 1.83v (v
Fi A i .
ig 2 Slip frequency Waveform Fig 2.6 Supply Frequency Waveform

of Motor m2

of Motor m2
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Table 2.3 Measurement Results

Actual Slip Measured Components Ratio
Speed Slip Motor Slip Supply
Motor |[Stroboscope S Frequency Speed Frequency Frequency V6O/vs
. £ (Hz) n (rpm) Voltage Voltage
n s 1 P v (v) V., (V)
s 60
(rpm)
Galvanometer Oscilloscope
nl 1792 0.44%2 | 0.26 1792 75107 1.2 16x10°
m2 3495 2.91% 1.75 3495 119><10-6 1.83 15.3><103
- ‘ 3
3490 3.05% 1.83 3490.2 119%10 6 1.83 15.3%10
3486 3.16% 1.90 3486 _119><10_6 1.83 15.3>‘103

The following indicates sample calculation for motor m

measurements and values of Tables 2.1 and 2.2.

and Table 2.2

£

s

n

1

= 0.26

(3600 - 60 fs) = %-(3600 - 60 x 0,26) =

1 using the

From eqn. (1.9), (1.10)

Hz with p = 2

1792 rpm.

From eqn. (2.3) and Tables 2.1 ‘and 2.2, the amplitude of slip freduency

voltage is

v

s

Sg

r

and A

s
So V'

s

From Table 2.3 the actual speed n

with the speed n

are drawn in Fig. 2.7.

i

A Sg (.,ri tr,+ rg)

3.5 x 10'9 a/mm
92 9§ r_ = 330 Q
e

48 mm p =2

= 48 x 3.5 x 10'9 (92 + 330 + 25) =

1

= 25
g

6

75 x 10~ wv.

1' measured by a stroboscope as compared

measured by the arrangement of choke and galvanometer

any point on the straight
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ny (rem)

4000—
3490 /3495

o 3486

20001= 1792
x motor m,
_ o motor My
1 1 ! ) |
0 2000 4000

(o)
Fig 2.7 Speed Comparison

~3

line means that the measured speed is equal to actual speed. The
measured values of Table 2.3 agree exactly.

From the above results some important points can be made:

(1) The speed as calculated using the oscillation per minute of the
galvanometer light spot are identical with those measured with
a stroboscope, which is generally acceptable as accurate speed
measurement. So the proposed method will correctly determine
the induction motor speed at no load.

(2) There exists multiple frequency signal components in the field
around the motor when it is operating. Obviously, the choke
voltage will contain at least the signal components of supply
frequency 60 Hz and slip freguency fs that are related to the
motor speed. From Table 2.3 it can be estimated that the
range of fs for the induction motors varies from 0.25 Hz at no
load up to 5 Hz, i.e. that the speed range from 1792 rpm down

to 1650 rpm for a four-pole motor,
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(3) The amplitude ratio of Veo to VS reaches up to 16 x 103

0

approximately for motor m The amplitude of supply frequency

lo

component V 0 is much greater than the amplitude of the slip

6
frequency component. Therefore, a multi-stage filter with
amplification has to be designed to isolate the weaker slip
frequency component VS from the much stronger supply frequency
signal component VBO'
(4) The determination of the motor speed not only depends upon the
measured fs but the synchronous speed has to be known i.e. the

number of pole pairs for the motor has to be known. The equa-

tion (1.6) exhibits this relation
n = S (F-£)

The number of pole pairs may be determined experimentally or

from nameplate specification, This parameter p will be assumed

to be given for the speed determination.

It is to be noted that the error of the slip frequency amplitude will

increase with frequency because of the mechanical inertia of galvanometer.
So the galvanometer can be considered as a mechanical low-pass filter

with low corner frequency.



14

3. CONSTRUCTION OF SPEED MEASUREMENT CIRCUIT

The simple experiment described in chapter 2 demonstrated the

feasibility of the technique to measure the speed of an induction motor

by use of the slip frequency signal present the magnetic field around the

motor. But the simple measurement set up using a galvanometer is limited

in its ability to measure the whole range of speeds with varying load for

different kinds of induction motors. Therefore, a more sophisticated

filter circuit needs to be designed to replace the mechanical filter

represented by the galvanometer.

3.1

Major factors to be considered in the circuit design are:

(1)

(2)

(3)

(u)

The measurement circuit is to use an active filter, with
operational amplifiers as the active elements, and with
multi-stage filtering. BEach filter stage should attenuate

the supply frequency signal and amplify the weak slip frequency
component,

Each filter stage should work within the linéar range of the
operational amplifier ie. within * 13 volts

For the detection of the slip frequency for various motors, the
multi-stage filter circuit should provide output at each stage
because the number of filter stages needed varles with the

type of induction motors and their speed.

;The amplitude 0¥;the§detected slip frequency can also be

calculated through the multi-stage filter.

The Overall Slip Frequency Measurement Circuit

The overall circuit is shown in Figure 3.1 and comprises the

following:
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(1) Signal pickup i.e. inductive device, choke
(2) Second order Butterworth low pass filter
(3) Input buffer and attenuator

(4) Alternative supply frequency phase shifter

The detailed circuits for each of the above are shown in Figure 3.2.

PHASE
SHIFTER

Fig 3.1 Overall Block Diagram of Slip Frequency Measurement

* INPUT BUFFER FILTER
CHOKE G. G
! f
outputi
FILTER 2 FILTER3 ATTENUATOR
e iiens
Gy Gy Ga
output 2 outputl
FILTERY FILTERS FILTERG
Gf Gf G' outputé
outputd output 5



120v
60Hz

(a)
(c)

(e)

x
—N_ — )
(]
|

16

(a)

R
2 Input Buffer
" S—————
‘ O
- 1

()

(d)

1 Ty T

Fig 3.2 Circuit Components

Phase Shifter

Phasor Diagram of Phase
Shifter

Attenuator Ga

(b)
(d)
(£)

Choke
Input Buffer Gi
Second Order Butterworth Low Pass

Filter Stage (each of them from
Filter 1 to Filter 6)
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Table 3.1 Specification of Circuits in Fig 3.2

Choke 150 Henry
T 120/6.3 -
P sz 0-500k$
Phase
Shifter Rjp 0-20 k&
.C3 5 uF
RFl 100 kQ
Input Buffer Rf1 155 kh
R 22 kQ
P
Ral 1 MQ Ga1=1
R 2+ R 3
R, 150 kQ G, o= ac 8% -1/7.4
Attenuator Ral+ RaZ+Ra3
Ra3
R 4 5.6 kQ 63" R TR IR =1/206
al a2 a3
R 22 k&
P
RF 50 kq
Filterl to Rf 10 ki -
Filter6 R1 6.8 kQ
R2 56 kp
C 0.32, 0.47, 1.0, 2.47, 4.4 yF

Note: Selection of RF, Rf, Rl’ R2, C for Filterl to Filter6 1is

described in section 3.3
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3.2 Inductive Device Choke

This device picks up, by magnetic induction, the signal frequency
components of interest. The strength of the signal pickup depends upon
the core size, inductance and the location of the choke relative to the

motor. A choke with an inductance of 150 Henry is arbitrarily selected.

The design of better transducer was not attempted.

1

3.3 Second Order Butterworth Low-Pass Filter

This is the most impotant part in the overall circuit and consists
of six second order Butterworth filter stages. The second order low-pass
Butterworth filter has flat characteristiecs in the pass band and rather
sharp cut off in the stop‘band. No ripple in the frequency response curve
makes the calculation of filter gain easier. The proper size of amplified
slip frequency signal component after each stage of filtering should be
obtained. The design of a second order.Butterworth low-pass filter wil}
be discussed in the following.

(1) Frequency Response Equation

The frequency response equation of each filter stage can be expressed

as follows

Glw) =_ W (2 = )
1 - ()" + 28 (=)
® w
c c
. RF ‘
where G = 1 + = is the dc gain of the filter (3.3)
f .
1 is the cut off frequency (3.4)
© R, R.C C
€ 1727172
R, C | R.C R.C
1 272 172 171
~AR1C1 21 202

is the damping coefficient

See the derivation in detail in Appendix Al.
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When £ = 1 the filter equation is then
V2
G )| = '__—_iia-- (3.6)
fl+(*—)
wC
and the ¢ = L substituting into eqn. (3.5)
2
R2% ) . ’1% (3.7)
Re, Ty Rre, - €©-Dfrg =7
171 271 272

The filter stage has an attenuafion of -40 dB/decade and the total
attenuation characteristic is proportional to the number of filter stages.
The values of the circuit elements can be determined from the above three
equations (3.3), (3.4), (3.7).

(2) Parameter Value Determination

For simplicity of circuit calculation indentical values were chosen
for capacitors C, and C, in Figure 3.2 (f). Now eqn. (3.4), (3.7 ) become

1 2

c 21C R.R (3.8)

where fc is the cormer frequéncy

J& JfJﬁ-@-D SR (3.9
Ry R R

From eqn. (3.8) the corner frequency fc only depends upon the capacitor C

if R, and R2 are kept constant. Furthermore, R

1 1 and R_. can be calculated

2
from eqn. (3.3), (3.8), (3.9) once the parameters G, fC and C are given.
The values of fc, G and C are selected as follows:
a. f = 18 Hz
c

The corner frequency}fc is selected to be 18 Hz because it is basically

sufficient for measurement of the whole range of motor since the overall
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cut off frequency will decrease with an increasing number of filter stages.
Most induction motors operate at speeds corresponding to slip s of less than

8% i.e. £ 1less than 5 Hz.

S
b, 6=6 1i.,e. G =1+ =6

and RF = 50 K Q, Rf = 10 K Q are selected.

Considering the minimum slip frequency component VS in choke voltage, which

happens to be at the lowest slip frequency, a value of 75 x ]_0-6 was

obtained (see Table 2.3) in the simple experiment of chapter 2. So this

value of V__. should be amplified to the proper value VZ . after total
smin . , smin

six filter stages.

For the selection G = 6, the amplified output V;min should be

s, = G6 V. = 6° x 75 x 10'6 = 3,5 volts
sSmln smin

Therefore, the output of 3.5 v at the sixth filter stage is a reasonable
value to be measured and the selection G = 6 is reasonable,

c. C = 0,47 yur

By use of the above selecting parameter values, (G=6, fC=18 Hz

C=0.47 x 107° F), R, and R, can be worked out by solving the eqn. (3.3),

1l
(3.8), (3.9) as follows: ,

R

G = 1 +.§§ =6

f
since £ = 1 1
c 2mC RlR2
RiRy, = = 7= - 5.2
(2nfCC) (27 x 18 x 0,47 x 10 )

so R.,R. = 0,0354 x 10%° (3.10)
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R R R

1 2 2
Let R2
X =/ R
Rl

substituting x into eqn. (3.1l1).

x+%-i=l.‘+l'4; xz—l.ulux-u»:o

X = 2.83 or -1,39

The correct solution is x = 2.83

R2
Then i 2,83 R2 = 8.OR1
l .
[ R2 = 8 Rl
10
leR2 = 0.0354 x 10
3
Rl = 6,65 x 10 Q
3
R, = 53,5 x 10" @
Therefore, R, = 8.8 K Q and R, = 56 K © using available resistor values.

Now verify the £ and fc by substituting the selected actual values

R, = 6.8 K@, R, = 56 KQ, C=0.47 uF into eqn. (3.5), (3.8).

SO __.L

R,
SRS DR
1 N2 2
) [s6 /6.8 . [6.8
= 0.5{ I+ e (6-1) 5

g = L 1 - 1 1
¢ e ARqRy 6.28 x 0.47 x 107° 6.8 x 56 x 10°

= 17.3 Hz
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The actuwal £ = 0.74 and fc = 17,3 Hz are close to the selected
values of fC = 18 Hz and & = 0,707. .The corner frequencybfc is varied
by using different values of capacitors while keeping all other element
values fixed,.

C = 0.32, 0.47, 1.0, 2,47, 4,4 ypF

The attenuation for each filter stage is -40 dB/decade and the total
attenuation from input to output is proportional to the number of stages
employed. Successful detection of slip frequency for measuring each
speed heavily rely upon the>reasonable selection of both corner frequency

and total attenuation,

3.4 Input Buffer and Attenuator

The input stage of the measuring circuit consists of a noninverting
operational amplifier with high input impedance, as indicated in Figure
3.1, Figure 3.2(d). If the signal from the choke, which has high induc-
tance, is directly connected to the first filtering stage that includes the
capacitance feedback circuit the circuit will become unstable and
oscillations will take placg. Therefore, the input operational amplifier
acts as a buffer stage between the choke signal source and the input of
the first filter stage.

As mentioned previously, the design of each filter stage must be such
that the weak slip frequency signal component VS will be amplified and the
supply frequency signal component will be attenuated. The ratio of these

two signals V., to VS at any filter stage indicates the degree of filter-

60
ing. Where more than four stages of filtering is required, the attenuator
circuit is required to maintain operation in the linear region of the

operational amplifier. Alternatively, attenuation could have been

provided in each filter stage.
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3.5 Phase Shifter

One of the objectives to use a filter is to attenuate the supply
frequency signal component 60 Hz in the mixed source signal so that the
slip frequency component can be identified, thus the ratio of V60 to VS
can be minimized after each filter stage. The phase shifter having supply
frequency can also be used in the same role as the filter by providing a
phase-shafted supply frequency signal. How it works is shown in Figures
3.), 3.2. The phase shifter (Figure 3.1) can vary its output phase
relative to the phase of the supply frequency component of the choke
voltage. Let the phase shifter output superpose on the choke voltage
and adjust the phase and magnetude of phas¢ shifter output. Then the in-
put of buffer will have a.greatly attenuated supply frequency component,
Hence the number of filter stages required would be less. The major
components in the phase shifter shown in Figure 3.2(a) include the centre-

tapped transformer Tp’ variable resistor va and capacitor C3. The

function of TP is to reduce the supply voltage to a suitable size.
The principle of phase shifter can be readily found in the circuit

diagram Figure 3.2(a),(c). The fixed supply voltage V,_ with centre tap

AB

supplies the series RC circuit in the closed-loop circuit ACBD. The

voltage VDB across C3 always lags by 90° VAD across the variable resistor

R The potential D relative to ground C will move on the circle shown

vl®

in Figure 3.2(c) if the resistor va'varies. In order to obtain a

variable voltage output Rv is used. The switch K2 is a reversing switch

2

which allows the phase shifter to work in another half circle. For

example, once the K, reverses, the potential D will fall into symmetric

2
D” in the next half circle (Figure 3.2(c)). So the range of phase angle

for this circuit can change theoretically from 0° to 360°. However, it
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is impossible to use an infinite value of capacitor, and the actual

range of phase shifter mainly depends upon the size of capacitor used.
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4, EXPERIMENTAL RESULTS

The proposed method of speed measurement was tested on four different

induction motors. The specificatiomnsfor these motors are given in Table 4,1,

Table 4.1 Motor Specifications

Full Load | Horse Rated Rated
Motor Speed‘ Type of Motor Power | | Current Voltage
o (rpm) P (Hp) | 1 (a) v o(v) .
M1 1725 3-phase wound rotor 1/3 1.7 220
M2 1725 3-phase squirrel cage| 1/4 1.5 220
M3 1725 l-phase squirrel cage | 1/4 5.5 120
M4 1690 3-phase wound rotor 2.5 8 208

The experimental setup is shown in Figure 4,1, A choke is placed in
the vicinity of the test motor and is left in position throughout the test.
Its output is taken to a filter, as discussed in chapter 3. The filter
output is then fed to a Universal Waveform Analyzer which is a 68000 micro-
processor-based instrument. The dc generator is mechanically-coupled to
the induction motor, and with its resistance load provides a variable
motor load. The actual motor speed is measured by a stroboscope for
comparisoﬁ with that determined from the slip frequency. The number of
filter stages, value of filter capacitor and attenuator gain were adjusted
for best slip frequency determination. Thé amplltﬁde of the slip freqﬁén—
cy eignal componenf can be determined by the use of the filter gain fomulae_~

and characteristic curves as described in appendix A2,
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Resistanse
Load Choke
T rES o Filtering | - Priversal
| | [:F — , Waveform
| o | - Circuit
L—__ Analyzer

d.c. :{I]] Induction
Generator . Motor

Z N Z AN

Fig 4.1 Experimental Setup

Experimental results for the four induction motors are given in
Table 4.2 to 4.5. The following symbols are used in the Tables.
I Motor current
n, Actual speed.measured by the stroboscope,

(* means speed at or closest to rated speed )

N Number of the filter stages at which the output is measured
C Value of capacitor used in the filter stages

Ga Gain of the attenﬁator

fS Slip frequency

Ve Amplitude of fs at the filter output

fn Frequency of "noise" signal

vy Amplitude of fn at filter circuit output

ny Motor speed calculated from the measured f_ through (1.7)
Vein Calculated input amplitude of the fs component by

eqn. (A2.14)
v_. Calculated input amplitude of the fn component by
eqn. (A2.14)

v -Induced supply frequency (60 Hz) amplitude in the choke



Table 4.2

Experimental Results of Motor Ml

Motor

output of Filtering Circuit

Filtering Circuit In.put'
vso/“in
P f Calculated
: "a N ¢ Ca Waveform s % n Yn (mv) Y50 (X103)
(a) (rPm) (KF) (Hz) (v) |(H2) (v} | Mrem) 1 Vein Vain| V)
. + |

3 (1.0 0.92 0.24 |2.93 .032| 1770  {0.73 0.1 1.4
1.14 1770 1.02

6 |0.32 |1/206 N 0.18 {30  0.14 0.52 8.3

-I-

3 [1.0 /\/\ 1.56 0.44 |4.3 .034| 1753 1.41 0.12 0.76
1.2 {1755 1.07
| 6 [0.32 |1/206 /\/r\ 30 0.16 9.5

3 |1.0 /\/\/ 1.94 0.74 1742 |2.25 0.49
1.3 |1740 1.1

6 | 0.32 {1/206 /\/\/ 0.65 {30 0.18 1.87 10.7

3 1.0 /\/\/\/\ 2.96 0.12 1711 3.8 0.3
1.45 | 1710 - — 1.18

6 | 0.32 |1/206 /\/\/\/\ 1.13 |30 0.23 3.3 13.4

3 1.0 /\/\/\/\ 3.9 1.86 1683 | 6.5 0.20
1.65 | 1680 1.29

6 | 0.321/206 /\/W\ 1.67 130 0.3 4,96 17.8

LT



Table 4.2 (cpnt inued)

Motor

Filtering Circuit

Output of Filtering Circuit

Input’

vso/“in
t Calculated
! "a N c Ga Waveform ‘s % " Y (mv) V6o (xm:)
(a) (rem) |, (KF) : (Hz) (v) |[(H2) (v) | MUrem) | Vgia Viin|
3 (1.0 A/\/\/\/\ 5.08 2.16 1647  {8.49 0.16
1.86 1650 1.33
6 10,32 {1/206 N\/\/\/\ 2.23(130 0.31 6.7 18.4
3. 11.0 /\/\/\/\/\/\ 5.86 2.03 1624 9.89 0.14
2.06 1620 1.37
6 |0.32 {1/206 N\/\/\/\/\ 2.75|30 0.33 8.4 19.6
t ¢ In these two cases each one has a low rate of oscillation 2.93 Hz & 4.3 Hz

about 1its centre speed 1770 & 1755 as observed by a stroboscope

- 8¢



Table 4.3 Experimental Results of Motor M2

Motor

Filtering Circuit

Output of Filtering Circuit

input’
VGO/\‘in
' n "N c G § v f Calcujated
@ | wem | |uF) : Wavelorm S PR (mv) Yoo | oxes
). (Hz) (v) [(H2)  (v) | P("PM™) I V5in Vain| V)
3 |4.4 /\/ 0.73 .052 1778 | 0.186 2.04
\_./
1.1 |1778 — — 0.38
6 [0.32 | 1/7.4 WMMM 30 19.1 40.8
3 l4.4 / 1.1 .067 1767 | 0.27 1.15
1.1 {1767 0.362
6 |0.32] 1/7.4 30 17.5 37.4
3 |44 /v\ 1.52 .055 1754 | 0.34 1.01
1.15 | 1755 0.345
6 10.321 1/7.4 30 15.2 32.5
3 |4.4 1.96 .034 1741 | 0.46 0.75
1.15 | 1740 0.346
6 |0.32] 1/7.4 30 13.5 28.9
| 5 1.0 2.5 .74 1725 | 0.50 | 0.72
| 1.15] 1725" 10.362
6 | 032 1/7.4 30 9.51 20.4
i

6¢



Table 4.3 (continued)

Motor . Filtering Circuit Output of Filtering Circuit ' Input’

% Veo/ %in

. t Calculated .

i n, | N| € G, Waveform f % | h W o1 60 | oxao
() (rpm) |, (KF) , (Hz) (v) {(H2}  (v) | Pq(vem) | Vgin Vain| ™M)

511.0 | 1/7.4 /V\/\/ 12.92 .792 1712 {0.552 0.63
.2 1710 0.346

6 10.32 1/?.4 30 8.14 17.4

5 (1.0 |[1/7.4 ' A 3.46 .865 1696  [0.646 0.52
.27 1695 =3 0.337

& 10.32 1/7.4 30 7.14 15.2

5 (1.0 |1/7.4 4.1 .923 1677 0.728 0.46
.37 1680 0.334

6 10.32 | 1/7.4 30 6.28 13.4

o¢




Table 4.4 Experimental Results of Motor M3

Motor Filtering Circuit Output of Filtering Circuit Input’

, — vso/\éin

’ . f Calculated.
! "a N ¢ Ga Waveform s % " ¥ (mv) Y60 (x103)
(a) (rPm) |, (MKF) (Hz) (V) [(H2) (v) | "CrP™) | Vgin Vain] V)

511.0 | 1/7.4 v/ﬂ\\\/ 0.61 0.31 1782  |0.21 18.5
5.1 1882 3.88

6 10.32 | 1/7.4 M 30 4.5 9.6

511.0 | 1/7.4 N 1.03 .547 1769  |0.37 9.3
5.1 1770 3.44

6 10.32 | 1/7.4 w 30 3.7 7.9

5 11.0 | 1/7.4 /\/\/ 1.48 .801 1756  |0.56 5.5
5.16 | 1755 3.11

6 10.32 | 1/7.4 M 30 3.2 6.8

5 (1.0 | 1/7.4 /\/\/ 2.07 .946 1738 |0.68 4.4
5.4 1740 12.96

6 [0.32 | 1/7.4 /W 30 2.5 5.3

5 (1.0 | 1/7.4 /\/\/\ 2.53 1.0 1724 |0.73 3.7
5.7 | 1725° 2.7

6 |0.32 | 1/7.4 30 2.1 4.5

1€



Table 4.4 (continued)

Motor Filtering Circuit OQutput of Filtering Circuit ' Input’
- vso/\‘in
, . t V. f Calculated -
' ol B Ca Waveform s s n Yn mv) Yo | (x10%)
{a) (rPm) |, (KF) . (Hz) (V) {(H2) (v} nyeremy [ Vgin Vainl
5| 1.0 1/7.4 2.94 1.09 1712 |0.814 3.0
5.95 1710 2.48
6 | 0.32] 1/7.4 30 1.8 3.9

(45



Table 4.5 Experimental Results of Motor M4

Motor Filtering Circuit OQutput of Filtering Circuit input’ ,
vsol‘in
. f Calculated
: "a Ni ¢ € Waveform s % n Va (mv) Vso < st)
) (rPm) |, (KUF) (Hz) (v) |(H3)  (v) | Pg(rpm) | Vgin Vipial )
3| 4.4 1.05 .020 1769 |0.11
1.3 1770 | 3| 1.0 /\ 1.04 .034 1769 |0.128 0.45| 3.5
6| 0.32) 1/7.4 30 5.55 15.9
3| 4.4 2.03 .017 1739 [0.23
1.72 {1740 | 3| 1.0 2.05 .079 1739 {0.24 0.48 | 2.0
6| 0.32] 1/7.4 30 13.8 29.5
3| 1.0 /\/\/\ 3.08 0.11 1708  {0.35 1.45
2.2 {1710 , 0.50
6| 0.32] 1/7.4 30 15.7 33.6
3| 1.0 /\/\/\/\ 3.9 0.17 1683  |0.58 0.87
*
2.7 11680 15.6 1.74 0.28(0.30
6 | 0.2 1/7.4] WA NANAAMN 24.4 6.9 4.9

€e



Table 4.5 (continued 1)

Motor Filtering Circuit OQutput of Filtering Circuit ' Input’
vso/\gin
{ v t Cailculated
! fa N ¢ Ca Waveform s s " ¥ (mv) Yo (x103) '
(a) (rPm) |, (KF) (Hz) (v) j(H2) (v) | Mq(re™) 1 V5in Vainl W)
3 (1.0 /\/V\/V\ 5.1 0.2 1647 |0.79 0.63
3.23 |1650 12.7 2.0 0.27 0.59
6 |0.32 | 177.4 | VS AN\ WV Ve
22.5 10.2 4.6
341.0 6.04 0.23 1617 1.1 0.45

3.7 (1620 0.50

21 12.5 4.04
60.32 | 1/7.4 /\/LW 33.2 4.4 14.2

3 1.0 /\/\/\/\/\/\/\ 7.01 0.24 1586 [1.55 0.33

4.22 11590 0.51

6 10.32 | 1/206| ~\_ AN/ N\NVV\S 19.5 0.66 4.8

301.0 /\/\/\/\/\/\ 8.0 0.23 1560 |2.02 0.25

4.57 |1560 - 0.51

\/\/\/\/1/\/\,\/\/\/\/{/\/\_\/\/\/"\ 12.7 0.37 1.35
6 |0.32 | 1/206 17.6 0.65 3.5

Q-
3 11.0 ,./\/\/\’\/W\/"\/\f\_/-\ 9.1 0.16 6.84 0.12 1527 2.03 0.74 0.25

16.6 .015 .075
4.9 11530 0.51

6 |0.32 | 17206] VUV WUN

%e



Table 4.5 (continued 2)

Motor Filtering Circuit Qutput of Filtering Circuit input’
|-‘ vso/\éin
' 1 Calcutated '
! "a N ¢ Ga Waveform 's Vs " ¥ {mv) Vso (wa)
(a) (rpm) |, (.#F) (Hz) (v) |(Hz) (v) PEPM) | Vin  Vpin| M)
19.0 0.13 1500 |2.4 0.25
3 1.0 /\/\/\/\/\/\/\/\ 4.9 .031 0.12
$3 l1500 14.7 .024 2.66|, «,
6 10.32 | 1/206 2aVAVA'VAV e
3 (1.0 12.1 .068 1440  [3.3 0.16
5.7 |1440 p—t—t—F T === 0.52
6 10.32 | 1/206 ﬂ&f\[\/\/l/\/\/\/\/\/ﬁ/’ 0.91 1.06 3.m
13.7 0.67 1369 [4.5
5.9 11380 | 6 {0.32 | 1/206 f\/\/rL/\J/\/anl/\u// 8.8 0.87 ,.g |0-53 0.12
15.9 1.16 1323 |5.3
6.4 11320 | 6 |0.32 | 1/206 /\}\ﬂd\/\fvaq/ 5 86 0.57 | 760455 |0.10
\ 18.1 1.24 1257  |7.16
6.8 11260 | 6 (0.32 | 1/206 /\A/bﬂ/\[bﬂ/\ 2.73 0.32 0.920-56 | .078
o E e — 20.0 1.0 ‘ 1200 |7.7
7.5 |1200 | 6 |0.32 | 1/206 lA/b“/vmqn/quA | 05 0.17 0.45/0-58 | .076

G¢e
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4,1 Discussion of Experimental Results

The basic idea of using the slip frequency to determine the speed of
induction motors relies on counting the zero axis crossings of the out-
put signal waveform from the filter. Therefore, the shape of the wave-
form is important. Any distortion in the signal waveform wiil affect the

speed measurement. The signal waveform can be classified as follows;

(1) There is no distortion and the sigﬁal frequency is exactly
equal to the slip frequency fs.

(2) The waveform contains some noise but the frequency of the
waveform is still equal to the slip frequency fs.

(3) There is considerable distortion in the waveform so that the
frequency of the waveform is no longer equal to the slip frequency fs.

The results for all measured filter outputs according to the above
waveform classification are listed in Table 4.6. The expected and
measured slip frequency for each motor speed are shown in Figure 4.2,

From Figure §.2 and Table 4,6 some important points can be deduced as
follows:

(1) The speed of an induction motor within thé rated load, i.e. for
s<13%, or fs<8 Hz, can be accurately measured by the proposed method.

(2) The measured slip frequency would be fully equal to the expected
value if there are no unstable factors, such as fluctuations in the motor
speed,

(3) Proper filter parameter values, such as the corner frequency fc’
must be chosen to eliminate any noise in the output signal. The selection
of €C=1.0 uF, i.e., fc=4.5 Hz for three stages appears to be suitable for

the four test motors used.



Table 4.6 Waveform Evaluation of Detected Slip Frequency

Motor C n (rpm) 1770 1755 1740 1725 1710 1695 1680 1650 1620
(ﬁp) fS (Hz) 1 1.5 2 2.5 3 3.5 4 5 6
- 1.0 o o o o o o o
0.32 A A A A A A A
4.4 or o o o
1.0 o o o o
M2
0.32 x x x X x X x
1.0 o o o] o o
M3
0.32 A A A A A
4.4 o o
A A o o o o
b 1.0
0.32 X x X x
C n (rpm) 1590 1560 1530 1500 1440 1380 1320 1260 1200
Motor -
(1) fS (Hz) 7 8 9 10 12 14 16 18 20
1.0 o] o X A A
M4
0.32 x X X X A x A o A
Case (1) : o Case (2) : A Case (3)

LE
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fs (H2) fs(Hz)
M1
6™ 6
B B M2
4 4
= .
2+ 2 +
1 . l | n { | 1 | n
1800 1700 1600 (rpm) 1800 1700 1600 (ypm)
0 0.055 0.11 s 0 0.055 011 s
(a) ' (b)
fs (H2)
M4
20 Y-
: rd
fe(H /ﬁ/
s(Hz) ) e
i -
M3 Pl
10 &
3 e
2 —
-
1 -
! ! ! N 1 1 | | | L ey
1800 1700 (rpm) 1800 1600 1400 1200 grpm)
0 0055 s 0 0.11 0.22 0.33 s
() (d)

Fig 4.2 Comparision of Expected and Detected Slip Frequency
~for Induction Motor () M (b) M (c) M3 (d) M

x expected value o detected value

case (1) = ——e— case (2)
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4.2 Supply Frequency Signal Component

The amplitude of the supply frequency f60 (60 Hz) component that is
induced in the choke, of course, depends upon the location of the choke
with respect to the motor. Usually the choke is placed as close as possible
to the motor so as to pick up a strong signal. The 60 Hz signal is the
most important signal to be filtered out in the proceés of detecting the
slip frequency. The number of filter stages required not only depends
upon the amplitude of the 60 Hz signal but more importantly upon the
amplitude ratio of the 60 Hz signal to the fs signal. The v6o/vf ratios
of four motors are measured and indicated in Figure 4.3.

It is found that the amplitude of the slip frequency signal increases
greatly with increasing slip whereas the amplitude of the supply frequency
signal varies very slightly. From experimental results the slip frequency
amplitude Vi, can be considered to be approximately proportional to the
product of the motor current and the slip frequency.

v . « I-f (4.1)
sin s

The ratio of the amplitude of the supply frequency signal to the amplitude
of the slip frequency signal governs how many filter stages are required.
However, the closer the slip frequency is to the supply frequency, the

more difficult is the filtering.

4,3 Measurement of Pole Pairs

The motor speed n, not only depends upon the measured slip frequency

1
fS but is also related to the pole pairs, p, as given in equation (1.6)

and rewritten below:

f-f-
n. = S 60 (1.6)
P




Veo/Vsin  (x10%)

i 3 | | | 1 1 l
1 2 4 6 8 10 12 14 16 fs (H2)
1770 1740 1680 1620 1560 1500 1440 1380 1320 n (rpm)

Fig 4.3 Amplitude Ratio of 60 Hz Supply Frequency Signal
to Slip Frequency Signal
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v
a
(a) /\x\/\\ t
v B
() \/\//-\_/_\\ t
v
’ WANE
() t
Fig L.4 Location Diagram //// \\//\\\\////
of Pole Pair \
Measurement \\\S /f\\///ﬂ\\\\
(d) ¢

%

Fig 4.5 Choke Voltage Waveform at
Several Locations
(a) Supply Frequency Reference
Waveform

(b) at Ll (c) at L2 (d) L3

The following experiment illustrates one way to measure the pole-pair
value. The experiment uses the induction motor M3, which is single phase.

With the motor running, the position of the choke is varied around the



L2

motor surface, as indicated in Figure 4.4, The choke voltage is connected
to one channel of a two-channel oscilloscope while the 60 Hz supply wave-
form is comnected to the other channel and is used as timing reference
(shown in Figure 4.5(a)). The waveform of the choke voltage for different

location L, L, and L, (here @=90°, B= 180°) are shown in Figure 4.5(b),

2

(c),(d), respectively. With the choke at location L, the leftmost peak

value of the choke voltage is noted to be on the assumed vertical line
aa” indicates that the mechanical angle a is electrically equivalent to

180°. Similarly, moving the choke to location L_ will place the peak value

3

back at line aa” so that the mechanical angle B is electrically 360°,

Therefore, the pole-pair wvalue of the motor can be obtained as follows:

(o]

- 322 (4.2)
(o]

P = 320 ' (4.3)

In this example a=90° B=180°
so p=2,

It is not very hard to explain. The choke voltage waveform at each
location with respect to the motor usually are the same but its phase
angle with respect to the supply voltage varies. Therefore, the relation
between electrical and mechanical angle will yield the pole-pair value as

given by equations (4.2) and (4.3).
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5. CONCLUSION

A method of measuring the motor speed of an induction motor by
detection of the slip frequency signal has been proposed in this thesis,
The measurement can be made without attachment of any devices to the motor
shaft. In fact, the motor may be completely enclosed so that conventional
speed measurement by the use of tachometers or stroboscopes would not be
possible.

Experimental results indicate good agreement between actual motor
speed and that measured by the proposed slip frequency method in the
range below a slip frequency of about 8 Hz that is withip the range of
most 60 Hz induction motors. The method is suitable for both single- and
three-phase induction motors and will be applicable to sealed motors,
such as motors used in refrigerators, since access to the motor shaft
is not needed.

et
The proposed method does require knowledge of the number of poles in

the motor. A simple method to determine this experimentally was dis-
cuésed in chapter 4,

The speed measurement circuit described in chapter 3 needs to be

improved in the following respects:

(1) The inductive transducer should be optimized for best slip-fre-
qﬁéncy signal pickup.

(2) Instead of detection by the waveform analyzer the slip frequency
signal or the corresponding motor speed signal should be made
available for display or for use in any speed control loop.

(3) The filtering and amplifying stages could be optim%zed for shar-
per cut -off and improved signal-to-noise ratio of the desired

slip frequency signal.
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APPENDICES

Al., Derivation of the Frequency Response Egquation for Second Order

Butterworth Low-Pass Filter

-+

—o
: U
_T_o

s+ 1

' o—"\A\A\

U —_—
in _I I

Fig Al.2 Second Order Butterworth Low-Pass Filter

The noninverting second order low pass filter shown in Figure Al.l is
used for the derivation. The derivation is based upon the "Virtual Ground
Analysis" and assumes that
(1) The open-loop gain of the operational amplifier is infinite,
l.e., Go =

(2) Input impedance is infinite Z; = @. Therefore, input current
I =o.
n

(3) 1Input voltage u-u_ =0

Equations for Figure Al.l by normal circuit analysis are as follows:
R

£
u = —— (Alcl)
- Rf + RF o)
u = u (A1.2)

1+ ]wR2C2 a
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11 =% (uin - ua) (A1.3)
1
I~ jwcl(ua- uo) -(Al.%)
I = =(u -u) (A1.5)
2 R a
2
I, = I, +I, (A1.6)

 Solving this group of equations the gain of filter G(w) Is expressed as

Y G
G(jw) = —— = 5
in g + 2855 ) + 1
o) C
G(w) = < 2G " (A1.7)
1 - (-(5-) + 26(5 Z)_)
C C

where £ is the damping coefficient
W, is the inherent angular corner frequency
Therefore, the amplitude response G.(w) and phase response ¢(®) is

readily obtained by equation (Al.7).

G(W) = — ¢ (A1.8)
2 32 R A
- W
(‘ % ) *(25 2
’UJC C
2F B
[}
¢(®) = -tan” = (A1.9)
1 - (tﬁ"—)2
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R
where g1 4L (AL.10)
R
£
S 1 )
w = E (A1.11)
c RlR2C1C2
E = I {‘A//RQCQ +/R102 - (G-]{V/Rlcl } (A1.12)
2 R,C; AR Cy R,C,
when § = L
V2
equation (Al.8) becomes
___ 6
Gl) = - — (A1.13)
11+(£)
W

[

This is the second order Butterworth filter response.

Substituting & = 1 into eqn. (Al,12)
V2

we therefore require

R,.C R.C JR.C |
22

JW + §l—c2‘ - (G_li/;{ié-l = R (A1.14)
171 21 272 ‘
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A2. Calculation of Slip Frequency Signal Component

A2.1 Gain Formulae and Curves of Three Filter Stages in Cascade
The gain of three identical filter stages in cascade, as indicated

in Figure 3.1 is given by:

v
\/?:“t = Giv-G; C (a2.1)
where V30ut is the output of the third filter stage
Vin is the input tb the input buffer
Gi is the gain of input buffer
Gf is the gain of a single filter stage

Usually the gain is expressed in decibels, which is defined as follows:

. . : \' -V
o . Jout /. "3oout
G3db = 20 logyy /// v (A2.2)
in oin
where V3oout is the output of the third filter stage at £ = O
VOin is the input Vin at £ é 0
G3db is the total gain in dB, the input buffer and the three

filter stages in cascade

The gain curves in Figure A2.1 are plotted from measurements made for
three filter stages in cascade for various values of capacitors C. These
curves will be used as calculation of measured slip frequency amplitude
for various induction motor speeds.
A2.2 Calculation of Slip-Frequency Signal Amplitude Through Any Number

of Filter Stages

The number of filter stages actually used in slip frequency measure-
ments differ for various induction motors. The calculation of slip-frequency

signal amplitude will be discussed here. In Figure 3,1 the attenuator, Ga’



G3db (dB)
B s o ; S E——
\\\ N
. \ \\ \ C=0e32

)
- 30 \\
-40 \ \ \ \ \
=50 \ c=2°“' \
oo \ | \
=10 \

Fig A2.1

Gain Curves of three Identical Second Order Butterworth Filter Stages in Cascade
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is inserted between the third and the fourth filter stage, so that the
derivation of the gain equation will be divided into two cases as follows:
(1) When N < 3
Where N is the number of filter stages. The gain for N filter

stages is given by

\
_ Nout
GN e (A2,3)
in
Where Viout is the output of the Nth filter stage.

From Figure 3.1

Gy = (Gg) 6, (A2.4)
Assume ) .

GN Noout (A2.5)

° oin

Where GNo is the gain GN at £ =20

VNoout is the output VNOut at £ =0

N N

So Gy = (Bg ) G = (G )" G, (A2.8)

Where Gfo is the gain Gf at £ =0

and G. = G.
i io

Therefore, the gain in dB is
G
N
20 loglOEf__

No

G

Ndb (A2;7)

Cnab

20 log;q Gy - 20 log,, G (A2.8)

Substituting(A2.4), (A2.6) into (A2.7)

G \N G 3
G =2010g<f) N{ £ }
Ndb 10{ =—. = 3 {20 log,, ( = ,
Gfo 3 10 Gfo)
A G =201 Gf 3 (a2.9)
ssume 3db - °819 (G ) .

fo
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g- G (A2.10)

So G = 3db

Ndb

Substituting (A2.3), (A2.10) into (A2.8)

V .
Nout _ XN
20 log,, v;;f- = 3 Ggqp * 20 logy, Gyl (A2.11)
Assume Gy .. = 20 log,, G (A2,12)
Substituting (A2.6) into (A2.12)
. N
Gyoagp = 20 logy, (Gfo) Gy (A2.13)

Substituting (A2.12) into (A2.11)

v

\Y%
in = Nout

T
303 C3ap * Cnodn’

10

(A2.14)

w|=

GNodb.hlequation (A2,13) is independent of circuit capacitance C. It can

be found in the curves in Figure A2.1 that G3db at £ = 0 for all curves
start at Gsdb;o’ It can be also explained as the circuit Figure 3.2(f)

that when the circuit is working in dc no effect of by-pass and feedback

for both C arises. The C is measured by experiment and listed in

Table A2.1
Table A2.1 Calculated G .. (Ng3)
N 1 2 3
G, =(G. )G
No ' fo’ i 9.60 57.2 341
Croab=20° logy oGy, 19.64 35.14 50.6
(dB)

Note: (1) Calculated: Gi=1.64 Fxperimental: Gi=1'61

Gfo=6 _ Gfo=5.96

(2) Experimental Gi’Gfo are used
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Equation (A2.14) is used to calculate the component at the measured

frequency.

when

Examp

From Table A2.1

GBOdb = 50.6
N = 3 substituting Gapgp = 50-6 into equation (A2.14)
Vin - V3out
1 (A2.15)
57 (G + 50.6)
1020 3db
le: Vsout = 0,109 v. : output measured at third filter stage
f =3 Hz : measured output frequency

C = 1.0 yF : selected capacitor in Figure 3.2(f) for all three
filter stages

We find G3db = -0.,64 dB from C = 1,0 ufF curve at £ = 3 Hz

in Figure A2.1.

so that v - 0.109 = 0.346 mv

in 1
50 (-0.64 + 50.6)
10

(2) When N > 3

In this case the attenuator, Ga’ exists in the middle of filter, as

indicated in Figure 3.1. The way of derivation is similar to that for

N <3

where

where

Equat

except that the gain of attenuator has to be added.
N
So Gy = (Gg) G, * G, (A2.16)
Ga is the gain of the attenuator
G = . W-a .6 =( )N * G, -G (A2,17)
No fo io ao fo i a )

G. is the gain G_ at f =0 and G_. =G
ao a ao a

ions (A2.3), (A2.5) and (A2.7 - A2.11) are still applicable.
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‘Substituting equation (A2.17) into (A2.12)
N

Gyodb 20 log, (Gfo) "G, -G (A2ilé)
so that equation (A2.14) becomes
\%
Vin = Nout (A2.19)
X dc + G )
20 '3 "3db Nodb
10
which is similar to equation (A2.14) except in the calculation of GNodb'
To calculate GNodb’ equation (A2.18), Ga may be three selections
Gal’ Ga2 and Ga3 corresponding to switch K set in position a;, a, and ag.
respectively., The galns.of Gal’ Ga2 and Ga3 simply consist of the

emitter follower of gain 1 and resistance divider, listed in Table 3.1

for actual resistor values. Therefore, G is obtainable through

Nodb
calculation of equation (A2.18) and listed in Table A2.2.

Table A2.2 Calculated GNodb (N>3)
Gal GaZ Ga3 B Gal Ga2 Ga3 Ga1 Ga2 Ga3
1 1/7.4 [1/206 1 1/7.4 |1/206 1 1/7.4 | 1/206
GN =
° N 2031 274 9.81 12106 1636 58.5 72157 9751 350
G,G G
iafo .
CNoab™ |
° ] 66.15 48.75 [ 19.8 81.7 64 .2 35.4 97.16 79.8 50.9
20-log, (Gy

Note : FExperimental Gi=1°61’ Gf6=5'96 are used

The procedue to calculate the V,  with N>3 through equation

in
(A2.14) is similar to that used for Ng3




