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ABSTRACT

' Hardwafe for an electrical machines laboratory computer data
acquisition s&stem is considered. A survéy of existihg equipment and a
study of‘the role of a computer system in laboratory instruction is made
for the UEC electrical machines laboratory. From this, specifications for
the hardwére réquired for a data acquisition and processing system are ;
sgudied and a system configuration pfoposed. Transduéers for measuriﬁg
" voltage and current waveforms on a machine are considefed and designed.

The performance éf the transducers construéted is evaluated.in two
sets of measurements. In the first set, measurement error, offsef drift,
éommon—mode rejectiqn»ratio, and frgquency cutoff are measured for the trans-
Aducer set (by itself). Measurement errors are found to be less than 1% F.S.
In the second set of measurements, aAsystem similar to the one proposed for

. 'the machines laboratory is tested. Results from this set of measurements

.indicate that'the system design proposed is workable.

(ii)
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1. INTRODUCTION

This thesis is concerned with a proposed on-line computer‘data'
acquisition and processing system for an undeigraduate electrical machines
labora;ory. The long-term objective of ﬁhis project is to introduce a dig4
ital computer system intb the educational environment of a laboratory as an

instructional aid as well as a measurement and computation facility.

1.1 Description of System Desired

The system envisaged for the eiectrical machines iaboratory will
acquire measurement data from the electrical machines and compute experimental
results for the users. Such a system could conceivably consist of a small
digital computer, a set of transducers for each.machine, and some form of
interface be;ween the transducers and computer. The system developed will
not‘feplace the existing measuring instruments. Instead, it will éllow’the
machines and meters to be connected normally to retain the educational value
'of‘setfing up the experiment and fo permit visﬁal monitoring of the machine's
'variébles. In thié way, thé_facility can be used in an instructional role

as well. The studenﬁs will commence the experiment by making measurements

with tﬁe normal instruments and calculating‘experimental results as usual.
Simultaneously, the computer will compute the correct values for the experiment
and the student's results can be chéckéa at this point. Once the students

have demonstrated an understénding of the principles involved, the computer

can perform the tedious task of calculafingvresults for the remainder of

the expefiment. If desired, tutoring of the students could be incorporated

as well. The transducers must be capable of making measurements whichlare

as accurate as those obtained from conventibnal instruments. As well, it

would be desirable to measure inputs with frequencies up to the ninth



harmonic of 60 Hz. to permit transients and harmonic waveforms on the machines
to be studied. Such a system will hence be useful for general-purpose

experimental work as well as laboratory instruction.

1.2 Scope of Thesis Project

“The first part of this thesis project is the study and specificatioh
of the system just described. This work is presented in Chaptér 2,'System
Configuration.

The second part of this project is the development, constructibn,
and checkout of a set of transducers for the electrical machines laboratory.
The design of these transducers is described in Chapter 3, Transducers.

In the last part, tests were conducted oﬁ the transducers developed
and on a system simulating the one proposed for the machines laboratory to
‘determine their actual performance. Results of these tests are summarized

in Chapter 4, Results.



2. SYSTEM CONFIGURATION |

2.1 System Study

The UBC electrical machines laBo;atory consists primarily of six
electrical machine séts, eacﬁ comprising an induction machine, a syncﬁronous
machine, and a d.c. machine, all on a common shaft. The labératory is sup-
plied with powér from a 230 volt d.c. bus and a 208 volt (r.m.s.), 3-phase,

60 Hz. a.c. bus. The machines may be connected in various configurations
ﬁsing a patchboard arrangement by the experimenter. The details 6f their
; eléctrical characteristics are summarized in Table 2.1.

A number of instruments are normally used for makingbmeasurements
on the electrical machineé. Primarily, a multimeter is used for measuring
resistancé, voltage, and current (up to 10 amperes). A number of amméters
are available for measuring a.c. currenté up to 300 amperes and d.c. currents
up to 15 amperes. As well, Cufrent shunts and millivoltmeters are availéble
for measuring currents up to 1000 amperes. Wattmeters are used for measuring
electrical poﬁer in a numbér of ranges up to 15 kilowatts. The specifications
of the instrumeﬁts available are briefly Qutlingd in Table 2.2. Of pérticular
interest are the accuracy specifications, most of which are of the order of
#l% F.S.  For mechanical measurements, a sﬁroboscope is used to measure shaft

: '
angular velocity and a mechanical arm and spring balance are used to measure
shaft torque.

. The majority of experiments in'tﬁe electrical machines laboratory
involve the measurement of quantifies on only one machine; However, a signif-
icant number of experiments use a second machine connected to the machine
under test. By measuring the electrical power consumed or generated by the
second machine, the mechanical power produced or absorbed by the machine

under test can be calculated. By providing extra transducers to measure



Table 2.1: CHARACTERISTICS OF TAMPER-ELECTRICAL MACHINE SETS

(a) Steady State:

Wound Rotor Induction Motor D.C.'Motdr' Synchronous Motor
RPM ~ 1690 . RPM - 1760 RPM - 1800
H.P. - 2.5 - . H.P. - 2.5 K.W. - 1.6
 Stator Volts-208, 3@, 60 Hz, Arm. Volts-230 VDC.  KVA - 2.0

" Stator F.L. Amps-8.0 Arm. F.L. Amps-10.3 Arm. Volts-120/208,

' o - 30, 60 Hz,
Rotor Volts - 274 o Shunt F1eld 230 D.C. Arm. F.L. Amps: 5 5@
: - Volts i

p f.= 0.8

Rotor Amps. - 4.3 Shunt Field

- .58/.44  Field Volts - 115 D.C.

Amps, Field Amps,- 1.2
(b) Transients:
Description of Condition .. Max. Measured Value (unidirectional)
(1) Induction Motor-Stator current for , 20 A.
© start-ups with no-load and shorted '

rotor : ,
(2) 1Induction Motor-Rotor current for ‘ 24 A; .

start-ups with no-load and shorted

rotor o
(3) Synchronous Motor- Stator current 47 A, . %

for induction-like start—ups,

Ig = 0. '
(4) Induction Motor- connected as a . 20 A,

synchronous motor for 1@, 20, &
3¢ fault condition experiment
(5) D.C. Motor L , . 20 A.. cutout



' Table 2.2: CONVENTIONAL MEASURING INSTRUMENTS

(a) AVO-Meter: Model 8:

(1) Ranges: D.C. Voltage: 1000, 500, 250, 100, 25, 10, 2.5 volts
- A.C. Voltage: 1000, 250, 100, 25, 10, 2.5 volts
D.C. Current: 10, 1, .1; .01, .001, .000250, .000050 A,
A.C. Current: 10, 2.5, 1. .1, A, | ‘
Resistance: 0-2000, 0-200 K, 0-20 M Q.

(ii) Accuracy: D.C. Voitage: 2% F.S.
D.C. Current: 1% F.S.
A.Cc. : 2174 %F.s,

(iii) Input Requirements:
All D.C. Voltage Ranges: 20,000 9/V. (50uA.for full deflection)

D.C. Current Ranges: Potential drop = 0.5 V. at full load
except 50 MA.range which absorbs 125 mV.

A.C. Voltage Ranges Above 100V, 1000 /v. (1 mA. for full
deflection); 25 V, consumes 4 mA; 10 V, consumes 10 mA;
2.5 V, consumes 40 mA.

A.C. Current Ranges: 0.2 V. drop across terminals on all ranges.

(b) A.C. Ammeters:

(i) Input Ranges and (number of instruments):

300 A(2); 100 A.(1); 50 A(7); 25 A.(2); 15 A.(2); 5/10 A.(8);
5 A.(1); 2.5/5 A, (1), 2 A.(3); 1.5/3 A.(1); 1 A.(1); . .
.25/.5 A, (2) »

(ii) Typical Accuracy: 2% F.S.

(c) A.C. Voltmeters:

(i) Input Ranges and (number of instruments):

150/300/600 V, (2); 150/300 V, (14); 60/120 V. (1); 30/60 V, (3);
30 v, (2); 2.5/15/30/ 75 V. (1); 15/30 V.. (1)



Table'2.2 (cont'qd)

(d) Clamp-on Ammeters:

(1) Input Ranges and (number of instruments):

15/60/150/600 A (1) 10/25/507100/250/500 A,(l)-

¢

- (e) D.C. Ammeters:

(i) Inpuﬁ Ranges and (number of instruments):

5 A.(1); 15 A.(1)

(£f) Shunts;
" (1) Input Ranges and (number of each type): [50 mV, output]

1000 A.(2); 500 A.(1); 300 A.(3); 200 A.(1); 150 A.(2); 100 A.(4);
80 A.(5); 75 A.(1); 50 A.(9); 25 A.(1); 24 A.(1); 15 A (1);
5 A.(3); 1.5 A.(2).

(g) D.C. Millivoltmeters:

(i) Input Ranges and (number of instruments):
50 my. (6); 50 mY, (2); 50 mV. (2)
(i) Typical Accuracy:
1/4 to 1/2 of 1% F.S.

(h) D.C. Voltmeters:

“(i) 1Input Ranges and (number of instruments):

6000 V, (1); 300 V. (1); 150/300 V. (1); 15/150 V (2), 10/20 Vv, (1);
3/15/150 Vv, (4); 1. 5/15/150 V. (3)

(i) Wattmeters:
(i) Input Ranges and (number“of=instrUments):

7.5/15 KW. (5)5 3/6/12 KW, (1); 1.5 KW (1); 1.5/3/6 KW.(1):

1.0 KW, (1); .750 KW, (2); 750 W. (1); 750 W. (3); 375/750/1500 W, (L;
150 W, (1); 100 W.(1l); 37.5/75/150 W. (2)

(ii) Typical Accuracy:
1/ to 3/4 of 1% F.S.




electrical quantities on the'additidqal machiné, a transducer to measure
torque should not be required for most of the undergréduate experiments.
Since the actual measufement of mechanical power would>be desirable, a tor-
quemetér might eventually be added or the load aﬁgle transduéer developed‘
by the_Power Group1 adapted for use with this system. Angular shaft velocity
may be measured using a tachometer and vqitage transducer. Hence, only
tfansducers fo measure electrical inputs are required.  Since power may be
:calculated from voltage and current inputs using the computer, transdﬁ;ers
for voltagé and current are all that are required. For experiments ﬁsing
.two a.c. machines, és many -as elevenvvoltage transducers and ten current
transducers could be used (one d.c. circuit, three 3-phase circuits, énd
tacﬁometer output). However, a'saying in the number of transducers can be
- reélized by using only one a.c. machine in two-motor experiments or 5y measuring
"only two of three phases'in two-a.c. machine experiments. A minimum of six
‘(current traﬁsducers and seven voltage'transducefs are required with this
constraint. ‘Since only one undergradﬁaté experiment involves the use of two
a.c..machines, this limitation appears to be justified.v
A generalized block diagram for the 1éboratory computer system is
shown in figure 2.1. It consists of six subsystems:‘a sét of transducers,
an analog link, an analog to digital interface, a digital link, a digital
computer, and an input/output device for usér communication. This diagram
is generalized in the sense that either the digital or analog link may be
short in length depending on the type and 1oéétion of computer and the trans-
-mission scheme chosen. Specifications for the input/output device, thg main
transmission link, the analog to digital interface, and the compﬁter are
studied in the following séctions. Suitable devices are chosen iﬁ each case

and a system for the electrical machines laboratory is - proposed.
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BLOCK DIAGRAM OF SYSTEM:

FIGURE 21

inputs
- ANALOG
~— | TRANSDUCER 0 < N |
—  SET analog link DIGITAL  \digital  link - COMPUTER
— ' INTERFACE .
| timing

INPUTA da}a

QUTPUT e

DEVICE




2.2 InEpE/Output Device

An - input/output device for user communication is required for -
several purééses. First pf ali, it will allow the ex?erimenter to issue
commands' to the computer to govern the data acquisition and processing from
the experiment. ASecondly, it will pefmit the inppt‘of data concerning the
experiment.(e.g.: conversion units, transducer ranges, channel inputs, etc.).
Finaiiy, it will be reéuired for the output of results from the computer.

. The device requiréd must be able to accept inputs f;om the user
(typicélly alphanumeric characters at rétes up to 120 five-character words/
minute). Also, it must be able to produce outputs of a similar natqre,
~preferably making permanent copies of this informafion. Finally, the device
selected must be suitable for»use in the electriéal machines laboratory
~environment.

The most suitable input/output device for this project is the
standard KSR Model 33 feletype. This device can be.uséd to type in or.print
out information at a rate of up to 10 éharacters/second. Although a CRT
display device would have a faster output response and would allow the output

of graphic information as well, the teietype was chosen on the basis of cost.

2.3 Transmission Link

The transmission 1link is.required to transmit measurement data
from the electrical machines-laboratdry to the computer. Since the trans-
ducers are required to produce data which is accurate'to il%, the transmission
link must be capable of conveying this information without a substantial
degradation in accuracy. Also, the transmission link chosen must be able to
handle data from inpﬁts up to 540 Hz,iﬁ frequency (since the transducers
accept iﬁputs up to the ninth harmonic of 60 Hz.).‘ Finally, it is important

that the cost and complexity of the data link be minimized.
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fhe twe alternetivee'considefed were analog :and digital transmission.
The principle advantage of digital tfansmission over analog transmissionlis
its higher immunity to noise interference. However, the hardware required
te implement digital transmission is generally more coetly an& more complex
than thet required for anelog traesmission. As well, the use of digitel
transmission would require the design of a dedicated electrical machines
laboratory anaiog to digital interface. Since all the computers available
- in tﬁis department for this project are equipped with analog interfaces, it>
would bevdesirable to use analeg transmission to take advantage of these
existing facilities. Since anelog transmission at levels in the ordef of
5 to 10 V.F.S. was expected'to'yield adequate performance for our purposes,
this means of transmission was seleeted for use in the laboratory/computer

transmission link.

2.4 Ahalog to Digital Interface

The analog to digital interface must meet several requirements.
First of. all, it must be able to handle at least thirteen analog inputs and
preferebly more with provisions for simultaneous sampling of all inputs (to
permit calculation of power and phase relationships). Secoﬁdly, it must be
able tovhandle input signals ub to 540 Hz..(hinth harmonic of 60 Hé;) in
frequency. Next; the quantization error which adds to the total uncertainty
of the meesurement must be an order of magnitude less than t12 F.s. Hence,
the digital representation of the input should be at least 10 bits2 (for 9
bits, error is ¥ 1/2 level in 29 = 512 levels for unipolar input; hence,
10 bits yields an error of 1 part in 1024 parts for a bipolar input).

The specifications of the available'interfeces are shown ie Table
2.3. As these devices are now designed, the hybrid=interface is the only

suitable choice for this project since only it has individﬁal'sample—and—hold
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INTERFACE SPECIFICATIONS

Table 2.3:

Parameter
Multiplex Channels

Multiplex Input Level

Sample‘and Hold Units
Oferatiné Frequéncy
A/D Conversion Time
A/b Word Length

Additional Features

Hybrid Interface

16

" t100 V.

10 V,
1 v.

1 per channel

;g 20 KHz, -

20 usec.

12 bits

—Analog Computer

-~D/A Converters

~Sampling Frequency"
Control

Systems Lab.

» Interface

8

5y,

.£ 10 KHz,

10 bits

-D/A Converters
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units and enough input:multiplexef channels. Upon modification to include
these features, the systemé laboratory interfaces for the PDP-8/L and NOVA

computers wduld be as suitable as the hybrid interface.

2.5 Comgutefs
" The cbmputer chosen: for this project must~meétseveral requirements.

First of all, the word length of the computér should be sufficient
5t6 pérmit an accurate digital represéntation of the input data to be stored -
in one word. For 1% accuracy, a word length df at least 7 bits (max; error
is *:1/2 level in 26 levels qu unipolar input) is required.

Secondiy, the memory required to store the programs to operate
‘the system must be estimated. Although it is feasible to segment the programs
and store them on an external storage device, at least a portion of the prdgrams
must.be stored in the computer's memory at any given time. An existing
impleméntation3 of software for this system divides the software into three
pértions, one of which occupies'approximately 6 K words of memory. This
implementation was made.using the PDP-9 computer and its associated Monitor
- System Software. It may be possible fo reduce the number of program instructions
by wfiting a more speéialized routine since the PDP-9 Resident Monitor occupies
1635 wofds4 of memory alone. However, this is balanced by the need for
additional software ﬁo permit time—sharing or polling of the various machine:
sets. As well, an additional software segment will be required for spectral
analysis and transient analyéis. A'typical Fast Fourier Transform routine
requires 6400 words of memory storage (both data and program) to handle‘2048
time samples on the PDP-8/L compufer.5 Hence, it‘would be desirable to select
a computer with a memory sufficiently large to haﬁdle at 1eastA6 K words of

program instructions.
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A third consideratioh is'the‘amount of data to be sfored in memory.
An upper limit on the amount of data which is produced from an expériment
~may be estimated by considering how much information is required for transient
and spectral énalysis. Since input waveforms will include frequency compqnents
up to the ninth harmonic 6f 60 Hz. and since it is desirable to observe
fhese waveforms for intervals of time uP\to one secdnd, as many as 1080 samples
of.data (Nyquiét rate sampling) will be produced per channel per second.
However, for steady-state ﬁeasurements, much less data is required so thaf sﬁch
a large data stofage requiremept may not be justified. As well, it may be
possible to buffer the daté in the computer and output it via the data transfer
to an external bulk storage deviée between input samplés. Thué, 5 memory of
8 K words or larger is recommended. .

Other factors govérning the decision of computer are speed, bulk
storage caﬁacity, existence of data acquisition software, and availability
. of high-level languages and compileré;

The computérs_available were the DEC PDP-9, the DEC PDP-8/L, and
the DATA GENERAL NOVA. The specifications are compared in Table 2.4. Although
the PDP—S/L and NOVA computers are.portable and could be used direqtly in
the laboratory, the PDP-9 was selected because of its 16 K word memory, its
magnetic tapé trgnsports, and its existing data acquisition software. An
important factor in this choice was the availability qf a suitable analog

interface.

2.6 Final System Configuration

The system specified uses a PDP-9 computer, the hybrid interface,
ﬁ multi-wire ¥10 V.F.S. analog transmission link, a standard KSR Model 33
.teletype, and a thirteen to sixteen input'transducer set (to be discussed in

Chapter 3).



Parameters
1. Memory size
”2; Word Length
3. Cycle Time
4, Add-Time

5. Peripherals

6. Bulk Storage -

Capacity

7. Features

PDP-9

16 K words
18 bits

1 uséc;’

2 pysec.

-Teletype

-Display

~Hybrid Inter-
face

-Magnetic Tape
Drives '

~Paper Tape

160 K words

—Direct Memory
Access
" -Data Channel

-Program Interrupt

-Extended Arithmetic
Element ,

-Monitor Software
System

TABLE 2.4: COMPUTER SPECIFICATIONS

PDP-8/L

4 K words
12 bits

1.6 usec.
3.2 usec.
-Teletype
-Paper Tape

-Analog Inter-
face

-Data Channel

~Program Inter-
rupt

14

NovA
4 K words
16 bits
2.6 usec..
5.9 usec.
—Teletype-

~Paper Tape
-Analog Interface

-4 Accumulators

-Dafa Channel

—Program
Interrupt
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. . The éystém configuration specified is by no means absolute; Event-
ually, i£ might bevdesirable to use tﬂe PDP-8/L or NOVA because of tﬁe demands
on the PDP-9 comppter. fhe *10 V;F.S.fanalog'outputs of the transducers for
-sighal transmission to-the hybrid interfacé can easily be modified to a *5
V;F.S. level suitable for use with.the PDP-8/L and NOVA interfééés.':However,
use of the PDP-8/L or NOVA computers will require additional hardware‘sﬁch
ias.én additional 4 K of memory, a bulk storége device suéh as a disc, aﬁd
modification of the:Systems labo;atorybinterface to handle at least thirteén
channels of input wi£h simultaneous sampling of all channels using iﬁdividual
-sample—and—hold‘devicés. As well, a special laboratory interface and digital
transmission link could be added.shoﬁld noise interference prove to be a

serious problem.
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3. TRANSDUCERS

3.1 Proposed Specifications

The following specifications are proposed as guidelines for the
design of the.transducers; The tranéducer set will consist of 13 to}16bunits
with at least 6 currenf transducérs and 7>voltage transducers. >Both types
6f transducers must be able to‘operate with inputs with frequencies ;p to
540 Hz. with an accurécy bétter than 1% F.S. . They must also be able to
operate over a typical indooritempe;ature rangé of 21° % ldoc. fbe current
_transdﬁcers must be abie to handle currents up to 50 amperes, the largest
current observea on the machine sets_(see Table 2.1). As well, the design
of thé current transducers must permit current measurement in conducfors
vaf voltages as high as 500 volts above ground. The voltage transduéers mus t
~be able to measure voltages up to 500 volts with coﬁmon—ﬁbde voltages up to

500 volts.(lafgest steady-state voltage anticipated was approximately 150%'
';of'the_peak value of rated machine output voltage, i.e.: 1.5 x Jf'x 208 V.).
A number of input ranges should be provided with each transducerito permit
accurate measurements ét lower iﬁput levels. .Finally, the design of the

transducers must allow the conventional instruments to be connected normally.

3.2 Transducer Design

Six CU;rent transducers and ten voltagé transducers were provided
ih_this design. Thougﬁ dnlyvsix current transducers and seven voltage trans-—
‘ducers were- required, three additional voltage transducers were included
because of the availability of 16 multiplexer channels and the low cost

of the voltage transducers.
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3.2.1 Current Transducers

A Hall multiplier was chosen for useAas a current transducer. The
design used incorporates a constaht—curfeﬁt éource to provide excitation for
the Hall multiplier, and a differential'amplifiér to boost the outpuf signal
for transmission to the~computer; A block diagram of this configuration is-
shown in figuré 3.1.

The Hall multiplier was selected in preference-to a number of other
devices, including series resiétances, qurrent transformers,.and magnetof
rgstrictive devices. Current transformers and magnetorestrictive devices
were considered unsuitable because of d.c. éutoff and high cost, respéctively.\
The Hall multiplier was chosen over series resistance primarily becaﬁse of

its electrical isolation between input and output and its availability in

a number of input current ranges.

3.2.1.1 Hall Multiplier
A simple-diagram of a Hall—Effect multiplier is shown in figure
3.2. The. current t§ be measured, if, flows through the winding encirciing
tﬁe iron core causing a proﬁértional magnetic field to be set up in the air

gap. The voltage at the output of the Hall-Effect device, Vi

is equal to
Khi i_, where Kh is a constant, and i is the excitation current. If i is

e f e e
constant, vh is equal to.Kif, where K is a constant.

Two different multipliers were used in the current transducer
design to provide several input current ranges. Six current transducers
with input ranges, 0-40 amperes and 0-20 amperes, and six current trans-
ducers with input ranges, 0-3 amperes and 0-1.5 amperes, are provided for

the six current inputs allowed. A list of specifications of the Hall multip-

diersutilized in the design is presented in Table 3.1,
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Table 3.1: HALL MULTIPLIER SPECIFICATIONS (BELL INC.)

Parameter

Magnetic Field Input

Resistance

Temp. Coeff.of above
Reactance

Current Rating
Frequency Range

Hall Input

Resistance (&f = 0)
Temp. Coeff. of above
Magnetoresistance
Current Rating
Frequency Range

Hall Output

Resistance

Load Resistance
Maximum Output
Temp. Coeff. of v

0°c. to 50°C.

h”

© -259C, to 75°C.

AW

Hall Output vs. Field Input

Linearity Error (ig=K)
Remanent Residual

Phase Shift '
Frequency Response
Inductive Error Voltage

'

Hall OQutput vs. Hall Input

Linearity Error (1£=K)
Resistive Error Voltage"
Thermal Error Voltage

Model No. HM-3500
- (for parallel connected field coils)

1 mf.
0.39%/°c.
20 mQ2/KHz,
40 A.- .
< 1 KHz.

20 9.

< +.02%/°C.

< 42.5% of Rin
330 mA.

< 100 KHz,

10 2.
50 Q.
200 mV.

H I+

< .5% F.S.

< .5% F.S.
30/KHz.

-.3 dB/KHz.
< .2 mV/KHz,

A

.25% F.S.
< .3 mV.,
.3 mV. d.c.

A

Model No. HM-3010

0.069.o
0.39%/°C.
4 Qf/KHz,

< .5% F.S.
< .5% F.S.

"30/KHz.

-.3 dB/KHz.
< .1 mV/KHz.

A

.25% F.S.
.1 mv.
12 mV. d.c.

A A
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3.2.1.2 Constant-Current Source

A constant-current source was implemented using a voltage source
-and a cUrreﬁt regulator. Both discrete—component m"voltage/currentvcross—
" 6 o »v - N )

over supplies and integrated-circuit regulators were considered for use
as current régulators. Several possible éonfigﬁfations,vas sho&n in figure
3.3, were éonsidered for supplying excitation current to‘the 12 Hall multipliefs.
In_figure 3.3(i) and 3?3(ii), one.main discrete-component regulator is useq ”
v while in figure 3.3(iii)-indi§idual integrated—circuit regﬁlators‘arg used.
 Configuration 3.3(1) 1is sﬁperior to 3.3(ii) and 3.3(iii) for current regul-
atiqn; however,.a faif;y lérge current regulator is needed to méintain the
voltagé drop across the multipliers (approx. 50 volts @ 300 mA). Oh the basis
'pf lower coSf, it was decided'to use individual régulators as showﬁ in figure
,3.3(.iii).

Thebdesign of the individual regulators was straightforward. Fair—
. chiid BA723C voltage regulatbrs ﬁere used in the_circuit shown in figure 3.4
to regulate the voltage drop across a current—sénSing resistance. “The
specifications of the ﬁA723C regulaﬁor are liéted in Table 3.2. The current-.
hgndling capabilities of the reggiatofs were ‘extended by:using péwep transistors
at'the outputs. This design provides a measured current regulation»of 0.05%

for load variations (0R.to 209) under typicai laboratory conditions.

©3.2.1.3 Level Amplifier
‘ VAxleQel amplifiér is required to boost the 200 mV.F.S. output of
é;ch,Hall multiplier up'td the *10 V.F.S. transmission level. Since the
- Hall-Effect device has a comﬁon—mode yoltage supérimposed on its output due
to tﬁe'voltage drop in fhe resistive éemiconductor material from the 300 mA,

‘excitation current, a differential amplifier is required. This amplifier

must have a differential gain of 50 and a common-mode rejection ratio better
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‘Table 3.2: SPECIFICATIONS OF FAIRCHILD nA723C

Parameter - Condition Min. Typ. . -Max. <« Unit
Line Regulation zs'upply=12 V. to 15 V. 0.01 0.1 W
: ~'supply=12 V. to 40 v. . 0.1 0.5 zvout
‘Vsupply=12 v. to 15 V. - 0.3" oyt
(09-< Tp <709 C) v
Load Regulation " Load Current=l to 50 mA, ' '0.03 0.2 %Vout
: Load Current=1 to 50 mA. 0.6 Vout
4 _ (0 £ Tp £ 70°C) -

. Ripple Rejection - £f=50 Hz. to 10 KHz. ' 74 ' dB.

: . : £f=50 Hz. to 10 KHz, 86 dB.
Average Temp. Coeff. 0 < Ty < 70°C. | 0.003 0.015  %/ocC.
of V, . ‘ .
Reference Voltage : _ o 6.80 7.15 7.50 v, T
Long Term Stability ~ | . 0.1 %/1000 hrs.
Input Voltage Range . 9.5 ' 40 V.

" Output Voltage Range : ' . - 2.0 ' 37 V.
Input-Output - A o 3.0 " . 38 V..
Voltage Differential -

ABSOLUTE MAXIMUM RATINGS
Input—Oufput Difference Voltage 40,
Maximum Output Current . 150 m A,
Internal Power Dissipation © 800 mW,
. Operating Temperature Range ' . 09C to 70°cC.
. Current from V. : L 15 mA. |

REF
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thén 250:1.. Finally, thé.output impedance of the amplifier should be as
low as possible to facilitéte proper signal transmission.

The amplifier designéd for this purpose is shown in figure 3.5,
using a Motorola_MCl74lCG operational amplifier with specifications as
listed in'Tablé 3.3. The details of fhe design of this amplifier are sum- '

marized in APPENDIX A.

3.2.2 Voltage Transducers

A vbltage divider‘foliowed by a unity-gain buffer amplifier as
shown in.figure 3.6 wére-usea in the design of the voltage transducer. This
.afrangement allows the reduction of the ¥500 V.F.S. laboratory inputs to
the ¥10 V.F.S. trahsmissibn levels. To permit voltage measurements with
respect to an uhgrounded referencé, a balanced diVider and differential
amplifier were used. Two measurement rapgeé, 0-500 volts-gnd 0--10 volts,

" were provided. The details of the design of these transducers are summarized

in APPENDIX B.
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TABLE 3.3: SPECIFICATIONS OF MOTOROLA MC1741CG

Parameter Condition Min. Typ. . Max. Units
Input Offset Voltage RS < 10 K Q.l_ ' 2.0 6.0 | mV.
Input Offset Current - 30. 200. - nA.
Inbut-Bias Current . - 200. 500.  nA.
Input Resistance Ny Y 0.3 - . 1.0 meQ,
Large Signal Voltage > 2K%, 20,000 100,000
Gain } VVoﬁT=';O'V'

Output Voltage Swing R > 10 XKQ.  *12 114
» R, > 2 Ka. 110 13
‘Input Voltage Range ' t12 13- : V.
CMRR : v , RS < 10 KQ. .70 90 - dB..
Supply Voltage RS < 10 K@, 30 ~.150 pv./v.
Rejection Ratio '
Power Consumption L 50 - , 85 mW,
Transient Reéponsé Vin =A20 mV.
(unity gain) | RL - 2 K
CL < 100 pf.
-risetime o - 0.3 ' usec.
~ —overshoot , ' 5.0 o | %
Slew Rate (unity gain) RL > 2 K. g " 0.5 V,/pgec.
% The following apply for 0°C < T, < 70°c.
Input Offset letage | RS $.10 KQ, . . 7.5 _ mV.
Input Offset Current ) _ - 300. nA.
Input Bias Current ' ' | 800. nA.
_ La?gg Signal Voltage RL 2 2 KQ. 15,000
Gain VOUT = +10 V.
R 2 2 K. t10 - V.

Qutput Voltage Swing
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‘4, RESULTS

- Two series of measurements were made on the transducer set to

determine its performance.

4.1 .First Set of Measurements

The first set was conducted on the transducer set by itself;
Measurements were made to deterﬁine:/kl) measurement errer, (2) offset drift,
(3) common-mode rejection ratio, and (4) freduency response, A description

of the tests berformed is includedvin APPEﬁDIX C. The resulte of these tests
are presentee iﬁ Tabie 4.1. |

To beg?n with, the performance of the cerrent transducersAunder
'typical laboratory conditions was checked. The largest magnitude of.measure—

-ment error observed was 0.82% F.S. fof both the 0-40 and 6-3 ampere input
ranges. The typical output offset drift over a period of three hours was
fouqd to be 0.12% F.S. fof all input ranges. Finally, the typical frequency
cutoff was measured to be approximately 30 KHz.(fer the.0—3.ampere input
range) .

A similar set of measurements was made on the voltage transducers
to check their performance. For fhe 0~500 volt ihput range, the largest
measurement error obeerved was 0;39% F.S. Thexqutput-offset drift in this
case was negligible for a three-hour meesurement beriod. The worst common-

_mode rejectioe ratio was 104:1. As well, the frequency response was flat
to wifhin ié dB. up to a frequency of 40 KHz. Though the 0-500 volt input
range was found to perfofm adequetely, the 0-10 volt input range was un-
satisfactory because the 2:1 voltage di&ider used in the design did not

provide for large common-mode voltages.

27



Type of
Transducer

Voltage

(0-500V.)

Current

(0-404)

" Current

- (0-34)

Table 4.1:

Max.-D.C.
Measurement
Error (%F.S.)

0.39

0.82

0.63

MEASURED TRANSDUCER CHARACTERISTICS

. ~
Typ. A.C. "Output : .
Measurement Offset Drift CMRR

Error (%F.S.) 7F.S./3 hrs. @.cC.

‘0.66_ negligible 104:1

- 1 0.115 -

. L 0.114 -

CMRR
@A.cC.
60 Hz.

106:1

28
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4.2 Second Set of Measurements

To evaluate the design more fully, a system similar to the_oné
proposed fdrrthe electrical macﬁines laboratory was set up. This system
was impiementéd in the hybrid compufer laboratory using the PDP-9 computer,
the hybrid interface, and the transducerlset developed.. System errors were
bmeaéured using d.c. inputs only. A full description of the testsﬁdaﬁducted
is included in Appgndix C.
| The worst measurement errofs were found to be 2.2% F.S. for the
current inputs and 1.4% F.S. fof the-voltége inputs. These valﬁes are éome—
what larger than anticipated. The main source of error appears to be the
offset voltage in the analog to digital interface. At the time of measure-
mént, fhe input offset voltage on the hybrid interface was rather large
(270 mV.). Subsequent measurements show that the normai_input offset
voitage is of the order of 20 mV. Hence, bettér results may be expected‘
wifh this system than were obfained in this test. As weli, it should Be
feasible to reduce.the overall error even more by compensatiﬁg for the

offset voltage either with hardware or software.
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5. CONCLUSIONS AND SUGGESTTONS

A set of transdﬁcers for meaéuring current and voltage waveforms
 on an élecfrical-machine set was designed, constructed, and tested. - The
results of this design have been presented and it is concluded that the
 hérdware deﬁeloped is useful as a pért of a data acquisition and processing
‘éystem for the electrical machines laboratory. A complete system is.proposed
for use with the transducers developed. Partial tests were made on tﬁis
system. The results indicate thgt the system design proposed is workable.
Fufure‘developﬁent of this equipment will require additional
.hardware and software before praétical computer—assisted léboratory instructibn—
can éoﬁmence.‘
For hardware, it is recommended»that additional ranges for input

‘to the transducers be provided. In particular, the addition of lower voltage
ranges to thé voltage transducer will require an improved differential ;e;el
amplifier such as shown in figure 5.1. As well, transducers to measure
shaft angle, ?elocity, and torque might be added. Oﬁerload ﬁrotection for
the current transducers must be investigated;' Though the voltage trans-
4ucers may be‘easily protected using back-to-back zener‘diqdes at the inputs
 of the operational amplifiers, interruption of an overcurrent is more dif-
ficult. The ﬁse of‘fast—actingAfuses designed for SCR protection is a
possiblevsoiution. In addition, 1ow~pa$s filteré with lower cutoff frequencies
than the oneé now being used on the transducer inputs‘ma§ be required. If
-the transdﬁcers are to be used with a PDP-8/L or NOVA computer, hardware
"such as an additional 4K of memory, aﬁ extetﬁal bulk storage device such as

: o
a disc, and modifications to the multiplexer on the analog interface to handle
16 channels with individual sample-and-hold units will be desirable. Altérn—-

atively, use of the PDP-9 computer will require the installation of 16 lines
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frpm thé electrical machines laboratory to the hybrid computer laboratory.
‘Eventuaily, é display or g—y plotter would be useful for the display of
graphical information. ' |

VTo pro&ide é useful working system, an efficient softwére ﬁackage
is essential. Software is available for data acquisition and pfoceésing
ruéing the hybrid interface and PDP-9.3’7 However, additiopal‘software will
be required, even if these routines can be uéed, tb caléulaﬁe the proper
ﬁalues requirgd.fof the experiﬁent. Eventually, a dedicated executive routine

may be required to permit time-sharing of a number of machines and to sequence

the various routines in the proper order.



APPENDIX A

CURRENT TRANSDUCER AMPLIFIER DESIGN

 The output voltage, e s from a differential amplifier of the

9 .

configuration shown in figure 3.5 is

_Rf (el_ez) bl ;
R -
A ]
where Rf is the feedback resistance,'RS is the input resistance, and e e,

is the input differential voltage. For this design, R_f/Rs was set at 50
to boost the *200 wv.F.S. output from the Hall.multiplier up to 10 V.F.S.
| Several'non—ideal aspébts.of the operational amplifier must be
considéred to avoid errors. First of all,.an_offset in the butput voltage
- ﬁay exist due to the.input of fset voltage, the input offset current, and
the input bias current. If a Balanced.cirpuit is dsed, the input bias
current effects will tend to cancel each other out so that the output off-

9 . ,
set voltage” is essentially

AVOUT = 1+ gf/Rs] Vos + Rros ’

where VOS is the input offset voltage and IOS is thé input offset current.

To reduce AV RS was set at a fairly low value, 49.9Q., which does not

ouT’

: , o
- attenuate the Hall multiplier output supstantlal;y. At 25°C., AVOUT max.

was calculated to be 0.306 volts. This voltage may be nulled using the
zero null feature of the opératioﬁal amplifier. AOver the temperature

‘range, 0° to 7OOC., AV should not exceed 0.383 volts. Hence, the

OUT max.

net maximum offset voltage after nulling is approximately 0.076 volts

(error £ 0.76% F.S.). Though this calculation.is rather crude, the actual

implementation has verified that the offset voltage is not a serious problem.
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Since the Hall multiplier is resistive in nature, the excitation
current generates a common-mode voltage of approximately 0.5 volts at the

output terminals. To check the error due to the common-mode voltage, the

34

common-mode rejection ratio of the differential amplifier must be considered.

The overall common-mode rejection ratio for the resistive network and

operational amplifier configuration of figure 3.5 i38

CMRR ¢ =

1 1 ?

CMRR CMRR
c op amp

where the common-mode rejection ratio of the resistive network is given by
. 1+R/R
f/ s
CMRRC = —
’ ba
where a represents the maximum fractional deviation in resistance. Using
1% tolerance resistors, the overall common-mode rejection ratio is approx;
imately 1275 yielding an output error of approximately 0.196% F.S. A

— &) .
temperature coefficient specification of 150 ppm./ C. limits resistance

variations to %0.25% from 0° to 50°C. which is more than adequate.,
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APPENDIX B
VOLTAGE TRANSDUCER AMPLIFIER DESIGN

The‘deéign of fhis amplifier is similar to that used for the
current transducers. lThe circuit designéd is shown in figure 3.6 

This circuit may be analyzed by £aking the Thé@enin equivélent
cirgui; at the output of the resisfive divider. The equivalent circuit i§
balanced with an equivalent Qoltage source of value . o N
s (v, - V. ) volts

R
—_— A B
RS +'§B : o

and two equivalent resistances of value

This reduces the resistive network to the standard differential amplifier

form as in figure 3.5. The output voltage is equal to

-R
e = £ V-V

° R
A_value of Rf/RB equal to 1/50 Was chosen for this design. To provide an
input resistance of several thousand ohms, RB was chosen to be 100 Kf. and
Rf to be 2 K. To dissipate thé poﬁer loés, 7 wétt preciéion power resistors
wére used ﬁor RB':
| -Since Rf/Rs is élose to unity,-the input offset vbltage is not

amplified. A net maximum output offset error of 0.08% F.S. was calculated

for this design.
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- The output error due.to common—mode-volﬁages at the input is a
serious pfoblem. For a 500 volt common-mode voltage, an overall common-
-mode rejection ratio of 100 is required to limit the éutput error due to
these voltages to 12 F.S.. .Since the ovérail CMRR 1is approximately equal to

1 + Rf/RS

3
ba
“a must not exceed 0.005. Hence, resistances with a tolerance of 10.5% were

specified for this design. Also resistor temperature coefficients of 50 ppm./OC.

were used.
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APPENDIX C°

DESCRIPTION OF TESTS

C.1 Transducers Only

C.1.1 Measurement Error

The configuration shown in figure C.1 was used to measure.the
inpgt/outputfcharacteristics of the transducers. Inputs were applied and
méasured and from this the éorrect oﬁtputs were calculated basedAon the
desired transducer ratio. ‘Next, the -actual outputg were measuréd and the
differences between the actual and calculated outputs were used to compute
the measurement efrors. This measuremeﬁt also gives some indication of
the linearity of the transducers since a number of inputs were used in
the tests.

Méasuring Equipment:

D.C. Voltage Source: Heathkit 0-400 V.D.C. reg. supply

D.C. Current Source: Lambda 1-4 V.D.C. reg. supply and precision
: resistances_

A.C. Voltage Source: a.c. line (120 V.(f.m.s§@ 60 Hz)
 Dropping Resistances: precision 1(1-.0012) .
' W 1(14+.0013) Q.
.05(1+.0014) Q.
Voltmeter: Fluke 41/2 digit Digital Voltmeter

accuracy: specified to be <.05% F. S.
' measured to be < .10% F.S.

.Measurement Conditions:

~bench environment
-approx. 70°F. temperature

-1 hour warm-up period

Inputs Used:
D.C.: 420,300,200,100,50,0 volts

A.C.: 120V.(r.m.s.)
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. C.1.2 Offset Drift .

With no inputs,‘the output voltage was monitored for a period
of approximately. three hours using the FLUKE digital voltmeter (as shown

iﬁ figure C.2). The measurement conditions were the same as in C.1.1.

- €.1.3 Common-Mode Rejection Ratio

In this case, test inputs of 250 volts d.c. and 120 volts a.c.

(60 Hz.) were used as shown in figure C.3. From this, the common-mode gain

.

of the voltage transducers was computed. The common-mode rejection ratio

" was calculated using

G
D
CMRR = = .

\ cm

assuming GD equal to 1/50. 1In this set of measurements, the FLUKE digital
voltmeter was used to measure the various voltages and the test conditions

were identical to those of C.1.1.

C.1.4 Frequency Response

Inputs from a WAVETEK signal generator were used in this test as
illustrated in figure C.4. Tﬁe gain of the transducers waé estimated using
a TEKTRONICS TYPE 581 oscilléscope.' Tﬁe‘cutoff freéueﬁéy was considered
to be the lowest frequency at which the géin'was reduced by 3 dB. The

- values obtained are only approximate.

C.2 System Test

‘The transducers developed were connected to the hybrid interface
and PDP-9 computer in the hybrid computer laboratory as shown in figure C.5.
Constant voltages and currents were used as test inputs and were measured

using the FLUKE digital voltmeter. The PDP-9 computer was programmed as
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shown iﬁ‘the flow_éha;t of figure C.6 andlthe.program listing of figure C.7.
 In'éddition, measurements were made on the hybrid interface itself as shown
-in figure C.8 to determine its input/outﬁﬁt charaéteristics. From thié,

the gain of the.intérface wés computed assuming linearity and the meééuré—

ment errors were calculated using this ratio. .

Test Conditions:

- approx. 66?F, ‘

- hybrid computer iaboratory.environment

—- gain of interface measured and used to compute measurement error

- sampling period approx. 101 usec./channel

~ error caiculated from worst erfor committed in 10 sucéessive samples.

-

Inputs:

D.C. Voltage: Heathkit 0-400 V.D.C. reg. supply; @ 420.4, 350.4,
4 300.4, 230.5, 160.5, 109.9, 20.18 volts

D.C. Current: Lambda 1~4 V.D.C. reg. supply; precision dropping -
resistances: 1(1-.0012), 0.1(1 + .0013), 0.05(1 + .0014)q.
@ 38.19, 33.31, 24.98, 20.02, 15.00, 10.92, 2.50 amperes
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4

—c

CLEAR A/D BUFFER REGISTER |

”

SET 5¢H To TRACK MODE

PAUSE

y

SET S¢H To Howo MODE

L4

HivmaLze AD WaIT LooP

Y

fiomaLze mox CuanneL No. |

‘

-

LOAD MOX CHANNEL mD,

INTO MUX ADDRESS REG.

A

START A/D ConJUERSION ;DISABLE
SAMPLING FREQUEMNCY CoNTROL

I

LET N= -26
v P

' ——

INCREMENT N

YES
READ A/D INTD AC

¥

DeLay
Loo?

STORE 1) MEMORY USING AUTOINPEXING,

¥

. [AICR'EMEMT Mo x CHAMNEL NO.

FLOW CHART
FIGURE C6




10

199

119

115

12¢

122

139
131

Py,
201
202

300
391
302

Figure C.7: DATA ACQUISITION PROGRAM LISTING

303

‘ 7¢ll¢4
140200

200200

740001
701647
740000
740000
200200
701607
200201
PLB3GD
200200
P4P301
200391
701407
701306
200242
- 940302
44P3p2
60p122
7¢1117
p60p10
440301
L4B300
60p115
' 6¢¢}¢¢

000000
777760
777?46

000000

000000
900000

e e e T

~

CLEAR STT¥ 11 (A/D BUFFER REG.)
DEPOSIT A ZERO IN 20§

LAC 209

COMPLEMENT AC

"LOAD S & H VIA SOI¥ 16 to TRACK

NOP

NOP

LAC 200

LOAD S & H VIA SOI" 16 to HOLD
LAC 201 : (201) = 777760

DAC 309 : (3¢®) = COUNT

LAC 200 : (20¢) = 003p00

"DAC 301 : (3¢1) = MUXADD

LAC 301
LOAD MUX ADDRESS DIRECTLY
START A/D CONV.; DISABLE SFC

LAC 202 : (202) = 777746
DAC 302 : (302) = A/D COUNT
ISZ 392

Jguyp -1

CLA-E.T.# 1, LOADBUFF, JAM AC
CLEAR BUFF /// DAC* 1¢

ISZ 3¢1 (MUXADD)

1Sz 3PP (COUNT)

JMP 115

JIMP 100

-~ COUNT
-+ A/D COUNT
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 INTERFACE CHARACTERISTICS MEASUREMENTS :
FIGURE C8: B
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