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SUMMARY OF EYPERTENCES IN PITANI

Upon arrival in Delhi on January 1 1986, my personal affairs ana
necessities were again handled expeditiously by all concerned. After
a briefing in the morning of January 2nd with Dr. K. Fussein, URDP
ProJect Director, I proceeded directly to Pilani. Upon arrival in
Pilani, numerous triefings were held with the National Chief Project
Co-ordinator, Dr. Amarjit Singh, the CZERI Director Dr. G.N. Acharya,
Mr. U.M. Rao and Mr. R. Verma to acquaint me with progress made on the
activities at CEERI rzlated to the solid state AC traction motor drive.
Discussions were alsn held with Dr. S.K. Lahiri who is Deputy DPirector.
During the second week of my visit, a series of five lectures were
prepared and presented. They concerned:

1. A simplified approach to Field Oriented Control.

2. Significant Research results at the University of Wisconsin
related to the UNDP Project.

In parallel with the lectures, a series of meetings were held to
discuss how the material presented in the lectures might be incorporated
in the design of the UNDP project.

Pinally, during the third week, I also attended an extensive meeting
chaired by Dr. K. Hussein, the UNDP Project Director, Jew Delhi.

Rased on these meetings, a number of important developments are
evident. In varticular, much of the vagueness of the descrivtion of the
overall task itselt mentioned in my oprevious report appears to have been
comnletely resolved. The project definitis~n, together with the project
milestones, have been given proper attention and I am confident that the
nroject, is proceeding satisfactorily. Terhaps my initial concern was a
result of the fact thet T arrived for ny first site visit only a month
or two after the project was approved by UFDP and insufficient time was
available to complete this xost important task.

It is nov clear that the levelorment concerns a 50 KVA prototype
traction sratem which explores device anéd circuit concepts at 2 »ower
level which is approximately one £ifth to cne tenth the ultimate goal
for a full scale, full rated traction drive. T sgree fully, that this
is 2 worthwhile endzavour whick will enatle resclution of many system
and device problems at a more manageable vower level, while delaying
scme of the more caerous converter circuit probiems to ua later time.

It should be noted fhat the iaborstory for testing the completed
traction drive menticaed in ay 2irst report is now e=ssentially completed.
Test beds mounted on an isolated scund deadening pletform should be more
than adequate for testing both the target 50 EVA system as well as future
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possible Arives of higher rating up to 200 KVA.

Finally, & 68000 microprocessor development system is now in place
which will result in rapid implementation of control concepts in software.
Finally, a working curren: measurement end tracking filter circuit was
demonstrated which will become an important integral part of the control
system.

During my first visit to Pilani, two important and relatively new
concepts vere empi-asized during my lectures, namely the need for current
source inverter operestion (as opposed to voltage source operation]), and
the necessity of field orientation. Discussions with personnel at that
time, evolved a control scheme employing the regulation of the "in phase”
and "out phase" components of stator current. This -» acevt would achieve
both the advantages of current source operation as wvell as field orientation.
Over the period of the last year, the engineers at Pilani have evolved
this scheme tc another form which involves the real and reactive components
of AC volt-amperes. While most of the bene:its of the criginal scheme
are retained, the added expense due to the extra voltage sensors and the
increased difficulty of control near zero speed (particularly Juring
braking), makes the viability of this option questionable. It is recommended
that both crtions be retained until the control question is examined in
detail vhen Mr. U.M. Rao spends his research sabbatical under UNDP
sponsorship at the University of Wisconsin later this year.

Another subject discussed during this trip was desirability of
"cross-ccupling” the torque and flux producing channels, so as to eliminate
the phase shift which normally occurs in pulse width modulated current
regulators of the type to be employed in this project.

This subject was one of the new developments at the University of
Wisconsin discussed in seminar 2 during this latest visit. A copy of
the most relevant paper is attached to this report. Implementation of
this concept into the software or hardwvare portions of the controller
is recommended.

During my first visit to Pilani, three major problem areas hav: been
identified for detailed study:

1. Pulse-Width-Yodulation (PWM] Algorithms for minimizing
the losses in induction motor drives.

2. Microprocessor based PWM inverter for AL Drives.

3. Adaptive control of AC Drives using PWM inverters.

It was agreed on both sides that Megsrs. Reo, Verma and Perlekar
will travel to Wisconsin at five month intervals. so that personnel at

CEERI can become mor- familiar witnh the research at Wisconsin and sxtend
this work as well as originate nev work in divectione more relevant to




the UNDP project.

The visit of Mr. Perlekar to Wiscornsin has now been completed.
While at Wisconsin, Mr. Perlekar addressed subject area 1 involving
PWM algoritims. In particular, his work at Wisonsin concerned the
development of what is called a "Delta Modulator”. The delta modulator
is a particularly effective type of controller which can be used .to
perform the current source function described above as desirable. A
vorking system was developed at Wisconsin by Mr. Perlekar and will be
incorporated into the traction drive system. A copy of Mr. Perlekar's
final report is attached.

RECGMMENDATI ONS

1. It has already been noted that the traction system under
construction is not a full-scale version but a scaled down prototype.
In =ffect, the completed system will not be capable of its ultimate
intent, i.e. an electric tracticn system for a rail vehicle.

A follow-on project with additionzl financing would be required
to realize a full-scale traction drive. The immediate output of this
project is only a "scale model™ which has negative connotations. Fcr
the benefit of all concerned it would be very useful if another application
be found to demonstrate the immediate importance of this project without
regari to traction. In primciple, control co~figurations suitable for
traction can be easily modified to serve numerous useful functions
including fast response servomotors, dynamometers, spindle drives and
machine tool drives to name a few. The 50 KVA rating of the prototype
system is ideal for such applications.

2. The vork of Mr. Perlekar at the University of Wisconsin is the
first of a series of three studies to be carried out here by CEERI
personnel. While at Wisconsin, Mr. Perlekar did extensive simulation of
the inner "current loop”. TPis simulation work will be continued by
Mr. Verma snd Mr. Rao.

Unfortunately, at the present time, the simulation models developed
by Mr. Perlekar cannot be utilized at ¢£EERI since it does not possess
suitable simulation software for use on their computers, The purchase of
such a program for internal use at CEERI is stirongly recommended. 1In
particular, the simulation program named ACSL has been used at Wisconsin
with great success. The program is available for use on many computers
inclvding IR, DEC, Harris and Apollo computers. The minimum ccst
configuration iz a $2,000 ACSL package for use on an IBM AT personal
computer.

3. I. is recommended that the "eross-coupling” described in a
vaper bv Rowan and Kerkman be included in the inner current loop contirol
in order to improve high frequency responce.

L., It is recommerded that the final decision on the control
algorithm to ve used, be deferred until Mr. Rao completes his studies
at Wisconsin.




DELTA MODULATOR STUDY

Shekner Perlekar
January 30, 1986.

1. Static PWM inverters are used in variable speed a.c. drives
and uninterruptible power supplies. In an induction motor drive
the PWM inverter is required to provide:

(1) variable frequency output so that the induction
motor can operate at desired slip frequency
over a wide range of motor speed values.

(2) Constant (v/f) ratio to maintain constant air
gap flux.

Requirements (1] and (2] have been met with a variety of voltage
end current control techniques. The most popular is sine wave PWM,
which allows 64L% utilisation of the available voltage at D.C.bus.
the practical solution of this problem is gradual from FWM to SQUARE
wave which results in discontinuities in inverter output voltage
and also increases the control complexities.

The Delta Modulator first proposed by P.D. ZIOGAS provides a
simple but effective way of generating a pwm switching sequence with
smooth transition from pwm to square wave. In this method, a reference
sine wave is compared with an error modulated integrated output of
the pwm pattern (generated by copvarator) to control “he inverter
switching sequence. In the proposed technique the integrated output
is replaced by the actual motor current and 1s then modulated by
error command, them compared with reference current to obtain pwm
sequence. Also the vork is extended for three phase operation. The
system is simulated on an Applied Dynamics Hybrid Computer AD-256 at
the University of Wisconsin.

2. The DELTA MODULATOR proposed by P.D. Ziogas, is showm in Fig. 1. It
consists of three operational amplifiers configured with Al as comparator,
A2 an an integrator, and A3 as a modulator. Figure 2b shows the
comparator output. Figure 2a indicates the reference sine wave and
error command. The main feature-of this method is that whenever the
internal feedback voltage Vf excceds the upper or lower limit reference
waveform {which limit is set by the R2/R3 ratio) the comparator
reverses the polarity of the delta modulated voltage V1 at the input
of the integrator, this action reverses the slope of the Vf waveform,
at the integrator output, thus foreing Vf to osillate around the
reference waveform Vr.

e e g g
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The component values of the delta modulation control logic
can be easily computed using the following equations. The integration
time constant (R1*C) is given by

RL*C = (L*Vs)/(P1*Vr*®rb) ........ (1)
where

)'£- T Amplitude of comparator voltage

Vr ceveeens Maximum ref. signal amplitude

Wrh ....... "base frequency" in radians
The ratio . R2/R3 is computed by

R2/R3 = 1/(2*R1*C*Nem] ........(2]
where

Nem ....... . Maximum no. of commutations vper sec.
Using equations (1), (2) the circuit components were calculated.
Based on these values the circuit is simulated on analog computer
(Fig.3). Three such circuits are simulated to obtain three phase
output.
The results obtained with simulation are indicated in Fig.l which
indicates line start with step load Figs. 6,7,8 indicates variable

frequency operation of motor/inverter system with lelta modulation
logic from 6 Hz to 60 Hz.

MODIFIED DELTA MODULATOR

Figure 9 indicates that the motor phase current and the integrator
output are in phase, This is because motor actually acts as an
integrator because of R-L nature. Hence it was proposed to use motor
current to replace integrator output or replace integrator by the
actual motor.

The modified delta modulator is shown in Fig. 10. The actual
motor current is modulated with error command(DT) derived from
comparator (Al) to generate the pwm sequence. It has all the
advantages of delta modulator listed

(1) Constant volts/hertz

(2) Smooth transition from pwm to square wave mode

(3) The switching frequency is limited by error command

The input to the motor is a switching pattern with sudden chaages
from zero to Edc. The motor transient time constant determines the

slope of actual motor current. The transient time cons*ant is
calculated usingz equation 3.
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mg = (Ls + (Lm*L2)/(Im+L2)) /Ps ........ (3)
where

T8 ¢eevs.... Motor electrical transient time constant
IS vvvs.... Stator leakage inductance

Im ........ Yagnesting inductances

12 ........ Stator referreé rotor lealiage inductance

This time constant is rerlaceé by the integrator time constant
of the delta modulated inverter with all other varameters the same.

The modified delta modulator is simulatad on an analcg comruter
the results obtained are given in figure 11, 12, 12. The harmwonic
analvsis of the current waveform at various frecuencies are given
in table from 1 to 7. The listing of harmonic analysis is given in
Appendix 2.

COMAFNTS AMD DISCUSSION

(1) Figures 11, 12, 13 reveal tizat motor phase current follows
the current reference. The current waveform indicates a small
asyrmetry which results in the vresence of even harmonics in the
motor current. This asyrmetry becomes serious near "base frequency”
of the machine, but can be minimised by controlling the error cormand
to maintain constant switching frecuency. This arrroach will also
helo to maximise inverter utilisation. In the rresent case the
switeching frecuency selected is 1 ¥¥z., Tigher switching not only
reduces the asymmetry but also reduces the 7 of individual harmoniecs.

(2) The number of nulses ver crcle are given in table ©

TARITT O
c.70. Crerating Yo. of Pulses
Preguency ver cycle
1 18 23
2 24 17
k! 30 12
h 36 5
5 L2 L
£ I N
7 Sh 2
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The harmonics present near the pulse number are relatively
large which support the concept of increasing the switching frequency
to reduce the harmonic magnitude.

CONCLUSION

The application of a delta modulator for current regulated
PWM inverter has been studied and implemented on an aralog computer.
The results indicate that this technique can be implemented using
higher switching frequency to obtain reduced TED in the inverter
output current and voltage to improve the inverter performance.
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SPECTRUM OF CURRENT WAVEFORM - 20 -
N AN B(N) C(N) P(ND
1 -8,498715S8E-03 0.1001712 0.1005482 . 100.000:
~“C 2 1.,1767861E-03 -2.8318195E~03 3.08645987E-03 3.04988:
~C
R RPER :
M= 5116 F= V8V
SPECTRUM OF CURRENT WAVEFORM
N AN B(N) C(N) PI(N)
1 -1,1634945E-02 0.1022752 0.1029349 100.000:
2 2.1636314E-03 -2,1357536E-04 2.1741472E-03 2.11215%
3 1,5195308E-03 2.9815646E-03 3.3444481E-03 3.2%103:
4 3.32056450E-03 9.0094650E-04 3.42462408E-03 3.32055
S 1,4044495E-03 1.1490700E~-03 1.81446184E-03 1.76288
b6 1.0442125E-03 -1.9037551E-03 2.1713276E-03 2,10941!
7 -1.5669371E-03 1,27786892E-04 1.5721393-03 1.52731.
8 -3,2178231E~-03 2.8683776E-03 A4.31048{5E-03 4.18777-
9 -2,1311059E-02 S.2403397E-04 2.19458Y7E-03  2,1320%1°
10 3.3838142E-03 -7.6944571E-06 3.3838248E-03 3.28734
11 1.4726432E-03 2.1903743E-03 2.4392973E-03 2.564i4:
12 4,3230779E-03 -2.0564995SE-03 4.7872951E-03 4,65079
13 2.03349B6E-03 1.,4002383E-03 2.1691264E-03 2.39872
14 3.1577583F-04 -7.1921252E-04 7.8548142E-04 0.763085'
15 -3.L099111E-04 3.95725685E-03 3,.97346899E-03  3.86039
16 A4.3260894E-04 -8.3093799E-04 9.3680740E-04 0.910097
17 2.8471800E-02 -4,5419219E-03 5,3405493E-03 S5,20770
18 -3.8742894E-03 -3.72683468E-03 S5,.3758193E-03 5.22254;
19 -4,099i534E-03 8.3171115E-05 4.0979972E-03 3.98309
20 1.2549533E-03 -2,4992937E-03 2.9747591E-03 2.89188:
21 2,2707498E-03 2,6727444E-03 3,5071148E~-03 3.40712
22 -1,5293705E-03 1.3474!57E-03 2.0382600E-03 1.98014
23 -1.2384633E-03 -2,2061823E-03 2,5290477E~-03  2,45493
24 ~1,.2559484E-03 ~3.4187003E-03 3.46421029E~03  I.35382%5t
25 -2,5277/506E-04 2,.£306135E-03 2.6427303E-03  2.56738¢
26 -8,534139SE~04 -3,.5239926E-03 3.4258569E-03 3.52247'
27 6.3160324E-04 -2.8707301E~03 2.9393903E-03 2.85558;
28 —-2.5872248E-03 -2.9166320E-04 2.60346128E-03 2.529371
29 5.3757019E-03 3,5126728E-03 6.4216075E-03  6.23851:
30 -3,9587948E-03 1,3210343E-03 4,.1733910E~03  4,05439%1
31 ~1.,5327911E-03 S,7693087E-03 S.9694536E-03 S.79925.

SN




SPECTRUM OF CURRENT WAVEFORM

N A(N) B(N) C(N? P(N)
=g
~C
+«R RPER
M= S1146
SPECTRUM OF CURRENT WAVEFORM
N A(N) B{(N) C(N) PIN)
1 -8.4905056E-03 9.8726459E-02 9. 9090882E-02 100,0000
2 1.4992004E-03 -1.4889134E-03 2.2592356E-03 2.279943
3 -5.3789787E-05 3.3077743E£-03 3.5081849E-03 3.540373
~C 4 2.8119318E-03 -1.2523538E-03 3.0782057E-03 3.106447
ﬂc .
+R RPER
M= 3831 F = 44y
SPECTRUM OF CURRENT WAVEFORM
N AN) B(N) cm F(N)
1 -1.1119190E-02 0.10054604 0.,1011733 100.0000
2 B8.2686299E-04 2.7177865E-G3 2,84078462E-03 2.807643
3 -1,282%5084E-03 2.8067250E-03 3,0858=94E-03 J3.050C874
4 =9,9547766E~04 ~6,14787 2E-04 1.1700144E-03 1.1584446
S -2,4277223E-03  1.8434888E-03 3.0433232E-03 3.,012973
6 ~1.7431142E-03 1.0684611E-03 2.0446233E-03 2.,020913
7 1,0471545E-03 6,0484494E-04 1.2092865E~03 1.1935263
8 -2.94415560°-03 —-1.6992763E-03 3.3993518E-03 3,359931
9 -2,7092689E~04 -1.2013230E-03 1.2314944E~-03 1.217213
10 -1.1841161E-03 7.0847588E-04 1,3798801E-03 1.363878
11 3.8%565928E~-04 -3.4703426E-03 3,.4917260E-03 3.451234
12 ~1.1238814E-03 -5.8728984E~04 1.2680748E-~03 1.233372
13 -6.7278469E-04 —-1,7336551E~03 1.8596235E-C3 1,838038
14 1.2092243E-03 1.9316371E-04 1.2245553E-03 1.216333
1% -3,9880761E-C4 -5.9144725E-03 5,9279031€-03 3.8%9160
16 4.3718070E-03 -8.3751511E-C3 7,4475318E-03 9.337973
17 9.6710800E-04 -2,9095728E-03 3J.0650706E-03 3,030535
18 ~4.5231213E-03 S.7523598E~04 4.5593532E-03 4,5064678
19 3.2500085E-04 B.4643404E~04 9,9503040E-04 0.9944799
20 -9.,40601131E-04 -6.,98532Z755E~03 4.,9175223E-CT 6,837302
21 ~7.,4118981E-03 -1.2607045E~03 7.%51835135E-03 7.431345
22 ~4,7865724E-03 -2,6997132E-03 5,4954281F~-03 5.431700
23 3.,2140321E~03 -2,9810474E-03 4,383464630E-03 4,3326829
24 ~2,504348ZE~-03 -6,8774645E-04 2,.5970884€-33 2.,%5649469
2% %5,0263149E-03 1,8104389E-03 5.3424276E~G3 5.280474
26 ~2.96S0771E-03 6.8371683E~04 3.0428833E~-03 3.,007598
27 2,9093560E-03 ~2.7634703E-03 4,02642045~03 3,9797%8
28 2.2729748E-04 ~5,2941425E-04 S.,7614734E-04 0,3694461
29 ©8.928048BE-04 &.0045241E-03 4,0706333E~03 6.000227
30 6.563866169E-04 ~1,4095004E~03 1.53046419E-03 1.61373%2
31 £1.I562013E~03 4.04937646E-03 4.271)844E-03

4,221553
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SPECTRUM OF CURRENT WAVEFORM

3064

S

N A(N) B(N) C(N) P(N)
og .
~c
.R RPER
M= 3065 F= 3ok
SPECTRUM OF CURRENT WAVEFORM
N AN B(N) CN) P(N)

1 -1,0482918E-02 9.9074572E-02 9.9627621E-02  100.0000
2 -2,2690348E-03 4.7111092E-04 2,.317428-E-03  2.326090
3 -2.6551327E-03 2.1693509E-04 2.46439802E-03  2.673937
4 -2.6935185E-03 —3,.5268825E-04 2.7145108E-03  2.726664
5 6.8595173E-04 4.0445658E-03 4.1023218E-03  4.117655

6 —1.7414845E-03 -1,0040263E-03 2.0101834E-03  2,017697

. 7 -%,1446434E-04 -5.46218076E~-04 7.56205039E~04 O0.7648987
8 -3.2341788E-03 1.3574844E-03 3,.5075170E-03  3.520627
¢ 2,7508314E-03 -3,2125935E-03 4.2294008E-03 = 4,245209

10 -1.,0131472E-03 7.1860766E-03 7.25714568E-03  7.284271

11 7.5920619E-04 7.6437S60E-03 7.6813670E-03  7.710077

12 2.3987137E-03 6.3756344E-03 6.811941SE-03  6.837402

13 -7.3305271E-03 3.5156948E-03 8.1299907E-03 8.160378

14 —-1.2%09052E-03 6.0981628E-03 6.2251389E-03 &6.248406

15 —4.5056973E-04 -2.6144604E-03 2.6530014E-03  2.662918

14 -2,3220999E-04 5.9924298E-03 5.9969276E~03 6,019342

17 2.4612942E-03 9.8832296E-03 1.0185097E-02  10.22317

18 1.0873459E-03 1.5653953E-03 1.9059862E-03 1.913110

19 1.5924908E-03 6.0452305E-05 1,5936379E-03  1.599594

20 -3,0536214E-03 -3.6030496E-03 4.7229836E~-03  4.740637

21 $.0607943E-03 -1.,2668475E-03 5.2189478E-03  5.2346447

22 -3.0659812E-03 ~1.4583829E-03 3.39515616E-03  3,407852

23 -8.4996200E-04 -5,2244342E-03 S5.2931230E~03  5.312907

24 -2.4771744E--03 -2.4625282E-03 3,4929127E-03  2.505958

25 4,0387153E-03 7.2822911E-03 8.3272438E-03  8.358349

26 1.05656504E-03 9.8124205E-04 1.4419939E-03 1,437384

27 1.4934149E-04 -2.2041621E-03 2.2092157E-03  2.217473

28 1.7245049E~C3 -2.03375S24E~-03 2,6664708E-03  2,678437

29 =7.744555E-C4 7.9213306E-04 1.1078132E-03 1.111936

30 -4 2956B464E-04 -2.45630444E-04 5.0387147E-04 0.5057548

31 1.9%0694%73E-03 -2.5336Z07E-03 2,3982298E~03  2,909042

-lb..---IQIIHB'ICIBQOSHUCHBIUI-u--&ﬂﬂﬂlﬁlm-llﬂﬂsl-.
M= 25%1
SPECTRUM OF CURRENT WAVEFORM
I 14.3) BAN) CIN) L IG )
1 -1,0814926E-02 0,1611799 0.1017563 160.0000
2 ~2,4952290E~03 -2,0001044E-02 3,73358426E-03 3.471363

3 ~5,3712001E~03 -7.7264934E-0T F.39207742-03  5.299011




+R RPER

M=

SPECTRUM OF CURRENT WAVEFORM

2550 F a3

N A(N) B(N) c(N) PIN)
1 -1.1251559€~-02 0.1016232 0.1022441 100.,0000
2 -2,9837282E-03 -1.0194159E-03 3.1530689E-03 3.083863
3 -4.0042799E-03 3.2362874E-04 6.0129953E-03 5.881017
4 -8.3754736E-04 -9.9238462E-04 1.2985811E-03 1.,27007%
5 2,8772012E-03 3.66290B9E-03 4.4578096E-03 4,555576
6 ~2,5874795E~03 1.5574177E-03 3.0210651E-03 2.954756
7 4.3396498E-03 -9.3365670E-05 4.3406542E-03 4,.245382
8 -5.3327653E-04 -2.44014644E-03 2.4977583E-03 2.442935
9 -1.2338572E-CT -3.4100024E-03 3.6263647E-03 3.546770
10 -1.46294083E-03 -2.2434539E~-03 2.7727347E-03 2.711876
11 -4.4764644E-03 3.7095477E-03 S.8137318E-03 5.686127
12 ~-3.0880845E-03 -4.3171677E-03 5,3079380E-03 5.191434
13 2.4578299E-03 4.7482931E-03 7.1819490E-03 7.024313
14 -3,4979736E-03 1,.5889310E-03 3.8419424E-03 3.757616
15 2.0539002E-03 -1.,6596549E-03 2.64063464E-03 2.3582677
15 -1.2489295E-03 -3,9730043E-04 1.,3106002E-03 1.231834
17 -5.2577942E-03 2,5170459E-04 5.2638156E-03 S5.148281
18  1.1893184E-03 2.1298109E-03 2,4393797E-03 2,385838
19 4,7025354E-03 -4,0185796E-03 6.1856960E-03 6.049927
20 1.2961189E-03 -1,0522145E-03 1.6694550E-03 1.632812
21 -1,2022645E-03 2.7674134E-03 3.0172863E-03 2.951060
22 1.2231006E-03 -3,3921388E-04 1.,2692680E-03 1.241409
2 4,1228724E~-03 2.0027974E-04 4,1277343E-03 4.037133
24 B8.8519440E-04 ~-1.9293450E-04 9.0597622E-04 0.8860911
2% -3,2590044E-03 -9.2754548E-04 3I.3884293E-03 3.314057
26 7.94356647E~04 -1.4534589E-03 1.65634699E-03 1.520014
27 2.,0721391E-05 3.,4146545E-04 3,4209364E-04 0,.3343850
28 1.9971469E-05 B8.1793444E-04 8,1818027£-04 0,8002222
29 6.3154555E-04 -1,68942051E-05 &.31771446E-04 0.6179048
30 -56,5965942E-05 -1,2272825E-03 1,.22903541E-03 1.202078
31 ~-1.1828747E-03 ~1,.,3734287€-04 1.1908214E~03 1.1644684

e EESEEREIESSEREIRITITIZEITILISI=ITRESITZ

PTE————




+R REEBR

N

M=

SPECTRUM OF CURRENT WAVEFORM

2182

A(N)

B(N)

o)

P(N)

1 -3.9615951E-02 7.872691GE-02 8.64084464E-02

~C

+R RPER

M

EPECTRUM OF CURRENT WAVEFORM

“C 2 7.8222193E-03 -6.7325011E-03 1.0320547E-02

2182  F=42Hy

A(N)

B(N)

C(N)

99.99999
11,94391

P(N)

1 -3.5427235E-02 7.9254165E-02 G6.6811937E-02
2 7.8515159E-03 -6.3820682E-03
“C 3 3.8B05970E-03 2,1919736E-03 4.4568803E-03

~c

+F RPER

-

<

M=

SPECTRUM OF CURRENT WAVEFORM

2178

Al{N)

BON) cCN)

1.0118157E-02

99.99999
11.65526
3,133949

P(N)

NNONOADUN -

5

-3.:6245845€-02
7+34464784E-03
3.9633936E~03

~1.4790243E-03

-7+.5651780E-03

~7.9363141E-05
5.1928693E-03

~1,3822408E-03
4.1083480E-05
2.678451BE-03
7.0976871E-03
=3, X1835452E-04
1.0593928€E-03
2.0479290E -04
~98,0678842E-04
1.%5893953E-03
2.6545217E-03
=2+£349146E-03
=2.7890131£-04
2:1200074€-03
J.34%2927€-04
1.0401787E-0:
1.,5233402€-04
~2.0196489€-03
2,56033588E~-08
8,65168253E-04
704437354E-04
3.4554129€E-04
1.1120968E-04
=1 .503943B4E-04
4,7034934E-04

7.88617647E-02
~6.2817363E-03
2.0280844E-03
1,7853347E-03
-2,3010431E-03
J.67635281E-CG4
-1.8029280€-03
2,7828194E-03
~-2,3328513E-03
~1.1433873E-03
-4,8531016E-94
=3,1373440E-03
~4,4118492E-03
S5.7936478E-03
~7+.2404635E~-04
-1.2303626E~03
-2,2168411E-03
~2,9733603E~-03
=1,4649176E-03
3,1030441E-03
-2,6268873F-04
-2.7093128E-04
~3.9267783E-04
-6,0932303E-04
6.7823392E-04
4.,4272608E-04
~5.2808054E-04
1.3868234E-04
8.3302272€E-06
~1,2542629E-04
7.,3271268E-04

B+ 6570755E-02
9.8188341E-03
4.4521473E-03
2.3183902E-03
7 +9074027E-03
5.7317381E-04
5.4969485E-03
3.1071973E-03
2+.3332131E-03
2.9123696E-03
7+.1143280E-03
3418407746E-03
4.5372597€E-03
J¢7972660E~03
1.0840440E-03
2.,0101259e-03
3.4584492E-03
3+9730137E-03
1.,4912308E-03
3,7581450E-03
3.9538958E-04
1,0748840E-03
4.2126488E-04
2.1095632E--03
6.7873844E-04
9.96883112E-04
9.1266702E-04
5.6289264E~04
1,1153455E~04
1.9383223E~04
8.7085564E~-04

100.0009
11.34198
5.1427685
2:678029
9.134034
0.6620871
6.349669
3.589200
2.695152
3.364150
8.2179335
3.678006
3.241100
6.5696564
1.,2352206
2,3219446
3.994940
4,.38932%
1,722337
4.,341125
0.6879801
1.,24162%
0.4866134
2.436808
0.7840274
1.153774
1.054244
0.,6302111

_0.12688386

0.,2262106
1.005947




+R RPER

- 25 -

1905

SPECTRUM OF CURRENT WAVEFORM

A(N)

B(N)

C(N)

1

2
~c 3
~C

-4,0286720E-02
6.1448985E-03
=9+4711540E-05

+R RPER

SFECTRUM OF CURRENT WAVEFORM

5-6455195E-02 6.9355674E-02
2.5794175E-C3 6.6643208E-03
S5.,05135337E~-03 5.0524217E-03

1904 F-

aYhy

A(N)

B(N)

VMONOCUADUN®

30
31

-4,0031269E-02
6.0069491E-03
=5.0109542€-095
-1.89446037E-03
-3.4845790E-03
-2.8%78387E-04
-6.85894603E-03
3.78469844E-03
-1.,1182741E-03
-2+2320931E~-03
1.2037186E-03
-4,1853669E-03
-4.8319995E-04
?.1367221E-04
-6 ,3289405E~04
3.6668638E-04
1.5500562E-03
1.,4841183E-03
~1,5117793E-03
~1.,4658574E-03
~9.96035869E-04

1.3170058E-04

6.8745372E~-04
~2.8599735E-04
1.3924392E-03
=6 .,33543340E-04
6.7306263E-04
4.,7730071E~-0%
-1.,84654900E-04
2.6380402E-04
~7.3165377€E-04

5.6568798E-02
2,7184037E-03
5.1595867E-03
1.5618391E-03
-5,0595375E-03
1.4181739E-03
4.9666939E-03
-3,3562570E-03
1.3596961E-03
~2,5881142E~03
-8.0677141E-03
2.0973591E-04
-1.3345480E-03
6.3690087E-03
5. 2551448E~-04
4,6059478E-04
1,2930532€-04
-2,7452079E-03
~7.2186039E-04
~6,9961941E-04
-1,8360242E-04
-8,8055769E-04
5.2220299E-04
8.3408377E-04
1.6195094E-05
6+0294741E-04
-6.,8424508E-04
4,2469462E-04
-6.0233939E-04
-9.9134899E-04
~9.7419434E-05

P(N)

'100.0000

9.,638905

7.284800

C(N) P(N)

©6.9300301E-02 100.0000
6.35934178E-03 9.514271
5.13598297E-03 7.,4435610
2,4553747E-03 3.543094
6.1433879E-03 8.864880
1.,4474778E-03 2.088703
8.4683755E-03 12.21983
5.0602090E-03 7.301857
1.,7915597E-03 2.565212
3.4176856E-03 4,931704
8.15701846E-03 11.77054
4,1906186E-03 6.047042
1.,4193311E-03 2.048088
6,4342110E-03 ?.,284339
8.2263019E-04 1.187031
5.8873295E-04 0.8495388
1,5554401E-03 2.244493
3.1207008E-03 4,503136
1,6752790E-03 2,417419
1.6242553E-03 2,343793
1.0128390E-03 1.461522
8.9910900E-04 1.297410
8.4330099E~-04 1.245739
8,.8175409E-04 1.,272367
1,39235334E-03 2,009419
8.9058338E-04 1.285107
?.5979410E-04 1.384978
4,2736833E-04 0.61466904
6.3056586E~04 0,9099035
1,0238487E-03 1.48029S
7.3811092E-04 1.0635091




SPECTRUM OF CURRENT BRVEFORM

'
)
>

[}

N A(R) BR(M) CiN) FiN)
1 °-4,015025%E-02 5.1298689E-02 6.5142915E-02 109.0000
2 B8,9904564E-03 ~2,7351379E-03 9.3974537E-03 14,.423595%
~C 3 -8.1488490E-04 1,5995208E-03 1.7951336E-03 2.7556895
~C
«&R RPER
Me 1597 F Seiy
SPECTRUM OF CURRENT WAVEFORM
N AN B(N) cN) P(N)
1 -4,017070C7E-02 5.1240829E-02 6.95125711E-02 100.0000
2 9.02033B0E-03 -2.8377343E-03 9.4561717E-03 14.31987
3 -9.2781246E-04 1.6687559E~-03 1.9093408E-03 2.931777
4 -4,2184428E-03 -2.9827282E-03 3.1644235E-03 7.533001
S =1.5737924E-04 ~1,7920906E-02 1.7921397E~-02 27 .351847
6 ~1.9624743E-03 1.1418074E-03 2.,2704690E-03 3.486287
7 =7.5261854E-03 1.8342733E-03 7.7464846E-03 11.89466
B8 2.15991124E~03 2,1:16417E-03 3.,0200458E-03 4,63728646
F -5.9847404E-04 4,32746697E-05 6.0003I874E-04 O0.9213544
10 =-5,0364809E-CA -1,.76398B03E-03 1.8344715E-C3 2.9146816
11 2.09546446E-03 -2,86460050E-03 3J.3753621E-03 9.182841
12 -1.08794S0E-03 -3.278C7S7E~04 1.1363002E-03 1,744780
13 ~1,.3922384E-03 -9.,4307627E-04 1,6B15994E-03 2.582082
-14 1.,3840114E-C4 1.368J5136E-03 1.5746078E-03 2.417798
15 ~1.6186434E-04 ~-3,2700953E-04 3I,6487711E-04 0.5602658
16 3J.47A454446E-04 -8,.8945159E-04 9,6236530E-04 1.477704
17 1.0634972E-03 ~3,6927091E-04 1.1257830E~-03 1,7284631
18 ~3.,1608481E-04 -6.6618720E-04 7.3737121E-04 1.132228
19 =1.3721276E-05 ~5.4306193E-04 35.4323528E-04 0.8341333
20 =5,2319013E-04 7.6258794E-04 9.24B0714E-04 1.420034
2: 1.7183527E-04 -2,4102518E~04 2.94007461E-04 0.4545173
22 4.,7211087E-04 -3,2011510E-04 T.7040545E~-04 0.8758%529
23 4,1911.50E~-04 1.,1928SS52E-05 4,1928224E-04 0,6438045
24 1.69673645-04 ~5,3481053E-04 %5.6108064E-04 0.8615348
25 2.2445716E-04 ~B8.8004428E-05 2,31994680E-04 0.3562292
26 -5.,45335340E-04 1.4386942E-04 5,6401140E-04 0,B86560349
27 2.8093916E-04 -2,15134395~05 2,81746164E~04 0,4326427
28 3,3982934E-04 ~-1,5202902E-05 3.4016944E-04 0,5223274
29 1.,77184S1E-04 ~5.79%57390E-05 1.8642267E~04 0.2862505
30 3,6340361E-04 ~-2,2791904E-04 4,2790372E-04 0.6570427
31 7.46859811E-05 7.6124190E-05 1.,0817728E-04 0.14661053




")
.-.‘

= 1590

SPECTRUX OF CUIRENT WAVEFTGRM

N ALN) BIN) C(N) P(N)

1 —4,0056661E-02 6.2430896E-02 7.417450SE-02  106.0000
2 1.233555SE-02 1.3604991E-03 1.7410354E-02  16.73084
~C 3 -2.3269099E-03 -6.75942105-03 7.1493774E-03  7.63e331
~C
R RPER
M= 1490 F=S4ie
SPECTRUM OF CURRENT WAVEFGRM
~n - 4
N AN BUM) WLH P(N) !
1 -4.,0260274E-02 6.3291132E-C2 7.501104SE-02  100.0000 ‘
2 1.23404555-02 1.1857559E-03 1.2397293E-02  16.52729 ;
3 —2.33124B3E-03 —6.4429G04E-03 6.8517677E-03  9.134345 |
4 1.8052277E-03 5.3125214E-04 1,.881777SE-03  2.5086487 !
S -1,0320514E-02 -1.2099984E-02 1.5903542E-02  21,20160
6 —2.0368542E-03 ~6.0929526E~-03 6.4243949E-03  8.564598
7 =3.4467527E-03 6.3640852E-03 7.2375196E-03  9.648605
S -1.6418964E-04 1.8497942E-03 1,.8570648E--03  2.475724
9 3.2847954E-03 -2.02214UBE-03 3.44015G1E-03  4.384204
10 ~3.5612355E-03 1.6370635E-03 3.9194849E-03  5.225213
11 -1,0751036E-03 -6.0395845E-03 6.1345277E-03  8.178164
12  1.6275269E-03 3.3580072E-04 1.6618081E-03  2.2135418
13 -2,4108987E-03 6.0828892E-04 2.4864529E-03  3.314782
14 6 2933727E-04 1.3353384E-03 1.4762948E-03  1.968103
15 -1.2923837E-04 -1.6994508E-04 2,1350384E-04 ©.2846299
16 7.6632008E-05 -1.5213887E-03 1.5233174E-03  2.030791
17 1.0161098E-04 -3.8916292E-04 4.022C961E~04 0.5362003
18 -4,1650308E-04 -5,5044720E-04 6.9826643E-04 0.9308848
19 -1,6722553E-04 2.6857067E-04 3.1639426E-U4 0.4217969
20 -9,2390375E-04 8.9711502E-05 9.2825107E-04  1.,237456
21 1,6868288E-03 -3.5644337E-04 1,7240775E-03  2.298431
22 ~3,2415424E-04 6.8256854E-04 7.5362950E-04  1.007358
23 -5.6311296E-04 -1.2848438E-03  1,4046576E~I3  1.872601
24 2,6916232E-04 L.S715574E-05 2.6962074E-04 0.3594414
2% -3,9119844E-04 ~2,8725390E-04 4,8533600E-04 0.6470194
26 4.3940902E-04 ~3.0113701E-05 4.4043970E-04 0.507i444
27 2.1795508E-04 7.4486884E-04 7.78021%ZE-04  1.03720°
28 -1,7181215E-04 -5,3800968E-04 $5,6477770E-04 0.7529261
29 1.7535828E-04 ~4,2527396E-04 4.6000921E-04 9.61325%53
30 ~1,5855047E-04 -3,0152505E-04 3,4066934E-04 0.4%41599
31 3.2697021E-04 1.8728212E-04 3,758079ZE-04 0.5027364



.TRRE RPER

FORTRAN IV v02,.5-2 Mon 27-Jan-846 04:50:42
FORT/ZLISTISY{/WARNINGS PER
2igex C
LINK PER,ANL1IBYFORLIB
238582 C
"RUN PER
388 C
EDIT PERLFOR
2383k C
c PROGRAN MHARMONIC ANALYSIS OF CURRENT WAVEFGRM
c DELTA MODULATED INVEWRTER,25 H.P. MOTOR AT NG LOAD
00601 M=0
€092 DIMENSION X(7000)rA(S0)»B(SC) +C(S0)sP(T0)
0003 FNsTEST(1)
0004 10 FUOsFN
0303 FN=TEST(1)
0006 IF ((FO,LT.0).AND.(FN.£Q,0}: GO 70 30
Q0908 GO TG 10 -
0009 30 CALL TIMER (3714%)
V1 L) DO 40 I=1,7000
9011 FOsFN
(1) ¥4 CALL WAIT
001% CALL FADC (3»X(I))
0014 M=+
0015 FN=TEET(1)
0014 IF (<{FO.LT.0).AND.(FN,EQ.,0)) GO TC 435
0018 . 40 - CONTINUE
001¢% 435 TYPE %o ' M=)
00620 . TYPE ¥%» ’/
Q21 Pi=3.141592654
voz2 TYSE %9 */ SPECTRUM OF CURRENT WAVEFORM’
023 TYPE %» ' - -
6024 T/PE %y N A(N) B(N) T(N) B(N)Y/
€023 fYPE B¢ - -— ‘
0024 NAXR = M - 1 . .
0027 DO SC H=1+31
0028 A(N)=C,0
0029 B(NI=C.0
0030 C(N)=0.0
0031 30 70 I=1,MAX
n032 W1=(2.0PIN(I-1)KN)/N
0033 WN2={2,MPISIEN) /M
0034 A(N)-ﬁ(N)+(X(I)‘(SIN(U2)—STN(01)))/(nt?!)
0033 B(N)'B(N)#(X(I)t(COS(Ul)-COS(U2)))/(NtPI)
295036 70 CONTINUE
0037 CIN)ISBRTCA(NISACNY+EB(NYXB(N))
%38 P(N)=(1008C(N))/C(1)
603% TYPE %» NrACNI»B(N)»C(N2»P(N)
2040 70 CONTINUE
0042 TYPE X1 ’a-u-----anus-:---:::--nnssnu--sssa--sz-u-----:s’
0042 STOP
0043 END
FORTRAN IV Diagnostics for Prasram Unit .MAIN.

In line 0027r Warnins: Possible modification of index "N’
in line 0043, Warning! Non-standard s.atement orderins
FORTRAN IV Storsse Mar for Prosram Unit .AAIN,

Local Variabiesy .PSECT $DATAs 8Bize = 070274 (13430, words)

Nase Ture Offset N.me Ture Offset Name Ture
FN R24 070208 FO RS 070212 I I%2

Offset
079216




FORTRAN IV 2,9-2 Tue 28-Jan-86 02:i7138

c PROGRAM TO SALCULATE SWITCKIG POINTS PER ~29-

c CYCLE .WITH DELTA MODULATED INVERTER
0001 N=y
o2 FNsTEST(1)
0003 10 FO=FN
0004 FN~TESTI1)
50035 IF ((FO.LT.9).AND,(FN.EQ.0)) GG TO 30
0007 GO0 TO 10
0008 30 Fi=TE3T(2)
oncy Fi=aF2
6610 FZsTEST(2)
2011 F3I=TEST(1)
0612 FI=f4
0013 F4=TEST(1)
0014 1€ ((F3.LT.0).AND.(F4,EQ.D)) 60 T3 S50
0014 IF ((F1.,LT7.0).AND.(F2.EQ.CG)) N=N+1
0018 g TG 30
Q019 50 TYPE B¢ ‘NO OF SUITCHING POINTS=’sN
0020 SYOF
b ttet I
TORTRAN IV Storase Mar for Proscam Unit JHAIN.
Ltocal Variablewy .PSECT sDATA: Size = 000032 ( 13, words)
Mase. Tura Offsel Naas Ture QOffset Naze Tura Uffset
FM K4 200002 0 R4 000004 F) R4 000012
F2 Rx4 000016 F3 RA4 GCNO22 Fa ot 2} S0l026

N 122 000600

c.broutinese Functionse Statansnt and Praclsiar-nofinod Functione!

Neaes Ture Nea? TePe Nawm2 Ture Nane Tyre Naao Tuow
TEST R&4
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APPENDIX I

INDUCTION MOTO R SPECIFICATION

- D D WP W GO G WL S WS S e W W D S G D WD W

The induction motor selected for study has the following
specifications

NAME PLATE SPECS

Stator line freguency.........60 Hz

., Output horse power...... cevoen 25 HP
: Line to Line voltage..........230 Yolts (RMS)
.. Pole number.....c.cceeeceassoen 4

Machine paraweters

- - — - -

Stator Resistance......cceeccececes ...0.0788 ohms
- stator referred rotor restanceé........ 0.0468 ohms
i stator leakage reactance.......c.c.--- 0.3062 ohms

stator referred rotor leakage
rectance..............................0.6632 ohms
Magnetiziny reactance........seeec.--- 5.5395 ohms
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