ING CENTER DOY..

. (U) ARNY ARNANENT

2
=
[
«
(=
m
(=]
¥




mr.ﬂat.r.uw.w.u...ﬁ 2 : : : . . ,. . sh.ow.

i
{

-

AL IRt 8 K S S L e 8
L J

-

=y

fi2g
b
. n36
-
-

i

by Al 0 TNt e T A S S O A A A e
22
12
18
LS
}

.
. e
.
.
¥V
1
-

H |
Il
L

B, Gt 34

AT

|

|

i

)

i»
<
R
-




R VR LAU R R RD LAY LSRN

0 MAJJOSEPHEBENG . peemeeep e, ,

.

IR TR S ) . ¥

T

-~ % .'_

0. 5. NN NN FEIGAG), DEILIPAEN 4D EXNEENNG CONER
FIRE SUPPORT MSUMENT CENTER
PICATINNY ARSENAL, NEW JERSEY |

A

CYTY' Y VT

AL LA




OO T RO R W R T " A

i Ao oa e "ale WAL Sl e Sal, ‘el sall, Vel jiad

Yy ¢
;'. t
L7 o
% NCLASSIFIED
"
L)
' REPORT DOCUMENTATION PAGE ;
{
» 1e. REPORT SECURITY CLASSIFICATION 1b. RESTRICTIVE MAR S 0
) UNCLASSIFIED ¢
2a. SECURITY CLASSIFICATION AUTHORITY 3. DISTRIBUTION/AVAILABILITY OF REPORT
:. 2b. DECLASSIFICATION'DOWNGRADING SCHEDULE Approved for pUbllC release; distribution is unlimited.
{ f
.i
P 4. PERFORMING ORGANIZATION REPORT NUMBER) 5. MONITORING ORGANIZATION REPORT NUMBER) J
Technical Report ARFSD-TR-87010
. ,
! 68. NAME OF PERFORMING ORGANIZATION [6b. OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION y
ARDEC, FSAC ‘
4 Artillery Armaments Division SMCAR-FSA-E "
} v 6c. ADDRESS (CITY, STATE, AND ZIP CODE) 7b. ADDRESS (CITY, STATE, AND ZiP CODE)
tal Picalinny Arsenal, NJ 07806-5000 ‘
" 8a. NAME OF FUNDING/SPONSORING 8b. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER '
b ORGANIZATION ARDEC, IMD - \
\ STINFO Br SMCAR-IM!-| .
X 8c. ADDRESS (CITY, STATE, AND ZIP CODE) 10. SOURCE OF FUNDING NUMBERS '
; PROGRAM PROJECT NO. |TASKNO. |woRk UNIT )
Picatinny Arsenal, NJ 07806-5000 ELEMENT NO. ACCESSION NO. )
..
;.‘ 11. TITLE (INCLUDE SECURITY CLASSIFICATION)
o Determination of the Commutation Angle and Load Response for a Continuous-Current, Singie-Phase ‘
Controlled Rectifier )
5 12. PERSONAL AUTHOR(S) ) g
John A. Pappas and Maj Joseph E. Beno '
N 13a. TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (YEAR, MONTH, DAY)|15. PAGE COUNT
Final FrRom Jan 87 1o _May 87 March 1988 36
o 16. SUPPLEMENTARY NOTATION g
»
N h
. 1. COSATI CODES __]18. SUBJECT TERMS (CONTINUE ON REVERSE IF NECESSARY AND IDENTIFY BY BLOCK NUMBER)
v FIELD GROUP | SUB-GROUP | Commutation angle  SCR Phase-controlled rectifier .
L Full-wave rectifier Phase control angle ;
"
; 19. ABSTRACT (CONTINUE ON REVERSE IF NECESSARY AND IDENTIFY BY BLOCK NUMBER)
N A method has been developed to quantitatively determine the commutation angle and load response for a
continuous-current, single-phase controlied rectifier. An analytical model was developed and solved
numerically. The results, in the form of load current plots, predict the commutation time and the shape and K
- magnitude of the response. The underlying assumptions used in the development of the model, the "
! limitations of the model, and the interpretation of the results are discussed. \
&
- 1)
» =
; : ! 8,
~
~ .
“ 20. DISTRIBUTION-AVAILABILITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION
. [ uncLassireounumten [X] same as aer. D oticusers| UNCLASSIFIED p
‘o 22a. NAME OF RESPONSIBLE INDIVIDUAL 22b. TELEPHONE (INCLUDE AREA CODE) | 22c. OFFICE SYMBOL )
tn | HAZNEDARI 201-724-3316 AV880-3316 SMCAR:IM-} '
DD FORM 1473, 84 MAR
: UNCLASSIFIED '
SECURITY CLASSIFICATION OF THIS PAGE
-
™ h
N e s e s YA sy S v i ST 7,y A AL A SR W (O AL A S, (LS IR AR e



IO N YOS YT Y PO W STV W0 00 WK S " O PO TP I RO RN N YR v 0at 0y’ a® ot Bat Ba¥ eV et

- - e =
e o = ]

)

- SENC Y

g ¥ 4P

X
AR

iy

-

-

P o o

.

T

et

= e ¥F R

CONTENTS

Introduction
Description of Model and Boundary Conditions
Development of Equations for Load Current and Constants
Determination of Minimum Phase Control Angle
Determination of Continuity of Current
Results
Appendixes

A FORTRAN Source Code

B Instructions for Running the FORTRAN Program

Distribution List

i-"'\ l\"""-

% 0a% . 0a" 0a" a8 02" o 02’ 262" oA at "m0 ali"

Page

15
27

31

&

Accession For

Diat Spscial

\
.

RIS Rl @

DTIC TAB M

Unannounced O

Justifioation . _ ___ ]
R

By . . __

Distr‘butior/

lvailabllltv Co#‘el
TAvatl and/or

I N N O P Y P P N N R P T P e T T N N D N N A T N A

Ao Rone o™

224 ¥

ol o 9

IR NGy |

>~




PRIBEP A e §'0 450 0 00 2,0 88 80 ba” sy 'U': !
fy
»

Bl

i Aud

,rs

g

FIGURES

Page

S Scs

1 Bridge rectifier 9

]

2 Two-phase rectifier 9
' 3 Conduction circuit 10

4 Commutation circuit 10

* '.'..')'.."‘ x

5 Expected load response 11

11‘

6 Load response for transformer inductance of 50 mH and load 1"
inductance of 326 mH

7 Load response for transformer inductance increased to 250 mH 12

T T Uy

-

8 Load response for back EMF of 10V 12

TR

9 Load response for back EMF increased to 30V 13

L 3 o o8 oW 4
4 -

NN

";' ,

10 Flat response for large load inductance 13

TR

ALY

11 Invalid response showing negative current swing 14

ST LA LAY

s
% %

NN

ii

Y Py ’.'-..," - oy ,l.{.{.t"f"

S %Y
Py

.
h)
“~
> -
Ay 4
A d

FIE AW . -'. - -.!. -...'. -'.. .J"" . 'f LS ““‘ -'. - \‘-"I |’\’" \*1#')..".‘V'.\ .\.."| -\.\(\*\..'.‘_‘\..\ -\;J-:.\'_'-‘.' N
- 8. Ladin X . Wy, Ny . Wy e WYy 2 A A ;



p WP NN VR R NN WM MO R R

!

- w -

s o0

'\::‘.;~v ~".-i'\.~t ..".'u'-" .'v‘.. A I\ -~ .‘-- " « . AP o o ™ ") N
h B st 2 VA A VLN S A AEIE MY ¥ S S S A A R oA s S A T 6 S SR AL AL RO, (O UR N

INTRODUCTION

Controlled rectifiers employing power semiconductors are used to vary the average
power supplied by a constant voitage a.c. source to a load circuit. One of the problems
inherent in the design of such a system is the determination of the commutation or
overiap angle. Knowledge of the commutation angle gives the designer information
about the rate of change of current in the power semiconductor and ailows him to
accurately model the load current.

A short review of the literature failed to produce a rigorous determination of the
commutation angle. Common methods of analysis either ignore the commutation
reactance contained in any rectifier circuit or assume constant load current.

The model developed here represents the circuits depicted in figures 1 and 2. A full
wave rectifier employing a transformer connected across the single-phase source and a
bridge-rectifier circuit are shown in figure 1. The circuit shown in figure 2 also gives full
wave rectification and consists of a center-tapped transformer and controlled rectifiers.
While the center-tapped transformer has the effect of transforming the single-phase
source into a two-phase source, the circuit is commonly referred to as a single-phase

1
transformer.

The load current obtained from either circuit is the same; the choice of which circuit
should be employed is application dependant. Factors to be considered in such a

selection include cost, required load voltage, and the available voltage supp|y.1

DESCRIPTION OF MODEL AND BOUNDARY CONDITIONS

The method used to calculate the commutation angle and load current is dictated by
the fact that no a priori knowledge of the magnitude of the current at the boundaries
exits. The current at the boundary points depends on the firing and commutation
angles as well as the circuit parameters. As a result, the conventional Laplace transfor-
mation approach is not applicable.

'Dewan, S. B. and Straughen, A., Power Semiconductor Circuits, John Wiley and Sons,
New York, 1975, p 216.
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To solve the problem, a set of equations with undetermined constants of integration :

were developed. The equations represent the current in the load during commutation )

Pl

and conduction and the phase "a" current during commutation. Through successive &
application of the boundary conditions, four independent transcendental equations \
containing the constants of integration and commutation angle were generated. The
equations were then solved simultaneously through an iterative process resulting in )
numerical values valid for the input circuit values and firing angle.
A
N
Continuity of load current was assumed. The method of application of the boundary N
conditions forces continuous load current and cases resulting in a discontinuous re- ::
sponse will not lead to accurate results. Fortunately, it is not difficult to determine if a -
discontinuous current situation exists. The procedure to determine continuity of current »
is discussed later. N
'3.‘
During the conduction phase of operation, either circuit may be represented by the )
single phase equivalent shown in figure 3. Since the response of both "phases” to the ]
load is symmetrical, it is only required to calculate the phase "a" response for one half ]
cycle. The response during the second half cycle is simply a time shifted duplication of 5
the phase "a" current. o
e
The commutation circuit (fig. 4) represents the circuit while SCR 1 is coming on and ;E
SCR 2 is going off. The voltage sources are sinusoidal so v, = Vsinot and v, = Vsinet. )
The time reference is established so that t = 0 when the phase "a" voltage becomes "
positive. SCR 1 is fired at mt = .. It is assumed that SCR 1 is forward biased at this p

L

point. During commutation, both phases conduct simultaneously and the load current.
iy IS the sum of the phase currents iyandi.

The expected load response is illustrated in figure 5. The following boundary
conditions used in the formulation of the load current equations are readily apparent
from reference to the figure:

ia(er) = 0

LRI A LA AR

id(o. + ) =ia (o + )
id (o + 1) = iac (o + )

iac (o + m) - id ()
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DEVELOPMENT OF EQUATIONS FOR LOAD CURRENT AND CONSTANTS

Beginning with the method described by Hoﬁz, the voltage balance around the
outside and lower paths in figure 4 is written

) dip | dlg +ipg)

“ -Vsinwr + Ll 7[—‘ + L d[——— +R(la +ip) + V.o =0
i) dliy, +iy)

3 /i “ip d b . . C_

. Vsinwt + L, i +L—p— +RU, +ip)+ V. =0

Adding these two equations and defining a load current during commutation,
iy =i, + iy, leads to an equation without a forcing term

diy 2Ry 2V,

ar T YLV

dr TLEL =0 (1)

Equation 1 is a linear first order differential equation and has the solution

V.
id =k| (,—(1(-) - a)otr, _ _Ri (2)

where ;
. L, +2L :
VT 2R °

4

o2

and k, is to be determined from the boundary conditions. 1, is the time constant of the X
>

circuit during commutation. 2
(s

. . , . A
In order to obtain an independent expression for the phase "a" current during i
commutation, consider the voltage balance around the outer loop of figure 4 e
)

b

. di, ) ,

—\sinen + 1, ot V=0 (3) ::

-*

-

where -
N

vo=L Rk N
o =L TR pe

M

2Hoﬂ, R.G.. Semiconductor Power Electronics, Van Nostrand Reinhold Co., New York,
1986, p 126.
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Taking the derivative of equation 2 and substituting for V, and i, in equation 3 yields a
separable ditferential equation for i, which can be integrated as

Ay Ky - oy

laj_/ll_l sinwt - '2-7[—1 ¢ (10 —~ o)/ o1 d

V ky (to-o)/mt
=——Lcmwt+7 ; '+ ks (4)
{
To determine the constant k,. apply the first boundary condition (i_(ct) = 0) to equa-
tion 4. Then,
-V k)

k> —Hj[ ((15(1—7 (5)
Applying the second boundary condition [i (o + 1) = i (a + p)} in equations 2 and 4 and
substituting for k, from above results in an expression for k,

2 [ V . “’r
ky = l—+m lTL, lcosa — cos(ou+ )| + -ﬁ} (6)
Now consider the conduction period for phase "a" (o + 1 < ot < a + ©t). Referring to
figure 3, the voltage around the circuit can be expressed as
l

=Vsinoe + (L, + L) I C 4 Ri, +V, =0
The solution for the conduction current is

. v . (0N — L = p)/ ot ‘v.

iy = 7.ununl—(b)+k;p ~ R (7)
where

— ol + L.

Z=NlL)y +R°. d=wn! “ R o

and
L+
t"_ - R
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T, is referred to as the conduction time constant and k3 is to be determined from the
third boundary condition.

The third boundary condition deserves some explanation. Note that i (o + ) =
i o+ 1) +i (o + p) and (oo + p) = 0. In addition, i (o + u) = i, (o + p); therefore,
igloe + p) =i (o + p). Substituting this condition into equations 7 and 2 leads to an
expression for k,

K=k MO — 2 sinta+ p - @) (8)

One more independent equation is required to completely specify the four un-
knowns (k,, k,, Ky, and p). To obtain the last equation, the remaining boundary condi-

tion is used. Note first that for steady state operation, i, (« + ) = i («). Using reason-
ing similar to that above, since i (a) = 0, i, (& + nt) = iy(ar). Using this information in
equations 2 and 4 yields

7
k) = _‘7 sin (o — @) + ky e (T RWIOT (9)

o
E:;, Equations 5, 6, 8, and 9 are four independent equations defining k,, k,, k,, and p.
frr‘:- Substituting equations 6 and 8 into equation 9 yields a single (albeit cumbersome)
~

transcendental equation for p in terms of circuit parameters. Numerical solution to this

equation then allows calculation of k,, k2. and k. Once these constants are known, i_,

v,

iy @nd i, can be readily caiculated.

RAAs

S,

DETERMINATION OF MINIMUM PHASE CONTROL ANGLE

D

P__.

. As mentioned previously, it is assumed that SCR 1 is forward biased at wt = «. :
E‘; Once u is numerically determined, it is a simple matter to check this assumption. Just )
. prior to the instant SCR 1 is fired, Kirchoff's voltage law can be written for the top loop in )
; figure 4

- 3
\.‘: di 1
! .. . 5

:ﬁ? =2Vsinwt + ‘.\I\'l —L[ (ll = ‘1
- {
..': !
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Since i, = 0, i, =i, and, using equation 2, the voltage on the SCR is

Lk
Vakl = ———' + 2Vsinax
T
If V,k, is less than zero, then the assumptior. was violated and the SCR could not be

|
‘ forwarded biased at mt = a.3

DETERMINATION OF CONTINUITY OF CURRENT

In the previous derivations, it was presumed that operation was under steady-state
continuous-current conditions (i.e., i is never zero). There are two indicators which can

be examined to determine if this assumption is violated.

Some combinations of circuit parameters and firing angle always produce a discon-
tinuous current. These can be determined by assuming a discontinuous current (so
there is no commutation) and writing Kirchoff's law for phase "a" conduction

i
Vsinot = (Ly + 1) ‘—dT“ +Ri, +V,

This equation applies for a<wt<f where B is the electrical angle at which i, returns to
zero. Solving the voltage equation for i, and writing i (0t = B) produces a transcenden-

tal equation for 3.4

/
l

it

%.virz (o — CD)} e R - Blol ‘Z sin(B - ®) - % =0

3Hof‘(. R.G., Semiconductor Power Electronics, Van Nostrand Reinhold Co., New York,
1986, p 126.

*Dewan, S.B. and Straughen, A., Power Semiconductor Circuits, John Wiley and Sons,
New York, 1975, chap. 3.
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Since i, is always positive while SCR 1 conducts, it is not necessary to solve this

equation. Subsitution of values for B which are less than the true value will produce a
positive number from the above equation, while substitution of values for B which are
greater than the true value will produce a negative number. If substitution of the value

B = o + n results in a negative value, then the true B is less than « + & and the circuit
shuts off completely prior to firing SCR 2. In this case, the current is discontinuous.

The above criterion for discontinuity is not sufficient in all cases. Some cases which
pass that test still result in negative values for phase "a" current (indicating a discon-
tinuous case) for some value of mt between o and o + n. These cases can only be
found by calculating ¢ and the circuit response for the range of values asmt<a + n.

RESULTS

The transcendental equation for p was solved numerically on a CDC Dual Cyber
170/750. The program (Appendices A and B) allowed input of all circuit parameters and
a fring angle, . The commutation angle, u, was then calculated using a straightfor-
ward method of bisections. |f the input o failed the check, as discussed previously, o
was incremented by 1 degree and p was recalculated. This continued until an accept-
able a was found (to within 1 degree). The current values were then calculated and
plotted. In spite of the unsophisticated method of bisections, run times were relatively
shont.

The plots from several runs are included which show some trends as various
parameters are varied (figs. 6 through 11). The input o for all runs was zero so that
the « indicated was the minimum o determined iteratively. In general, large values of
inductances were selected to clearly display various trends.

Most runs provided current plots with the expected shapes, even for the flat re-
sponse expected from a very large load inductance (fig. 10). One run in which the load
electromotive force is 50 volts (fig. 11) shows a negative phase "a" current indicating the
discontinuous case, which violate our initial assumptions. Therefore, these results are
invalid. This case is interesting because it did not have a value of } greater than o + m.
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3 — PHASE A CURRENT

° -—— LOAD COMMUTATION CURRENT

g

*10. 00 16.00  46.00  04.00 01.00 100.00 118.00  136.60 154.00 172.00  100.00

WwT (DEC)

PK SOURCE VOLTAGE (V) 100. 00 LOAD RESISTANCE (OHM) 100. 00
SOURCE FREQUENCY (HZ) 80.00 LOAD EMF (V) 30.00
FIRING ANGLE (DEG) 10.00 CONDUCTION TAU (S) 0. 0060 4
TRANS INDUCTANCE (M) 0. 3000000 COMMUTATION TAU (S) 0. 0045 s
LOAD INDUCTANCE (M) 0. 3000000 COMMUTATION ANG (DEG) 26. 3335 8

Figure 9. Load response for back EMF increased to 30 V
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1 —— PHASE A CURRENT A
se =~ LOAD COMMUTATION CURRENT
g
° o0 1900 3700 8500 J300 8100 10800 137 00 143 00 183 00 181 00 '
WT (DEG) t
g
PK SOURCE VOULTAGE (V) 100. 00 LOAD RESISTANCE (OwM) 100 00 1
SOURCE FREQUENCY (M2) 60.00 LOAD EMF (V) 0 00
FIRING ANGLE (DEC) 1.00 CONDUCTION TAU (S) 1 0025
TRANS INDUCTANCE (M) 0.2500000 COMMUTATION TAU (S) 1 001}
LOAD INDUCTANCE (W) 100. 000000 COMMUTATION ANG (DEG) 56 0005

Figure 10. Flat response for large load inductance
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o —— PHASE A CURRENT
.—— LOAD COMMUTATION CURRENT
H
Tit.o8  20.00  47.00  5.60  83.00  101.00 1190.00 137.00 135.00 173.00  191.00
wr (OEC)
PK SOURCE VOLTAGE (V) 100. 00 LOAD RESISTANCE (OHM) 100. 00
SOURCE FREQUENCY (HZ) 60.00 LOAD EMF (V) 30.00
FIRING ANGLE (DEG) 11.00 CONDUCTION TAU (S) 0. 0060
TRANS INOUCTANCE (M) 0. 3000000 COMMUTATION TAU (S) 0.004S
LOAD INDUCTANCE (W) 0. 3000000 COMMUTATION ANG (DEG) 6. 7505

Figure 11. 1Invalid response

(Current in this case is discontinuous and is not
correctly calculated with this model.)
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showing negative current swing
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‘l.n
b
l.::i
ik, PROGRAM SGLFAZ (INPUT, OUTPUT, TAPES=INPUT, TAPE6=0OUTPUT, TAPE7)
::'.' . AKE I A AKX KAAKRKARIEIAA A A A A AR RKRA A A A AR A AR I AA KRR RT AR KRR A kX %Kk h K
*
" * FORTRAN PROGRAM SINGLE PHASE
l.l *
R * JOHN PAPPAS & JOSEPH BENO
o * UNIVERSITY OF TEXAS AT AUSTIN
A * DEPARTMENT OF COMPUTER AND ELECTRICAL ENGINEERING
o -
* 20 APRIL 1987
\ *
| . * COMPUTES THE COMMUTATION ANGLE AND LOAD RESPONSE
e * FOR A SINGLE PHASE FULL-WAVE RECTIFIER. USER
‘\:, * INPUTS ARE LOAD AND SOURCE CHARACTERISTICS, FIRING
;. * ANGLE AND TRANSFORMER INDUCTANCE.
wlltd *
AA KA AKX A KXRA I AAA A A AKA KA A AR RAA XA A AR A AR K AR KA R AR Akkohkkdkk &k k
Wi
rw‘: H gk Kk ok ok Kk K dk g ok de de o Kk sk sk e ok de ok sk ke ok Tk ok ok R ok Y gk ke ok ke ke ok ok T A b ok sk ok ak K sk ok ok ok
;) *
N * VARIABLE DICTIONARY
1. M *
:’-‘ A KK A AA KRR AKAKRAARKAAKRNAKR A AR ARA R AR ARA A AR RN KR AARKRARAR KA T kA kk k&
g“\ * A FIRING ANGLE IN RADIANS
?ﬂ * ALPHA FIRING ANGLE IN DEGREES
oy * DELTA  TIME-ANGLE INCREMENT IN CURRENT
o * CALCULATION
Nl * ESIGN DETERMINES ZERO CROSSING
ki * IN MU ESTIMATION ROUTINE
{ * EFACT ACCURACY FACTOR IN METHOD OF
" * BISECTION
':h * ENEW VALUE OF FUNCTION DRIVEN TO ZERO
o * IN MU ESTIMATION
) * EOLD VALUE OF FUNCTION DRIVEN TO ZERO
%.: * IN MU ESTIMATION
N * ERROR  NEARNESS TO ZERO REQUIREMENT FOR
- * FUNCTION OF MU IN BISECTION
.jg * F SOURCE. FREQUENCY IN HERTZ
WK * FX SUBSCRIPTED F (IE. Fl, ETC.).
'{h * HOLDS VALUES GENERATED IN KX
aly * ROUTINE
8 * ID LOAD CURRENT DURING COMMUTATION
x IA SCR#1 CURRENT DURING COMMUTATICN
o * IAC SCR¥1 AND LOAD CURRENT DURING
. * CONDUCTION
e x IAP ARRAY HOLDING PHASE A CURRENT VALUES
aj- * FOR ZETA PLOT ROUTINE
- * IDP ARRAY HOLDING LOAD CURRENT DURING COMMLTATI. N
) * FOR ZETA PLOT ROUTINE
* J COUNTER
e * KX SINGLE SUBSCRIPTED K. FUNCTIGN
Ny * CONTAINING CONSTANTS OF INTEGRATICN
‘:; . IN CURRENT EQUATIONS
:‘4 * KXX DOUBLE SUBSCRIPTED K. INTERMEDIATE
“
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(LB I RS e A F S ATME Il al a0 8 0 0 g6 0.0 Rt .0 gt Rat

VW WP ST

A
* RESULT
* L LOAD INDUCTANCE IN HENRIES
* LL TRANSFORMER INDUCTANCE IN HENRIES
* MU COMMUTATION ANGLE IN DEGREES
* MUST START ESTIMATE OF MU FOR BISECTION
* MUSTP  STOP ESTIMATE OF MU FOR BISECTION
* MUOLD  INTERMEDIATE RESULT IN BISECTION
* USED IN ACCURACY CHECK
* MUNEW  INTERMEDIATE RESULT IN BISECTION
* USED IN ACCURACY CHECK
/ * PHI LOAD IMPEDANCE ANGLE IN RADIANS
' * PI PI
b * R LOAD RESISTANCE IN OHMS
{ * T1 TIME CONSTANT OF COMMUTATION CIRCUIT
* T2 TIME CONSTANT OF CONDUCTION CIRCUIT
* TESTL  SIGN DETERMINES SIDE OF ZERO CROSSING
* IN BISECTION
[ * U COMMUTATION ANGLE IN RADIANS
* v PEAK VALUE OF SOURCE IN VOLTS
* \e LOAD EMF
* W SOURCE FREQUENCY IN R/S
* WT INCREMENT Al .LE OF HALF CYCLE
* WTP ARRAY HOLDING TIME-ANGLE INFORMATION
* FOR ZETA PLOT ROUTINE ,
* z LOAD IMPEDANCE MAGNITUDE IN OHMS 1"
:.r
IR R R R R R E R E RS RN EEEE R SRR R R R SRR EERE R SRR RN RS ::

*
’

&

* HCUSEKEEPING

IR SRR SRS AR SRR E SRR EESRSRSRE SRR RN REREEEEEERS]

REAL L,LL,K11,K12,K13,K1,K41,K42,K43,K44,K4
REAL MU, K2,K3,MUST,MUSTP,MUCLD, MUNEW, ID, IA, IAC
REAL IAl,IA2,IA3

REAL IAP(182),IDP(182),WTP(182) \
A SRR SRS ESEREEEER LSRR R EER SR REES SRR R R REEESEREEEEESESENSSSESN] .':‘
. R
* INTERACTIVE DATA ENTRY o
* s
I RS N AR RN R R R R R R R SRR RN R EE R R R RN R ERENEE R EEEEEEENN :*
)
©99 FCRMAT(//) 7
477 FORMAT('INPUT DATA(1l) OR USE INTERNAL(Z) ') o
477 FORMAT('DATA MAY BE INPUT IN REAL, INTEGER P o
4EXPCONENTIAL (XX.XE XX) FORM') :
122 FORMAT('PEAK SOURCE VOLTAGE (V)') .
473 FGRMAT ('SOURCE FREQUENCY (HZ)') N
74 FORMAT ('TRANSFORMER INDUCTANCE (H) ') ’
475 FORMAT('LOAD INDUCTANCE (H)') o
474 FORMAT ('LOAD EMF,VC (V) ') .
4.7 FGRMAT ('LOAD RESISTANCE (OHM)') s
i\ % FGRMAT ('FIRING ANGLE (DEG)') b

NN




S A AL LALLM A DA dot AL At ol gt die e ANt o

409 FORMAT ('CONVERGENCE FACTOR (START WITH ABOUT 0.1)"')

398 FORMAT ('RUN IDENTIFICATION NUMBER')

440 FORMAT('200 ITERATIONS AND STILL THE FUNCTION DOES
& NOT CONVERGE!')

442 FORMAT ('THE ERROR FACTOR CURRENTLY IN USE IS: ',G18.8)
442 FORMAT ('THE "ZERO" YOU ARE TRYING TO MATCH IS: ',G18.8)
4 FORMAT ('THE CLOSEST YOU HAVE COME SO FAR IS: ',G18.8)

53

44 FORMAT ('INPUT A LARGER ERROR FACTOR')
1% FORMAT ('MINIMUM ALPHA REQUIREMENT VIOLATED.')
6 FORMAT ('ALPHA INCREASED BY 1 DEGREE T0:',F7.3, 'DEGREES')
WRITE(9,400)
ACCEPT J
IF(J.EQ.Q0)GOTO 10
WRITE (9, 401)
WRITE(9,399)
WRITE (9,402)
ACCEPT V
WRITE(9,399)
WRITE (8, 403)
ACCEPT F
WRITE (9, 399)
WRITE(S, 404)
ACCEPT LL
WRITE (9, 399)
WRITE (9, 405)
ACCEPT L
WRITE (9, 399)
WRITE (9, 406)
ACCEPT VC
WRITE (9, 399)
WRITE(9,407)
ACCEPT R
WRITE{9,399)
WRITE (9,408)
ACCEPT ALPHA
WRITE(9,399)
WRITE(9,409)
ACZEPT EFACT
WRITE (9, 299)
WRITE (9, 398)
ACCEPT RUN

GOTD &0
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L

vC=0.
ALPHA=0.
F=60.
RUN=100.
20 WT=0.
I=1
ENEW=0.
MUSTP=0.
J=0
T1=(LL+2.*L)/(2.*R)
T2=(LL+L) /R
PI=ACOS(-1.)
W=2*PI*F
Z=(R**2 4+ ((LL+L) **2 ) * (Wx*2 ) ) ** 5
PHI=ATAN2 (W* (LL+L),R)
, 30 A=(2.*P1/360.)*ALPHA
U=0

o,
-

PLLC LA™

-y \"l.‘l

KA A AAKXARAA KA AR AR A ALK A A AL AKRAERAAT AR AR AR KA K Ak ok ko kkk ko

-
e

*

* ITERATIVE CALCULATION TO ESTIMATE THE VALUE OF THE
* COMMUTATION ANGLE

*

KA AKX AKX KAA KA KK A KA A AR KA AN A AN AR AR A AR A AR R AR R AR KRR IR A XAk kokkk

110 F1=K1(A,U,T1,W,V,LL,VC,R)
F3=K3(A,U,T1,W,V,VC,F1,PHI,Z,R)
E1=2.*VC*T1
E2=V/Z*SIN (A-PHI)

: !

A O
A

[t
E3=F3*EXP (- (PI-U) / (W*T2)) ‘
E4=VC/R ]
EOLD=ENEW ':.
ENEW=E1-F1-E2+E3-E4 o
MUST=MUSTP =3
MUSTP=U*180./P1 I~
E=ENEW*EOLD o
ERROR=ABS (ENEW-EQLD) *EFACT )
IF(E.LT.0) GOTO 100 o
U=U+PI/180. :
GOTO 110 N
3
.
LRSS AR ESS AR R ESREERREREERRRERERERERZEIRIEEII I III I I I I I I \
N
" -
. METHOD OF BISECTION TO CALCULATE \
. COMMUTATION ANGLE ~
* _:
LA RN AR R EEEREERIEEEE R IEE I I I I I I I I I I I I I I I I I SRR R T R S S SR :\
-
oA Y
172 MUOLD=MUST RS
MU= (MUST+MUSTP) /2. -~
L
129 IF(J.EQ.200) THEN -
J=0 -~
RITE(9,399) ’:
-
~
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WRITE (9, 440)
WRITE (9, 399)
WRITE (9, 441) EFACT
WRITE(9,399)
WRITE (9, 442) ERROR
WRITE (9,399)
WRITE (9, 443) ABS (E)
WRITE (9, 399)
WRITE({9, 444)
ACCEPT EFACT
ERROR=ABS (ENEW-EQLD) *EFACT

ENDIF

J=J+1

U=MU*PI/180.
F1=K1(A,U,T1,w,V,LL,VC,R)
F3=K3(A,U,T1,W,V,VC,F1,PHI,Z,R)
E3=F3*EXP (- (PI-U)/ (W*xT2))
E=E1-F1-E2+E3-E4

IF (ABS(E) .LE.ERROR) THEN
GOTO 130
ENDIF

TEST1=ECLD*E

IF (TEST1.LT.0) THE:.
MUNEW= (MU-MUOLD) /2 .+MUOLD
MUCLD=MU
MU=MUNEW
GOTO 120
ENDIF

MUNEW= (MU-MUOLD) *1,5+MUOLD
MUCLD=MU
MU=MUNEW

GOTC 120

30 U=MU*PI/180.
F1l=K1(Aa,Y,T1,W,V,LL,VC,R)
F2=KZ(A,T1,W,V,LL,VC,R,F1)
F3=K3(A,U,T1,W,V,VC,F1,PHI,Z,R)

b

NN ENEEEE NSRS NS SRR RS SRS EEESEEEREEENERESEREEEEINRSIEINIEEN

THECK FOR MINIMUM FIRING ANGLE

AL
e

R R A S NS AR R R EEREENENEREEEEEENEEERS]

»

.- ACHECK=2"V*3IN(A) - (LL*F1) /Tl
= IF {ATHECK.LT.0.)THEN

o, ALPHA=ALE HA+]

-

CCrFERELL] Y

X3




WRITE (9, 445)
WRITE (9, 446)ALPHA
GOTO 30

ENDIF

CALL OUTPUT(F1,F2,F3,T1,72,V,VC,LL,L,R,ALPHA
&,MU,F,EFACT, RUN)

XA A AKX KK A AR K AAAKAR A KA A RAAAAANA AR A AR A kAR Ak Rk Ak kAR * ok kk kK
*

* CALCULATE CURRENT RESPONSE THROUGH COMMUTATION AND
v ONE CONDUCTION PERIOD (WT=PI+ALPHA)

*

I E R EE R R R R E R EE RS R R EE R EEE R ERRRR SRS SRR R RS RREEESRERRES]

WT=A
DELTA=PI/180.

IDP (I)=F1*EXP (- (WT=A)/ (W*T1))-2.*VC*T1
IAl1=V/ (W*LL) *COS (WT)
IA2=(F1/2) *EXP (- (WT-A) / (W*T1))
IA3=(VC/LL) *(1.-2.*R*T1) * (WT/W)

IAP (I)=-IA1+IA2-TA3+F2

WTP(I)=WT

I=I+1

WT=WT+DELTA

j—
=N
2

IF(WT.LE.A+U)GOTO 140

150 IAP(I)=(V/2)*3IN(WT~PHI)+F3*EXP (- (WT-A-U)/
& (W*T2))-VC/R
WTP (I)=WT
I=I+1
WT=WT+DELTA

IF(WT.LE.A+PI)GOTO 150

B EA R SRS R EEREE S SRS EEE SRS SR RS S ESER SRS E RS RERREERREEREEERSES

*

* CREATE PLOT FILE COMPATIBLE WITH ZETA PLOTTER

(A A EEEEEESEEEEEAS AR SRR ERNEEEE R R RS ER R R RERERREEREERESER

TRLL SCTALE (]

IDP(181)-IAP (1

ICP(182)=IAP (1

CALL AXIS(O.,0.,'wt',-2,10.,0.,WIP(181),WTF(182))
0

TALL AXIS(O., 'Current (A)',11,6.,90.,IAP(1%1
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&, IAP(182))

CALL LINE (WTP,IAP,NPTS2,1,0,2)
CALL LINE(WTP, IDP,NPTS,1,0,2)
CALL PLOT(0.,0.,999)

STCP

END

ARAAA A A A AKX AR A A XA XA AT AN A XA AN XA AR A AN A AKX AR R AA XX AKX X AR A kkk kX

*

* DEFINED FUNCTIONS FOR CONSTANTS OF INTEGRATION
* IN MU AND CURRENT EQUATIONS

*

Kok kKK KKK KKK KK A K Ak kA ke kK kb ok ok kA ko AN R Ak ok ok ok A K Ak ok ok Kk kK ok

REAL FUNCTION K1(A,U,T1,W,V,LL,VC,R)
REAL K11,K12,K13,A,U,T1,W,V,LL,VC,R

K11=2./(1.+EXP(-U/ (W*T1)})
K12=V/ (W*LL) * (COS (A) -COS (A+U) )
K13=VC/ (W*LL) *U* (1.-2.*R*T1)
K1=K11*(K12-K13+2, *VC*T1)

RETURN
END

REAL FUNCTION K2 (A,T1,W,V,LL,VC,R,F1)
REAL A,T1,W,V,LL,VC,R,F1,K21,K22,K23

K21=V/ (W*LL) *COS (A)

K22=F1/2.
K23=(VC*A) / (WALL) * (1.-2.*F*T1})
K2=K21-K22+K23

)

ETURN
ND

o]

REAL FUNCTION K3 (A,U,T1,W,V,VC,Fl,PHI,Z,R)
REAL A,U,T1,W,V,VC,F1l,K31,K32,K34,2,R,K33

K31=F1*EXP (-U/ (W*xT1))
K32=2,*VC*T1
K33=VC/R
K24=V/Z*SIN(A+U-PHI)
K3=K31-K32+K33~K34

" RETURN
L]
s END
PJ.'\"
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D . 3UBRSUTINE TO PRINT INPUT DATA AND CALCULATED
E: . CONSTANTS TO QUTPUT FILE
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Fe' o s 2 X2

S T VLT

SUBROUTINE OUTPUT(F1,F2,F3,71,72,V,VC,LL,L,R,ALPHA

&,MU, F, EFACT, RUN)
10 FORMAT (/)
39 FORMAT(//)
1

& PROGRAM SINGLE PHASE')
FORMAT (34X, '"RUN #',F6.2)

P

SN SN Y
W M

FORMAT (10X, 'FIRING ANGLE

b bbb pa Ro

FORMAT (10X, 'LOAD RESTANCE
FORMAT (10X, 'LOAD EMF

i N T - ]

o

oL

WM = O WW -~ o U

Fay

FORMAT (15X, 'K1=",G18.8)
FORMAT (15X, 'K2="',G18.8)
FORMAT (15X, 'K3="',G18.8)

[ ISR SO R (SR SO ST SO I SO I $

e A R R
~ o

WRITE(7,410)
WRITE (7,411)
WRITE(7,412)RUN
WRITE(7,399)
WRITE(7,413)V
WRITE (7, 410)
WRITE{(7,414)F
WRITE(7,410)
WRITE(7,416)ALPHA
WRITE(7,410)
WRITE(7,415)LL
WRITE(7,410)
WRITE(7,417)L
WRITE(7,410)
WRITE (7,418)R
WRITE (7,410)
WRITE(7,419)VC
WRITE(7,410)
WRITE(7,422)T1
WRITE(7,410)
WRITE(7,423)T2
WRITE(7,410)
WRITE (7, 420)MU
WRITE(7,4170)
WRITE(7,421)EFACT
WRITE(7,399)
WRITE(7,424)
WRITE(7,410)
WRITE(7,42%)F1
WRITE (7,410}
WRITE(7,426)F2
WRITE(7,410)

FORMAT (10X, 'PEAK SOURCE VOLTAGE
FORMAT (10X, ' SOURCE FREQUENCY
FORMAT (10X, 'TRANSFORMER INDUCTANCE

FORMAT (10X, 'LOAD INDUCTANCE

FORMAT (10X, 'COMMUTATION ANGLE
FCORMAT (10X, 'ACCURACY FACTOR
FORMAT (10X, 'COMMUTATION TAU
FORMAT (10X, '"CONDUCTION TAU
FORMAT (10X, 'CONSTANTS IN CURRENT EQUATIONS')

', G18.
',G18.
', G18.
',G18.
',G18.
', G18.,
',G18.
', 618.
', G18.
', G18.
', G18.

1 FORMAT (10X, "INPUT DATA & CALCULATED CONSTANTS

FOR

VOLTS ")
HERTZ ')
HENRIES')
DEGREES ")
HENRIES')
OHMS ')
VOLTS ")
DEGREES ')

SECONDS')
SECONDS ')
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WRITE (7, 427)F3
RETURN
END
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APPENDIX B
INSTRUCTIONS FOR RUNNING THE FORTRAN PROGRAM
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INSTRUCTIONS FOR RUNNING PROGRAM SGLFAZ ON THE UT CDC DUAL
CYBER 170/750

Tox into your account, then type the commands listed helow at Lne
syrropriate prompt.  User Inputs are in boldface tyre.

.READ PF ***x *&xx% GQGLFAZ
.FTN5 I=SGLFAZ

.REWALLX

.LDSET LIB=ZETLIBF/

.LGO

-xx xxxx 1g the access code for the permanent file where the program 1=

L this point,you will be presented with a choice of
ined in the source file or entering your own.

e Lo input your own data, the program wil! pr

o Correct units for the data are indicated with -
AN the program has run, the load response can e pliotted. Anoohe -
b Lotype: >

4

.DISPOSE PLOT 1ID=**

Ry
'I"‘

*+ 15 the unit identifier for the plotter you are ucing.

Jder to view the lnput data used and the constantys oaloulate r I

0

-

aram (M, X1, k2, kz, «, T1, and T2) on the screen, vuvpe

.SHOW TAPE7 .
If vou want to print the data on a line printer typ:: r

-
'
"'

.PRINT TAPE7 1ID=**

A}
frols the unit o identifoer o alovhee Ui vty oo
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