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ABSTRACT
The voltage, current and‘torque equations of a two phase
generalized machine are reviewed and the transformation are
derived for the equivalent tw0-phase commutator primitive of
the three-phase slip-ring machine. The design of an SCR control-
led inverter for speed variation of the two phase machine is
presented and a method of comparing‘theoretical withrpractical

-

values described.
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INTRODUCTION

The speed of an inauction motor can be controlled by; va-
riétion of the supply ﬁoltage, éhanging the number of poles,
introduction of external rotor resistance, 6r varying the supply
frequency. Variation of the supply voltage or changing the num~‘
ber of poles gives a very limited speed range and incofporétion
of rotor resistance is inefficient because of the large loss.
Speed control using a variable frequency inverter is gy far the
most superior methodf

In this thesis an SCR bridge inverter is designed for the
provision of a two-phase variable frequency supply. The equations
for a two-phase generalized machine are reviewed and transforma-
tion matrices developed to relate the more common three phase

machine to the two-phase commutator primitive machine.
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EQUATIONS OF A TWO PHASE GENWLRATIZED MACHINE

Geoneral:

The generalized machine is an assembly of standard and
speéial components. It was first conceived by Professors D. C.
White and H. H. Woodson from the earlier work of Professor Gabriel
Kron. Because of its flexibiliity it can be used as auny practical
machine by appropriate connection of and supplies to its windings.

The theoretical treatment starts from e consideration of the
two phase slip-ring primitive and the transformation leading to
a two phase commutator primitive.

The dynamic circuit theory is extended to cover the practi-
cal three phase slip ring and the transformation to a three phase
commutator primitive. The latter is replaced by a two phase commu-~
tétor primitive plus a zero scquence component.

Modification of the general equations to conform with the
circuit configuration then yields the performance equations of
an induction motor,

Primitive macﬁipes are essentially theoretical concepts and
have no practical significance since the compromise in their design
attendant on their need to perform all tasks, means that they can
do none well. However, such machines can be built ana the two

Westinghouse Gereralized machines are practical examples.

n
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Rotating And Stationary Axis :

Slip rings as well as a commutator can be interposed on the same
shaft of a rotor, and the equivalence of both requires that the overall
flux distribution in both cases be identical aﬁ any instant in time,

If it is assumed that the flux distributions of the individual
windings are sinusoidal then we can obtain the relationship belween the
rotating and the stationary systems as shown in Fig. 1-1 and Fig. 1-2.

¢g = O cos @+ ¢rB sin 6
¢rq =.¢rﬁ cos € - ¢ra sin ©

The sbove relationships can be expressed in matrix form

¢.q cos & | =in @ $ o
$ e [sine | cose ¢rp

- 0o | ees 8 | ~sin © b ]
, 4)1‘8 sin & | cos © (brq

vhere rd and rq define the fixed coils
ra and rf define the rotating coils
If we include the stater windings as shown in Fig. 1-3 and
Fig. 1-4 and consider the magnetomotive force to be equivalent, then

matrix 1 expressed in terms of currentsbecomes

i 1 0 0 0 i
iy 0 1 0 0 i,
i, o 0 | cose |-sin 6 iy
2 2
iy, 0 0 | sin@| cos© iy
or Io = C In ————— 2

vhere o stands for old and n stands for new,



d (direct) axis
A '

X
O+\e . @
()‘
(& ?2(}4
zsa:o«\ > B
~ q (quadrature) dy’;s

FIG. 1-1 ROTATING SYSTEM

9,
I I q axis
fq

FIG., 1-2 STATIONARY SYSTEM



vhere C = 1 0 0 0
0 1 0 0
0 0 cos © | -sin ©
0 0 sin © Cosve
and =l 1 0 0 0
0 1 0 0
0 0 cos O sin ©
0 ¢ -sin © | cos ©

The voltage relation can be deduced from the fact that the power

flow in both machines is egual

T T

By Inp=E I

— e el e '5

]

=
e

i

Transposing both sides
7,7 T

(e T 7
) = (LO C) =C &

(B 2

n

T\
E,=C &

The next step is to establish interrelations between the winding
impedances, which would satisfy the power invariance

EO‘ = RO IO + P (LO IO) —_ — -—-—-—L‘{'

where p=d_
at

Substituting for EO and Io in equation 4 from equations 2 and 3%
T T )
E =C E =C (R CI +p (L CTI))
n o] o n o] n

1__T, T _. T
E =CR/,CI +C L CpI +C p (L C) I,

n
EannI+anI+Gc%I L 5
where R ::CTR
n TO
= L

C c :
n o} ’



FIG, 1-3

THE SLIP RING PRIMITIVE

F1G, 1-h

THE COMMUTATOR PRIMITIVE
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where G = 9T,
0

m

and

G, =

<

cl g

26

- m | - T ' T
G wp= T (R (1, ) ¥ = (mC’ 1, DC + €T 6 C) Wiy

For a machine with a2 uniform air gap the resistance and

inductance matrices are given by

Ry = P‘s 0] 0 0
0 RS 0 0
) 0 i 0
0 0 6] Rr
L = L 0 ~-Mgin 6 Mcos €
[} 8
0 Ls Mcos @ Msin €
~Msin € Mcos € L 0]
r
Mcos © Msin © G Lr
The resistance matrix for fixed coil then becomes
Rp= {1 0 6] 0 Ry 0 0 0] 1 0 0
0 1 0 0 0 Rg 0] 0 0 0 0]
0 0. cos 8lsin €110 0 R. 0 0 cos 6 | ~-sin®
0 O |-sin €lcos €10 0 0 R, 0 sin 8 | cos0
Rn = RS' 0 0 o]
0 R 0] 0
S ———e—— 6
0 0] Rr 0
0 0 0 Rr
The inductance matrix is deduced similarly
Ln = LS 0 0] M
0] L_ M 0
0O M L -0 .
r
M 0] 0 1,
r




The motional inductance ferm ic
Gc =m| ] 0 0 0 ’LS O t-Msind [McosOf|l 0 0] 0
0 ] 0 0 3 0 ]é Mcos® |Msing | |O 1 0 0
O [ 0lcos8 sineae-$kﬁrmMcose L, to 0 0 | cosp|-sin0
0 | 0| ~sindlcos |Mcoso |Msing O L. 0 0 | 5in@| cos @
Go=m} O 0 0 0
0 0 0 0 ‘
—_——238
-M 0 0 -—Lr
0] M Lr 0

Substituting matrices 6, 7 and 8 in equation 5 the impedance

mztrix becomes

Ry + Lo p 0 0 M p iy
0 R, + Lgp Mp 0) i,
—m(g;M Mp Rr + Lr Y —nl&#lk 13
Mp m W M m) L, R+ L. pljiy

where a%7is the rotational speed of rotor

m is the number of pair of poles

Three Phase To Two Phase Transformation:

The method of dynamic circuit theory for a

two phase commutator

system has been derived. Although the resulting simplification in the

matrix manipulations

reality in which two

next logical step is

are quite handy to use, it is far removed from

phase system are practically non-existent. The

the consideration of the three phase system which

is universal and the means of transforming the three phase system to

a two phase system and then arnalyze

’

as previously described. If one



would consider the nroblem in the three phase system, the result
would be a complex matrix with 36 elenents as egainst 16 of the
corresponding two phase machine, ITn addition, since the windings
are spacially distributed at 120 degrees rathe? than 90 degrees
intervals, the mutuzl coupling are more complex. The impedance
matrix for a three phase slip ring primitive as illustrated iu Fig.

1-5 18 given in matrix 9

R +Lqp Mp Msp Mpcoss Mpcos Mpcos
°F © ' (€+120) [ (0+240)
ﬁsp. R_+L_p M p Mpcos Mpcos® |Mpcos

T - (6+240) (6+120)
Mo Msp RS+LSp Mpcos Mpcos {Mpcose
B (6+120) | (e+2h0)
7 = .9
Mpcos& Mpcos Mpcos R +L p M p M v
(e+240) | (e+120) | © 7 ! s
ipcos Mpcosd | Mpcos
L7120 AL
(8+120) (8+240) Mrp R +L. p M_p
Mpcos Mpcos MpcosS Mrp Mrp Rr+ Lrp
(e+240) | (8+120)

The Three Fhase Commutator Primitive

The condition for equivalence of rotor M.M.F's leads to two
equations which can be obtained by resolving the currents along the

axis of winding 4 and perpendicular to it

iu+i5cos 240 +igcos 120 = ijcos 6 +iécos(9+2ﬁ0) +iécos(9+120) e 210
issin 2h0 +i6sin 120 = iAsin & +iésin(6+240) +iésin(9+120) —_———1

the third relation is derived from the equality of the neutral or



(a) SLIP-RING

FIG. 1-5 THREE PHASES PRIMITIVES

(b) COMMUTATOR



..huence current i.e.

jh + i5 + i6 = i& + ié

+ ié
S

< ons 10, 11 and 12 may be written in matrix form as follow:

12

1 1 iq 1 1 1 iﬁ
c05240[cosl20 i5 =1 cos O | cos(6+240) |cos(8+120) ié
in2bol sind 20 i6 sin € | sin(@+240) | 53.n(©+120) ié

- wnich by inversion of the appropriate matrix, the following

‘onships are obtalined

rn

. bo noted that cT= ¢-1,

25 the property of orthogonality.

-fiec complete current matrix has the form

i 1 o} i
s5¢ sn

*“4. =

i 0 C i
ro rn

The

therefore the connection matrix

1+ 2 cos @ 1 + 2 cos(8+2L0) 1+ 2 cos(8+120) i,

;%£1 + 2 cos(8+120) 1+ 2cos 8 1 + 2 cos(e+240) ié

1+ 2 cos(8+240) 1 + 2 cos(©+120) 1+ 2cos® ié
or Iro = C Irn

1+ 2cos @ 1 + 2 cos(6+120) 1+ 2 éos (6+120) il+

.1+ 2 cos(6+2h0) 1+ 2cos6| 1+ 2cos (6+12) 15

11+ 2 cos(04120) | 1 + 2 cos(e+2bo) 1+ 2cose| |i

or I = ¢cl1

ro

impedance matrix ZC of the commutator primitive is given by

11
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Zc = 1 0] Jig Zn 1 0
0 Cy it Zp 0 c
————— 1%
Ct th Ct Ar ¢

The evaluation of ZC is simplified by partitioning in this way.
The problem is reduced to determine the three submalrices Zm C;
Ct th, Ct Zr C. For simplicity let us consider the C matrix as a

summation of two matrices C1 and C2 such that

C = %? 1 1 1
1 1 i 14
1 1 1

C,= %% cos € cos(8+240) | cos(e+120)
cos(6+120) | cos € cos(e+240) | 15

cos(e+240) cos(0+120) cos @

The problem will involve the products()lt Cl’ Clt C2 and Clt g92

de
From 1% and 15

dcy_
T
aCp 2 | sin @ sin(e+240) sin(6+120)
ad - 73

s5in(8+120) sin € sin(e+240)

sin(©+240) sin(8+120) sin ©
Ci¢ C1 = €4
Cup Cp = Cpy Cy = Gy &€, =dC, Gy =0 —~ 16
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2 evaiuation of Zm C

W

il

From inspection of submatrix 2., it can

2 -] -1
-1 2 -1 o 17
-1 -1 2
0 R
-1 0 T 18
1 -1 0

be rewritten as

an—élvl P C2t e .. 219
2
2 C=3MpcC, (C,+C)
2
From equation 16 Csy Cy =0
by © = 2 M p Oy €
2
= é’M (C2t C,p+ G,y (p 02) + (p Cet) CZ)
=3MC, C,p+ 3mwM (c ac.\ + fac.,\ C
2 L » 2 A 54
5 Ve 2 z | Ve | g2 oet] e
From 17 and 18
L C =2 M Coy Cpp
2
= Mp ~-%M p ~¥M p
~M P M p M | 20
-¥M p .-%M P Mp

;!'h(: o R , - .
valuetion of Ct Tyt ¢

By transposing eguation 19



14

Hence Cp 74 . :_% M (Clt + CEt) (Cz P+ P C2>)
=3MC, C,p+3m MC, dp
2t 72 5 2t =
=| Mp -yMp+¥m” M ~Vatp-Yoma) 14
2 2
~1aMp-fBm w M Mp ~yap+Bmu M -2l
¥ 2
—%Mp#@hu%M ~%Mp—ﬁhq;M Mp
7 z

.

The evaluation of Ct Zr C :

This will be accomplished in three parts, the resistance, the

self inductance, and the mutual inductance components being treated

separately.

a) Rotor Resistance

Ci R, C=R.C C
= R
- (Clt c1 4 02t 02)
= | R, 0 0
0 R. 0
0 .0 R,

b) Rotor Self Inductance

i

CtLrpC

L. Cy Cp + mw,L. C; dC

dae
= Lr 8] \‘]f;m% L, -%gm wl,
-‘7‘.-1‘;“ allnLr Ll" p V—%:m algn LI'
f?n%%Lr T%ma&Lr Lpp
c¢) Mutual Inductance
S - e - S £ = A
imilarly Ct Mr p C 3 Mr Clt Cl C1 P
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M ) = I p - 1 mw M 4 + 1 mwV
Ct Mop C Trp ;?3 m“’:a T Irp ‘ '@'m%nlr
; -1 nw i Mp-1mwM -
hrp %;nuﬁlr 0 P Fim M 24
Mp -1 mwi Mp+ 1 nwh 0
T V3 mr r G omr

The impedance matrix for a three phase commutabor primitive with a

> Z

uniform air gap is obtained by substituting matrices 20, 21, 22, 25

and 2k in 13

~
Rg+lgp Mgp Mgp Mp ~¥Mp -1 p
Mgp R +Lgp Mgp ~¥Mp Mp -15Mp
Mgp Mgp Rg+lgp | ~1p ~¥Mp Mp
_ Mp ~¥Mp ~YMp R +Lop M p+ %x 1D
sl | -Gl 164, (L=t L (L-4,) | 25
~V2Mp Mp . ~¥Mp M p- R,+L.p M, p
~Bm Wi +§m w M }% meg, (L 1—« M ]; VLSm W (L,.~M.)
~Mp ~12Mp Mp M p+ M p- 17’3, x | Rp+Lop
+§nl w M ~yime« M ’VLS ma (L o ) mey (T~

Phree To Two Phase Transformation :

The next move is the transformation of a three phase commutator

primitive to a two phase commutator primitive as illustrated in Fig, 1-6.

The conditions for equivalence of magnetomotive forces are obtained by

resolution along the direct and quadrature axes

i 1
11—-

o
to

cos 60 & i

..12 3

i_cos *0 - i_

2 3

cos 60
cos 30

These equations are sufficient to define the two phase system

’
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FIG. 1-6 THREE AND TWO PHASE HQUIVALENCE
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in terms of the three phase system, bubl the extra degrec of frcedom
possessed by the latter prohibits the inverse relationship, which ie
necessary for the inmpedance transformation Z, = Cy Zg C. The two phase
system must be given an additional degrez of freedom vhich does not
affect the magnetomotive force relationships of equation 26 and a new
independent relationship between the variables must be established,
The exﬁra degree of freedom is obtained by introducing an impedance
Z,, carrying a current i,, which is external to the two phase machine

.

and hence make no contribution to its M.M.F's and defined by

________ 27

iO = i.l. + 52 + j“j

Equation 26 and 27 can be combined in a mstrix form as follow

io 1 1 1 11
4=l -cos 60 -cos 60 i
2
it 0 cos 3 cos i
> = P

Similarly a relationship for the rotor current can be derived

and the connedtion matrix between the two and three phase becomes

igg| |1 1 1 0 0 o |l
iq 1 ~-cos 60 -cos 60 0 0 0 is

]
i2 0 cos %0 -cos %0 0 0 0 i3

= _28

iop 0 0 0 1 1 1 iy

1]
15 0 0 0 0] cos %0 -cos 0 15

t
iy 0 0 0 1 { -cos 60 -cos (0 ig

A computer program was written to invert the connection matrix

28. The result is tabulated in matrix 29



iy 1/3 2/3 0 0 0 ¢] il
i, /% -1/3 1% 0 0 0 il
iy /% | -1/3 | -NZ | o 0 0 i)

= - - —-—=-29
iy, 0 0 0 1/3 0 2/3 i,
ig 0 0 0 1/3% N3 ~1/3 il
ig 0 0 0 /% | -3 | -1/3 i

or I = C I

(o] n

The voltage relationship may be directly written down using

) 1 I '-_ g e 3 1 ) r = 3 1
the invariance of power condition V., = C¢ Vo 7ppe impedance matrix

Zp for the two phase equivalent is obtained from the three phase
system 25 by using the transformation Ct Z5 C vhere Z3 is given by

the matrix 25. Partitioning is used in this case because of the

complexity of the matrices.

Zo= 0y | O 31 | %2 Cy 0
0 Cot | | %35 | Zun| |© Ca
= | Ci¢ 211 Gy Cit Zpp Cp
r; Iy . V- —-== K)
Cot 233 Oy Cop Zuy €

The preblem is reduced to determine the four submatrices

of matrix 30

The evaluation of Clt le Cl

This will be accomplished in two parts, the resistance and
the terms which have the operator p

a) Resistance

18
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. = 7 1/3 1/ R 0 1 2/ 0
2/3 | -1/3 | -1/3% o | R | O /3 | -1/3 | w3
0 NG| =B o | o | R | W3 | -V/3 | -IAD
= /% R_ 0 0
2
0 2/3 R 0
0 0 2/% R
b) Terms in p
Similarly the terms in p are reduced to
- s i A A
Cip ¥y Gy = (1/3 L, + 2/3 M) p 0 0
0 2/3(L M )p 0
0 0 2/3(L~M )p
Combining a and b we obteain
' . 3. Z T M
Clt All Cl” 1/3 Ré(l/j LS+2/) hs)p 0] C
0 2/% RS+2/3(LS-MS)p 0
¢ 0 2/2R 2/ 3 (LM )p
The Lvaluation of Cor 2y, C2 .

This will also be accomplished in two parts, the terms with and

without p

a) Terms without p

.

Cop Ryy Cp ={ /3| /3] 1/3|IR | ¥ | -F| |1/3 0 |2/3
o |WNB|-aNE||-F| » | F| |v3| W5 |-1/3
2/3|-1/3 | -1/3 [ |F |-F R 1/3 | -1/V3 | -1/3

where F = 1/{3 mw (L - M)
m r r

231



c. = | 1/3 R

Cat Rt 2 1/ r © 0
0 | 23R ~2/\3 F
0 2/\3 P 2/3 R

b) Terms with p

Similarly the terms in p are reduced to

C C

ot Fuy CF

20

(1/3 L +2/3 M _)p 0 0
0 2/3 (L =M )p 0
o o 2/ (L -M Jp

Combining & and b

C. . 4,,C =

/3R +(1/31, +2/34 )p
xr r r

0

0

2t hh T2
0 2/3R +2/5(L -1 ) -2/3 mw (L -M )
/J\r /5 r o P /5 m( r r 32
3 - 3R +2/5(L -4 )y
0 2/3 mtum(lr M) 2/ 3R *2/3(L - )p
The Evaluation Of CZt 233 Cl :
The multiplication of the above submatrix will be done in
two parts, terms wilth p and terms without p
a) Terms without p
C2t R33 Cqy 1/3 1/3 /3 0 F - 1/3 2/3 0
o [ INB | -3 [ -F | 0 F /3 | -1/3 1 N3
2/3 | -1/3 ~1/3 F ~F 0 /3 | -1/3 | -1/V3
where F = 4372 mcumM ‘
= 0 0 0
0 -mw, M 0]
0 0 m W M




b) Terms with p

21

r

X _C. = .0 0.
CZt 33 1 ©
0 0 .0
0 Mp 0
By adding a and b we obtain:
= 0
C2t Z33 Cl 0 0 °
0 -mme 0 | == === 33
' M
0 Mp mwmi
The Evaluation of Clt 222 C2 .
) = = -
Cly %op Cp=| /3 | /3 | 1/3 1 =k | - || V3| 0 |2/3
/3 -3 -Y/3 M-k | 1| -k V3 | N3 |-1/3
0 W3 | =B = |- | -1 /3 | /{3 |-1/3
= 0 o 0
0 0 Mp | @ - - - - - zh
0 Mp o
The impedance matrix for the two phase commutator primitive
with a uniform air gap is obtained by substituting submatrices 31,
32, 33 and 3% in matrix %0
v! R +L 0 0 M 3 1
1 sl slp P l1
v! 0 R _+L M 0 i!
2| s1 s1f P 5
v | T -mw M 0 R +L -mw L s L R
3 m rl rlp m rl 13 5
v! M mw M m L R +L it
b P m “n Tl 1 | [t
Vos = (1/3 Rg +(1/3 Lg +2/3 M) p) i g ;
S 3
Vor = (W/3 R +(1/3 L +2/3 Mr.). p) i
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M)

Lo = 2/3 (L. - M)

The matrix 35 is identical to the two phase commutator primitive
derived vefore. Hence the above lenglhy calculations led to the
familiarvfour by four impedance matrix plus two independent zero
sequence equations 36. The resistances and inductances are adjusted

from three to two phase.

Torque Equation:

In a rotating wachine the mechanical ouvtput power is equal to
the product of output torque and speed of rotation

T, d¥ _
©at = Fout

And from Appendix A

Pout = %2 3oy 4L 3
at

* J;'e =% ‘ot glilo =1 Tot G R 57
ay
where Tc i= the elertromagnetic output torgue

Y is the angle of the rotor relative to the stator
G =

L
ay

The current in the above equations are instantaneous values
and the torque 1s the instantaneous torgue. Phasor currents may

*
be used provided it is replaced by the conjugate of I i.e. by Iy

T =1%1,GI

*
t



From equation 5, G, = [m C, b 9C+C GC
A% .
' 0e

Equation 37 in the fixed axes becomes:

To = iy Cp Gy C iy =iy G iy

By inspection the matrix Gn can be rewritfen as GC + Gct

. - 1 - . . 19 1] 0
° e Te % Tt Gc h * % Tnt Gct n

but (i . G i), =31i ,G i =41_,.G
( nt “ct n)t nt "¢ "n nt ¢t n
Since torgue is a scalar whose transpose is equal to itsell

o a .
T =iy Go 1y

. RN I
= P PR
n ll > ZLj 'L}+

A

N o~

Mgl o o [-Lgf {4

N -

1w 3
0 M q Lq 0 . 1 l+

By omitting the factor ¥, the same rule as for the slip-
ring machine may be used for deriving the torque eguation of
the commutator machine.
Equation %8 reduces to:
T, =m (=My iy iy - Ly dy dg ¥ Mq iy i, Lq iy i) --39
The torque which is delivered to the Torquemeter by the
generalized machine is given by:

To=T, - CJ§2-+D w-+c) _____ 40
dt

where J is the moment of inertia
D is the coefficient of viscous drag (windage)
C is the Coulomb friction torague

Te is defined in equation 39



CHAPTER 1TWO

INVERTER DESIGN

General :

In chapter one, the eguations whiqh express the voltage,
current.and torque of a two phase induction motor have been derived.
The object of this chapter and the following chapter is the gene~
ration of a variable frequency, two phase waveshspe, by a parallel
bridge type-inverter, to power the two phase induction motor.

The flux density for an induction machine is directly proportional
to the voltage and inversely proportional to the frequency.
Consequently, to maintain a constant flux density, a constant
Volts/Hertz ratio must be maintaiued. This means changing the

applied voltage with a change in frequency.

Single Phase Inverter :

A single phase bridge inverter with feedback circuitry is
shown in Fig. 2-1. The output terminals are labeled Ay and As.
A blocking rectifier (R is in series with each SCR, upper and
lower commutating capacitors are indicated between SCR and diodes,
and feedback diodeé (Fi) are connected to cach output terminal.
The series blocking diodes prevent tﬁe charge stored on the commu~
tating capacitors from discharging through the load. The voltage

of the commutating capacitor is charged to a maxiwum immediately

before the commutation of an SCR. After commutation of an SCR,

2k
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the residual current of the lead flows through one of Lthe feedback
rectifiers to the line. Two reactors (L), along with theilr shunt
diodes (¥K), suppress the surge current due to the commutation
transient, assuring a constant potential at the SCR bus. Consider

the case where SCRl and SCR, are triggered; the capacitors Cl

2

and C, are charged to a voltage cqual to the source voltage. When

2

trigger pulses are applied to SCR, and SCRM, coausing them to conduct

5
SCR’3 places the negative end of the charged capacitor Cl on the

positive DC bus, and SCRM places the positive end of the charged

capacitor on the negative DC bus. Capacitor C1 discharge current

flows through the path R], Fl, L and SCR3 while the 02 path is

Loy Fq, R, and SCRQ. The potential drop thus developped across L

2
reverse bias SCRl and SCR2 simultancously. Fach succeeding mode
repeats in a similar fashion,

One of the major disadvantagesof this construction is that
an instantanegus switch must be made from one polarity to the other.
This means a simultaneous turn-on of one SCR, say SCRA, and turn-off

of the other, say SCR,. Because of the very fast turn-on (typically

1
one microzecond) and relatively long turn-off time, the SCR's would
present a& direct shorl across the supply, and would result in

component failure, This led. us to investigate the SCR turn-~off

time, and the SCK turnoff mechanism in the following sections.

SCR Turn-Off Mechanism :

When a2 thyristor is in the conducting state, each of the
three junctions of Iig. 2~2a are fTorward biased and the two base

regions (Bp and Bn) are heavily saturated with holes and electrons

i
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(stored charge). To turn-off the thyristor in a minimum time, it

is necessary to apply a reverse voltage. When this reverse voltage
is applied the holes and electrons in the vicinity of the two end
junctions (Jl’ Jﬁ) will diffuse to these junctions and result in

a reverse current in the external circuit. Thenvoltage drop across
thevdevice will remain at about +0.7 volts as long as an appreciable
reverse gurrent flows. After the holes and electrons in the vicinity
of Jy and J5 have been removed, the reverse current will cease and

the junction Jy and J will assume a blocking state., This interval

‘j
is represented by t,.. (reverse recovery time) in Fig. 2-2 b. The
reverse voltage across the device now increases to a value determined
by the external circuit. Recovery of the SCR is, however, not yet
complete, since a high concentration of holes and electrons still
exists in the vicinity cf the center junction J,. These carriers

are removed by recombination which is independent of external bias.
When these carriers have ncarly completely recombined the junction
Jo can then régain its blocking state. If the carriers are not
sufficiently recombined, they can cause J; and J3 to inject as

soon as they are forward biased during the forward blocking cycle.

This interval is represented by t.. (gate recovery time) in Fig. 2-2 b,

gr

The turn-off time toff is defined as trr +% It is not & constant

gl’“
but is a function of several parameters as increase in forward current,

rate of decay of forward current, peak reverse current, increase

in forward blecking voltage.
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¥Yerced Commutation @

The commutating principle of the parallel inverter is illustrated
in Tig. 2-3%. The term parallel capacitor-commutated inverter is used
to indicate an inverter which is commutated by a capacitor connected
in parallel with the load. This circuit illustrates the comnutation
action obtained in wmore efficient parallel capacitor inverters.

When SCR; and SCR, are gated on simuitaneously, in Fig. 2-3,

P
with switch 3 closed; the capacitor C will charge exponentially, with
the polarity shown, approaching the DC source voltage. Then switch 5
is closed to discharge the capacitor ¢, switch 2 is moved from A to B,
and switch 3 opened, SCR3 is gated-on, connecting the capacitor C

across SCR, in a direction to provide a negative anode to cathode

1
voltage, lthereby diverting the load current through the capacitor C,
turning off SCRl. The capacitor C, resistance ﬁ‘and the voltage to
which C is charged must be sufficient to divert the maximum load
current from the SCR for the time interval (toff) required for the
SCR to regain ability *“o hold off forwapd voltage.

The voltage across the capacitor is given by:

eV QLo2et/EE, 1

For v in equation 1 to be zero, t should be equal to .7 RC.
The circuit turn-off time T is equal to .7 times RC and wmust always
be greater than the turn-off time of the SCR otherwise the SCR will
turn~on. The values of R and C were decreased to a value that did
not turn SCR off. The valge Jjust above this combination can be taken

as toff and was in the order of 20 microseconds,
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The delay betwzen the scope triggering and the voltage
measurement across SGRl is determined by RC of the firing circuit
and is given by T = RC 1n 1/(1-%)
where 7 is the intrinsic standoff ratio

For an approximate value off =.6% , R=1.5E0 and C=.15 YT

the value of T is equal to 2254 seconds,

ILC Forced Commmtation :

In the circuit illﬁstrated in Fig. 2-h (a), SCRl and SCR2 are
gated-on with switch 1 closed. The capacitor C charges as indicated
to a voltage Ei eyual to E. Wnen steady state is rcached, switch 1
is opened and SCR5 is triggered on, vhich reduces Fig. 2-hiaito
Fig. 2-ktbiwith initial voltage on the capacitor Ei = F and initial
currentsvil(0+) = I, and 12(O+) = 0

Replace diode D2 by a resistance R2 =~ 0.2

The differential equation for the circuit is:

i R, =1d, Ry + L di, - B 2
2= 1 Ty Qly == e ~
2 qt
“i, Ry= Ldi, + Ldi,+ 1 {i,dt + 1 |i,dt — - - - 3
> €1y et ) 1 >
22 dat dat CJ c J 2

The Laplace Transformsof equations 2 and 3 are:

. B )

(Ry + L 8) I Ry I, -_1?5;_ + LI, ----h

IS + L)11+(LS+;_+R2 I=E, + LI -5
Cs cs s

Solving equations & and 5 the Laplace Transform of i, and iz are:

R(W (81 P + BLS2 4+ ALS + 1)
Il(s) = === 6
S (¥Y(1) 83 + ¥Y(2) 5° +Y(%) S 41 )

s

where R(H) = __E

Rl + R
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and

where

=(1 + TS) (,gglg 82+ 1 (y(a) - gg;)) S+ 1 (Y(B) -1

vhere

| ? .
I, L7 ¢
E

it

hey)

BlL=(ELC+2I,LR,C)/E

= T AJ ) e o]
Al (*0 L+ 2ER, c) /B

o
N
fos
S’
T

2 : ,
- c / (Rl + L?)

<}
—
A
~—
I

= (Ry LC+ 2Ry, L C) / (R + Rp)

(R

e
~
W
o
]

" 8] )
R2 c+ L)/ (hl + LZ)

1

B Y(W) (BS?+ A S + 1)
S (Y(1) 82 + Y(2) 8% + Y(%) § + 1)

V()= % / (Ry + Rp)
B: -(1 L 13
B: (1 LR, C)/

h= ~(E R C -1, 1) /E

Factoring the cenominator of cquations 6 and 7 yields:

T T T T

R = 1“‘»__1_(ch> -_;(Y(a) - y_(_l_))
T T 7

Fl‘

(Y(2)~ (Y_(_y)
fll

e 9

Yor the remainder to be zero equation 9 becomes:

5 ¥(3) T2 4+ Y(2) T - Y(1) = O

tquation 10 bas at lezst one real root and two immoginary

roots. Equation 9 is solved on a digital computer using Bairstow

technique. The value of T is substituted in equation 8, then R is

7zero.,

Substituling equation 8 for the denominator of 6 and 7:

R(5) (81 82 + BL 8% + AL S + 1)

Il(S) =

S (1 + TS) (Y(6) 82 + Y(7) S +

‘1)

———— 11



where w(5) = RUO.T//(V(B)-«;L(Y@& - ggg))
P T
Y(6) = Y(l)// (Y(B) -1 (z(z) - zg;)))
‘ T T
Y(7) =

(Y(a) - }é;gl//('Y(B) -_%_(Y(Z} - g%;%n

. Y(5) (BS2 + A S + 1)
and IP(S) oz — 12
- S (1 + T8) (Y(6) 82 + Y(7) S + 1)

where Y(5) = Y(u).T// (Y(B) - g_(Y(z) - Y 1)))

m

fjl
Equation 12 expressed in partial forms:

AA RB DS + B
I5(8) = —— 4 + 5
s i+ TS Y(6) ST+ Y(7) S + i

S

vhere AA = Sla(Sﬂszo
BB = (1 + 58) 1,080 |5 3 /p
D and E are fourd by equating 12 and 13%:
D = - (T.Y(5).Y(6) + BR Y(6)) / T
E = ((BY(5))-(Y(5).Y(6) + TY(5).Y(?) + BB.Y(?) + D))/T
Al) the above constants were calculated by using a digital

computer for the following set of data

B=30 volts =1 milliHenry Ry =2.72 ohms R, =.2 ohm
IO =11 amperes ) Ei =30 volts
~10.27 2514 1073 2.75x1077 § + 7.5x10""
-'. ]—2(5) = + N 7 ) - _7 2 _3
s 1+0.342x107° 8 0.25x1077 5% + 0.494x1070 5 + 1

By using the tables the inverse transform of 12(5) is:

3

i,(t) = ~10.27h — 0.7348 o t/03M2XI0T gy o m98.9t inigroriign i)

By using the tables the inverse transform of.I,(S) is:

AN



DIMENSION ’

\
READ Rl, R2, C, L, By, I
Y .
CALL BAIRST TO SOLVE T2 - Y(%) T% + Y(2) T -~ Y(1)=0
)

T = Real(T)

{

COMPUTE £; B, Y(1), Y{2), ¥(2), YU, ¥(5), ¥(6), ¥(7)

A

[99MPUTE AN, BB, D, E

-

DO 21 =1, 100

Y

1,08 = an » BB YT 4o om 1 gin(o VIFE + @)

{

t =t + n/(wxk8)

Y
WRITE t, ia(t)

f

g1




Y —
COMPUTE CS1, Bl, Al|

DO 31 = 1, 100

f

() =1+ K et/ Ko e~ ot sin(wvriif??t -)

{

t =t + /(0 48)

f

Write t, i,(t)

PO & T = 1, 100

4

ip = 19(8) + (%)

}
t=t+ n/(w 48)

Y
Write t, ip(t)




Y

C1 sin{w Jaf:m%5t~+ e) + 02 sin(w sz:igit f\y)
¥

L Cl cosﬂnvqftf§?tv+ 8) + 02 cos{p Vl - fzt +Ly)
{

@*ﬂ?+c6€%”tc

C

ft

N

Q
H

v, = 05 L+ 09 e~fut Cy,

3

\
t =t + n/(wth)l

Y

Write t, vy,

Compute AAA, BBB, DD, TE

t = O.|

DO 6 I =1, 100

{

vy = (AAA = E) + (BEB/T) I L AN ) “%t + )

t =t + n/(wxh8)

WRITE t, vC(t)

STOP FIG. 2-6 FIOW DIAGRAM FOR

[ OBTAINING THE VOIEAGEB AND

.-T :
| END THE CURRENTS OF FIG. 2-4
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1
>
i
AN

1,(6) - 10,274 + 0.706xe t/0.34 + 0,248 (989t
The current in the top branch of Fig. 2-4(b) is the summation
of 11(u) + 12(u)
20 WY+ >0
i,(t) =-0.085 =290 4 98,9t (348 sin(63214) + 11.92 sin(6321t+67.4))

The voltage across the inductor is obtained by differentiating
the total current in:

L dig
dt

H

Vi

¥

fl

-~2920% - .
~25.9 e 9ot + e 98 9[«

0.989 (2,48 sin(6321t) + 11.92x
sin(6321t +67.4°)) + 6.321 (5.48 cou(6321t) + 11.92cos(6321L+67.43)J
The expression for the voltage on the capacitor C is obtained
in a similar manner:

C

[

ec = -8y +;L\5i(t) at . _ 1k

The lezplace Transform of equation 14 is:

3.967 1070 52 4 2.202 1072 § + 32.05 ;
- % _15

S (140.34 10772 8) (0.25 1077 S + 0.49 1077 8 + 1) 8

%

Ec(S)=

Equation 15 expressed in partial form:

32.05-F; 4,144 1077 -8.05 1077 8§ + 1.086 1072

1+0.34 10728 0.25 1077 82 +0.49 1072 S + 1

By using the tables, the inverse transform of EC(S) is
eq = 2.05 + .12 e7290 4 96 1 7989t Gin(ezany - 25%)  ____16

All the above equations are applicable for i, positive only.

2

v, and v

The results from the digital computer for i e o

10 o0 Ao
are plotted in Fig. 2-5,






The point of interest of this whole analysis is the inter-
section of VC with the time axis. As previously discussed this
interyal must always bergreater than the turh—off time of SCR .

Tﬁe experimental curve (VC Exp.) is shown in Fig. 2-5. It
crosses the time axis at 58 microseconds compared to 66 microseconds
for the calcu}atéd one (VC Theor.). This is due to many simplifiying
approximations as follows:

‘a) neglecting the forward voltage drop'of diode D2

b) neglecting the leakage current and the forward voltage

drop of SCR; and SCR,
¢) the application of the mathematical model for a certain
range only |
d) the initial voltage across the capacitor is less than E
due to léakage
e) the fesistance of the inductor was neglected

f) the diode D, was considered as a perfect switch

2

vWhen the current is flowing in the forward direction, thé circuit is an

R, L and C network which is easily solved.

Inverter Specifications:

Thevmain.components of the bridge a}e the SCR's and the diodes,
They must be capable of withstanding the rated voltage and the rated
current during continuous operatibﬁ. They must have reserve capacity
for large motor starting currents; typically seven times the full

load current.



When twe SCR's on the gume leg are turned-on, a direct short

D

circuit is placed across the DC supply. An induction reactor, 1L,
rmust be supplied (Fig. 2-1) to limit the rate-of-rise of current
within the spccificétions of the SCR's until one of the two SCR's

is turned-ofi, The value of the reactor inductance is given by:

L:*/z\fév/g:i;

dt
vhere ¥ is the RNS voltage

Note the % is used because there are two inductors in series,
the root of two for peak voliage,

1f 2 failure~to-commutate should occur, the inverter will

fuses can

hang-up, and the SCR's will bara-cub before convention
melt. Conseqguently, a high speed electronic circuil breaker is
necessary to avert SCR burn-out. To bring the starting current to

a value within the electronic breaker capacity (20 amperes), an
external rotor resistor should be added during starting only, then
shorted-out for contiruous operation,

Provision must be made for dissipation of the heat generated
in the SCR's. The major sourceé will be‘thosc due to conduction and
high rates of switching. The conduction dissipaticn is computed by
integrating tlie products of anode currents and forward voltage drops
for the waveshape of conduction, Meaningful dissipations for high
repetition rates must~be.obtained by actual thermal measurements,

For the switching speeds used in the proposed inverter configuration,
the dissipation duc to switching can be approximately the same as

the conduction dissipation.



Design of & 1.65 KVA Inverter:

The design of a two phase inverter to drive the gencralized
machine will be considered.
The characteristics of the generalized machinc are:

Stator winding:

Sténdard two pole, two phase distributed winding, 2%0 volis,
3.6 amperes AC or DC (series) or 115 volts, 7.2 amperes AC or DC
(parallel)

Rotor winding:

Standard two pele, continuous lap wound armature with commu-
tator, 2%0 volts, 8 amperes AC or DC.
The synchronous speed of the moter is given by:
Y E J

NS= 120 f /p

i

i

vhere N, = synchronous speed in RPH
f = supply frequency in lertsz

p = number of poles

?

To operate in the speed range of %00 to 4800 RPM the inverter

nust bave a fregueucy capability of 5 to 80 Hertz,

The DU supply will consist of a bridge rectifier operating
from the 220 volts, 3 phase, 60 Hertz power line. The average DC
rectifier cutput is given by:

V2 E sin n/p
a " n/p

where Ed = average DC output in volts

=
Hi

phase voltage

p = number of phases



Tuerelore Eg= 250 x J2 x3/2

1w/

= 269 volts

The peak of the ripple voltage will be
Bny = 2X0x V2
= 326 volts

The SCR's shouid have & blocking capability in the range
600-650 volts (85-100 percent overshoot)

The line current of each inverter will be 7.2 amperes for
the parallel comnection of the stator. Therefore the SCR's should
have a minimum current capability of 25 amperes for operation with
external rotor resistance to limit the starting current to 25 amperes.

The dicdes in series with the SCR should have similar ratings
to the SCR's, 600 volts and 25 amperes.

The SCR's, diodes and bridge rectifier used in reference 1
are used as components for this inverter. It will be noted that the

. N

rectifier diodes are rated about {wice the inverter SCR's, because
they feed two single phase inverter bridgesin parallel.

Devélopment of the triggering sequence and design of the
associated circuitry are covered in chapter 3. It is established
in chapter 3 that cach leg of the inverter conducts for half cycle
of the basic frequency. Assume that, at the maximum repRtition rate,
the leg sees continuous rated current for half cycle of the basic
frequency; hence the percent duty cycle is 50 percent.

From the 2NAQ0 SCR forward V~I characteristic, the forward

voltage drop, at the rated current of 7.2 amperes, is 1.25 volts,



-~

therefore the conduction dissipation is

1

Yex7.2x1.25

L.5 watts

i

The predominant dissipation for the 2N690, at repetition rates
below 400 Herlz, is that due to conduction. The highest repetition
rate of each SCR in the inverter is 80 Hertz. Hence a heat sink of
5 watts is required fof each SCR,

Similar heat dissipating radiators are used for the diodes.

The current limiting reactors are designed next. The reactor
should not saturate over its operating range. During the short-
circult commutation across the DC supply, the rate-of-rise of current
should be limited to 2 amps in 25 wicroseconds which is egual to

L
8x10  amps/sec.
v/ 2

di
at

L =

165 / 2
L = = i,
g 0" ~1m

The reactow sihould be capable of continuous operation at
7.2 Euperes,

Tane computer érpgram develor ed is used to determine the
value of the capacitor to commutate the SCR. A value of 48 micro-
farads is found to be satisfactory with a hundred percent factor
of safety.

Current overload prétection must be provided to detect

commutation failures and disconnect ithe DC supply from the inverter.



The design of an electronic breaker with a ten microseconds
fault~to-interrupt time is covered in reference 1. The resistance
R to trigger the Unijunction lransistor for a 20 amperes load

is choosen to be ,01 ohm.



CHAPTER THREE

TIMING AND TRIGGERING

General :
The logic unit generates thé signals which are transmitted to
the inverter for gating the different SCR's in a sequential manner.
The logic unit has the capability of setting the operating frequen-
' T?eq}npgﬁ yp}tgge,»hqyeyer, is adjusted by using a Variac.
The inverter generates a équare wave voltage from a DC
source. A closer approximation to a sinusoidal wa?eshape is discus—

sed and a typical circuit is included at the end of this chaptér.

Generation Of A Single Phase Waveform :

The square waveshape can be generated by step triggering of
SCR's in a bridge configuration. Consider the bridge configuration
iliustrated in Fig. 2%-1, SCRj., and SCR5_6 conduct the current
during the positive half cycles of phase A and phase B respecti-
vely, while SCR3_4 an& SCR7_8 conduct the current during the-
negative half cycles.

Consider a system with a four mode operation as illustrated'
in Fig. 3-2. Establish an operation for phase A such that SCRl
and SCR2 conduct during modes 1 and 2, which represent the posi-

tive portion of waveform. SCR3 and SCRA conduct during modes

% and 4 which represent the negatiVe portion of the waveform.

L6
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FIG. 3-1

TWO PHASE INVERTER CIRCUIT



Phase B is dilgplsced by 900 from phase A, consequently,
SCR5 and SCRg conduct during modes 1 and L to form the positive
part of phase B, SCR7 and SCR8 conduct during modes 2 and 3 to
form the negative portion of the waveform.

Phase A and B are isolated from each other to form two
phases in quadrature,.

The highest frequency of operation is 80 Hertz, therefore

the shortest period of one mode is:

L

1 . SRR )
=5 0" 3.125 milliseconds

co

Two Bit Register :

It has becn established that two single ph&seskin quadra-
ture can be constructed from a four mode operation. The two bit
register generates the necessar& outputs for such an operation.

The construction of this register involvesthe use of two binary
counting units (flip-flop) and two inverters.

Conside; the operation as illustrated in Fig. 3%-3%. The input
C represents a clock which generates a continuous train of positive
input triggers to the first binary. Ql and Q2 represent the outputs
of the Tirst snd second binary units respectively. The binary
units are connected in cascade and respond only to changes from
2 one to a zero level,

The realization of such a circuit is illustrated in Fig.
3~lt, In this circuit four outputs are available Qs @i, Qs and-ag.
The J's, K's and reset terminals are connected to a high level

(+3volts). The high level is obtained from a NAND gate with the
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input grounded. The micro-switch shown in the normal position will
not affect the circuit, but when pushed down will put the reset
terminals at low level, consequently, Q] and Q. will go to zero

, . i

level and will not respond to the clock input until the micro-

/ .
swit@h igs released. The micro-switch clears the flip-flops and
identifies the starting point.

Logic Touations @

The two bit register defines a four mode operation which
provides for sequential triggering of the inverter SCR's, Eech
of the modes can be uniqueiy defined by wri’ ing logic equations
from the register waveforms. Referring to Fig., 3-5, mode 1 is
represented by Qi = 1 and.aé = 1. The logic equation for mode 1
can be written as:

1l = 3& andlaé =.§i ,7§é

Proceeding in a similar fashion the remaining modes can be
uniquely defiped as shown in Fig. 3-5 (a). Now that the four modes
have been defined, the logic equations defining the triggering of
the verious SCR's can be established. Referring to Fig., 3-2 it
will be noted that SCRy and SCR2 conduct for both modes 1 and 2.
This represent s logic OR operation, the logic equation for VA+

can be written as:

The logic equation for VA+ referring to Fig. %5 (a) can

be written as:

+ - .
VA = Ql . Q2 + Q. QZ

51



1> g
K FF —~ K  FF2 [
4 %
O._'..A [ SO C C
| R

F1G.

3-4  mqyo Dbit

register Dblock diagram



<
At}
-
+
e
i
~
<

<
i
W
“+
-
1
Ol
&£
N
o+
A

-(2

<
it
r_l
+
i
Ol
ol
A
O
o)

N

FI1G, 7-5 I0GIC EQUATIONS

\\1

A



Proceeding in a similar fashion, the remaining logic ecuations
can be established for bolh phases. These are summerized in Fig. 35 (b)

VA+ and VA” can be modified using Boolean identities as follow 3

+ = 0. Q.
Vo = Qg Byt @ e Q=@ 1 Q) LRy =Ry,

(@ + Q) . Qy=Q,

i
"

-

Vp =@y - Qp Ry . Ry

H

Circuit realization of ¥ig. 35 (b) is easily established
using AND and OR gates, but these gales are not resdily available
on the commercial market. The logic equations must be transformed
for the use of NAND gates only; which is easily accomplished by
using dcﬁorgan‘s theorem and Boolean identities:

1

1

.!,. - —-_
g Uy - Wt Ry -9

@Q .Q) . @ .2 - 1

i

and - Vg =@ . Qy +Q, . Q)

= (@) + Q) . (Qg + Q)
where Ql . 51 = O_2 ,.Q; = 0
v =@ L Q) . Q. wy) —— 2

VquuatLon 2 represents the compliment of equation 1 which
can be realized by an inverter circuit. The overall logic circuit
realization, using NAND gates, is shown in Fipg, %-6. It will be
noticed that Qa and 6; are passed through additional NAND gates to

provide input-output isolsbtion.

The Astsble Muliivibrator Used As A Clock:

The frequency of the logic system is determined by the
clock input to the first fiip~flop. An astasble multivibrator,

illustrated in Fig. %-7 (a), 1s used as a variable frequency
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source. The time for each portion of the cycles shown in
- Fig. 3-7 (b) is given by:

T

H]

T]_+ T2

Ry Cy 1In (1 + vcc) + Ry C, 1n (1 + vcc)

pReinai ———

v V'

For a symmetrical circuit with Rl = R2 = 9.2 KQ, C1 = C2 =

.33/qf and V = Vcc = %,2 volts
T =1.38 R) C; = 4.2x107 seconds  _____ 3
f= 240 Hertz

1=
T

It will be noticed that varying R and C in equation 3 varies-

the period T which in turn varies the frequency. In Fig. 3-7 (b)
it is noticed that there is a transient U’ associated with the
waveforms of the transistor when it is driven into saturation.
Each collector waveform has one rounded edge because>6f the time
required for this transient to die down. The transient of constant
time ¢'is given by:
T'= (R, + 1pp") C S ——
where rpp | %200 ohms
T'= 150 microseconds
The transient Z’should be in the range of 200 microseconds
for the trailing edge of the clock to trigger the flip-flop.
Therefore Rc in equation ﬁ muét be kept low but not so low so
as to upset the saturation condition IC
23
For this case Ig =1V / Ry = f348 ma.

"Ig/ B =V / (R,x100) = .135 ma.

56
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r Circuit:

The desired

Fig. 3-8 (a). The

iaveform for triggering the SCR's is shown in

pulse should be at least 50 microseconds wide

and have an amplitude of from 6 to 10 volts to .ensure positive

triggering action. The desired waveshape can be obtained from a

OO
Unijunction Relawation Oscillator as illustrated in Fig. 3-8 (b).

The resistor R;)is used to prevent the Oscillator from

free running. The value of R_is selected to hold the emitter
.

at 2.8 volts below its peak-point-voltage, which is defined by:

v :fQV + V
cc s

where VS 15 the equivalent emitter diode voltage in the order

of % volt at 25°C
n is the intrinsic standoff ratio of the Unijunction

Transistor and varies from 0.47 to 0.67 for the 2N1671A

Unijunction Transistor.

, =18 K0, C

1= .15 Mf and vcc = 25

then the voltage at point P is equal to 12.5 volts. By choosing

R, = 18 K, the voltage at point P is kept at 2.8 volts below

2
the peak-point-voltage

V=125 + 2.8 = 15.3 = 4x25 + .5 ————o_5
Solving eguation 5
7= .59
The unit is triggercd by raising the emitter voltage above
its peak-point-voltage. The logic circuit develops % volts across

the diode which raises the emitter voltage and the capacitor

s



(2
(2)

25V

a0

Ry 18K R 100

C2HLE71A

W

INLEOS

¢

P~
e
S

(b)

FIG, 38 UJT PULSE TRIGGER CIRCUIT



discharges>through the UJT, the pulse transformer and the diode D
(which bypasses the output impedance of the NAND gate and the
470 ohms shunt res;stor):wlﬁy - |
| The use of the 470 ohms resistor is to shunt the large
output impedance of the NAND gate (about 14 KQ) and therefore
speed up the charging of the capacitor.

The time constant of charging voltage should be compatible with the

highest operating frequency. The oscillation time constant is

calculated as follow:

R
Vo= V]2 V|1 ¢t /(B ByC/ (R +R))
c R, + R ~
1 2
where V. is the voltage across the capacitor in Fig. 3-8 (b).
For R, = R, = 18 KQ, C; = .15 Mf and V= 25 volts

1

V, = 12.5 (1 et/ 1'35"10_3) e 6

The UJT fires when the voltage at point P is greater than or
equal to 15,3 Qolts, 6r the voltage aéross the capacitor is greater
or equal to the voltage at point P less the voltage across the
diode. Expressed in mathematical form

Vg ) 15.3 - 3.0 = 12.3 volts - 7 '

Substitute equation 7 in 6 to obtain the oscillation time
‘constant:

T = 5.5 milliseconds

Consider, for instance, an operating frequency of 100 Hertz
then from the four mode inverter wéveforms illustrated in‘Fig. -3,
SCR, and SCR2 will be on for two modes or 5 milliseconds. Hence the

1

UJT will fire only once in the total period of 10 milliseconds.
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The culput from the Unijunction circuit is cufficient to

drive the SCR gates directly in the proposed inverter.

Decoupling UJT Circuit Against SCR Gate Transients :

With the inverter configuration selected; pulse transformers
must be employed in order to obtain electrical isolation between
the two circuits and the firing of two SCR's at the same time.
However, when transformers are employed, a negative current flows
through the gate when the SCR is commutated., The negative voltage
transient appearing between the gate and the cathode of the SCR's
vhen trapnsmitted to the UJT can ceause erratic triggering. Also
the negative pulse can cause ringing in the secondary of the
transformer, when the stray capscitoncesare considered. These
trensients can be eliminated bj using z diode bridge in the gate
circuit of the SCR as illustrated in Fig. %-8 (b),.

The diodes selected should he of high conductance, and
short recovery, type. The use of high conductance diodes reduces
the gale drive requirements because the gate characteristics of
the SCR are that of a very high conductance diode. Fast recovery
diodes are essential because the frequency of ringing is high,
duec to the relatively small stray capacitance. The bridge is placed
before the primary of the pulce transformer to cut the number

of bridges by two.



Generation 0 A4 Stepned Wavelorm:

The square vave considered has a disadvantage caused by all
the odd harmonrics present in its fourier series, which cause an
increase in iron and copper losses,

A waveshape closer to a sine wave is illustrated as VA and
VB in Fig. 3~12.

The inverter to generale such a waveshape is illustrated
in Fig. 3-11. It consists of four single phase bridges with the
cutput of pairs of bridges added through isolating transformers
to give phase A and B. The single phase inverters are operated
s0 that their outpuls are as shown in the four waveforms V

AL’

v and V. of Fig. 3~12. The summation of the two waveforms

A2’ VBl B2

results in the Joad voltage waveform shown as VA and VB in Mg, %-12.

The above system requires a 12 mode operation. Consider
mode 6, for instance, SCR 1-2, SCR 11-12 and SCR 15-16 will be
gated-on, then énother set of SCR's will be gated-on for the next
mode as shOWDrin Fig. 3-12.

The use of four flip-flops will result in a 16 wode operation,

hence feedback must be used to reduce the 16 mode to a 12 mode
operation. Consider the operation as illustrated in Fig. 3-13.
The register behaves like a conventional four bit register up to
pulse twelve at which time feedback is employed to change Qh and
to maintain Q3 at a zero level. The regular synchronous 16 mode
operation hasg qeither a NAND gate % nor Q; at NAND gate 1 and

NAND gate 4 is just an inverter.

ox
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For a betler understanding of the feedback operation Jet us
tabulate the output in a table as represented in Fig 3-14. From
the table the J's and K's of {lip-flop % will be at a zero level
in mode 12, therefore the flip-flop will remain in its present
condition when a clock pulse occurs. On the contrary, J's and K's
of flip~flop I are at a one level in the same mode and the flip-
flop will go to a zero level on a clock pulse, Consequently, the
four flip-fleops will be at zero level in mode 12 which is the
same as mode 1.

The four bit register defines a 12 wmode operation which
provides for sequential triggering of the inverter SCR's. The
logic equations defining the triggering can be written using
Fig. 3-12 and tig. %1% for each pair of SCR's as shown below:

SCR] and SCR, are gated~on from modesl to 6:

Mode 1+ 2+ 3 + b+ 5+ 6=0).Q,.G3.04 +

By using the Karnaugh Mapping Technique the above expression

is reduced to:

SCR-j and 5CR), are gated-on from modes?7 to 12:

fode 7 + 8 + 9 + 10 + 11 + 12 = Q1.Q,.95.84+ Q.Qp.Q5.Qp +
Qq-Qp-Q5- U+ Q1.Q5.Q5.9y +
Q)-Qp-Q-Qut 9y +8p-Q3.Q

k»' i .-' .S A(i A :T.’ -y . -—)——
Similarly it is reduced to Qj Qq + Qa Q5 Qq
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OUTPUT FLIP FLOP NAND GATES |

MODE; % Q Q, Q, 1 2 3 4
1 0 0 0 0 1 ) 1 0
2 0 0 0 1 1 1 1 0
5 o 0 1 0 3 1 1 0
L 0 0 1 1 0 1 1 0
5 0 3. 0 0 1 1 1 0
6 0 1 0 1 1 1 1 0
7 0 1 1 0 3 1 1 0
8 0 1 1 1 0 0 1 1
9 1 0 o 0 1 1 1 0
10 1 € € 1 1 ! 1 0
11 i 0 1 0 1 1 1 0
12 1 0 1 1 1 1 0 1
1 ¢ ) 0 ¢ 1 1 1 0

FIG, 3-14 MODUIO

12 COUNTER

TRUTH TABLE




uCir and SCR¢ are gated-on during modes 3 and L.

Mode 3 + 4 = Ql.Qe.QB.EJ:; + Ql.QZ.Q;.Q_br = Q,.Q,.Q;

SCR7 and SCR8 are gated~on during modes 9 and 10:

Mode9+10:ce 00, + Q0,000

3 3Ty T st

SCR9 and SCRJOare gated-on during modes 1 to % and 10 to 12:

Mode 1+ 2 + 3 + 10 + 11 + 12 = §.8,.8,.8, + 4 5{;5}’_\,} +
Ql-Q2eQ5-Qq + Q1-Q2~Q5-Qu +

Q-]‘.Qz.f%.% + Ql.qa.@;.@

il

SCR]land SCR12 are gated-on during modes b to 9:

Mode b + 54+ 6+ 7 + 84+ 9= Ql.Q?.§;.§; + Q. 2+9s Qh
Q-6 q.cg,. TRECHRPY Q0 Q
Q-QpeQ5-Q + Q05059
= Qg + Qy-Qp-0y + Q4050059

SCRI5 and SCRyy, are gated-on during modes 1 and 12:

Iuod 1+ 12 = Ql Q? C\? + + QlcQz'@'Q“

‘SCR15 and SCR}6 arc gated-on during modes 6 and 7:

Mode 6 + 7 = Ql.ﬁg.QB,éz + 51‘Q2'Q3'§;

The coverall logic circuit realization using NAND gates is
shown in Fig. 3-15. This circuit was tested on the Digital Compu~
ter Lab and performed satisfoctorely according to the specifica-
tions described shove. This circuit was not built due to lack of
fdnd It is interesting to note that four tlmes as many NAND gates
are required in a 12 node operation than are required in a 4 mode

operation.

Y+ 0..0..0, + Q..0..0.
Ql-QZ'(\,[i_ t C"(f'Qﬁ.Q'M' + (cthZ'Q,j

[
¢
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Summary:

The timing and triggering requirements are summarized in
block diagram form in Iig. 3-9. The output waveshapes are summa-
rized in Fig. 3-10.

The Astable Multivibrator provides the basic frequency
control, The two bit register provides a four mode operation,
The logic unit assimilates the outpul of the register and
generates a set of sequential timing pulses. The Tiring circuils
provide the necessary gaote drive for reliable operation of the
SCR's, The Variac changes the input voltage to the bridge
rectifier to maintain a constant flux density. The bridge
inverters, by gatigg the SCR's ¢n and off, invert the DC voltage

to two phase voltagesin quadrature.

70
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CHAPTER  FOUR

DIGITAL COMPUTER ANALYSIS OF

INDUCTION MACHIHNES STARTING CURRENTS

General:
The AC induction machine equations have been derived in

chapter one in a stationary frame. The voltage and current rela-

tionship is given by matrix 3% which is rew:itten as follow:
V cos w,t R, | © 0 0 in[Ls [0 Mg |0 | [Pl
Vosin ot |0 R, 0 0 P [T |0 |Ya piq
0 - 0 mooy My R, mwnla 13 ‘Md 0 Lq 0 piz
0 »mmmM 0 »mmqu R i“ 6] Mq 0 Ld piq
where p is 4
at
The zbove matrix form can be written as:
V=RI+Zpl SRS |
Equation 1 can be rearranged to:
pI=z%v-zlrr e 2

The inverse of 2, Z"l, is obtained by a matrix inversion
subroutine. After 72 has been numerically inverted; equation 2 can
be expanded to give thz explicit frrm for the differential equations:
pijy =.A(2,2) V sin oot + A(2,2) Rg i3 + A(2,4) muyly i3

- A(2,4) R, iy + A(Z,H) mo M 15

7>



pis = A(1,1) Vcos uyt ~ A(L,1) Rg dip - ACL,3) we Mg 17

- A(1,3) Ry iz - A(1,2) mey Lg iy

piz = A(3,1) V cos ugt = A(3,1) Rg ip = A(3,3) moglg iy
- A(3,3) Rp iz - A(1,3) moy Lg iy
piy = A(l,2) V sin opt = ALK mogMg ip - A(H,2) Rg ij

+ AL mogLg i3 - Al Y Ry g
The torque is given by equation h0:

Tp=d pw + Do+ C=m(-Myig iy~ Iy iy dg+ My iy 1p

'

Vi 4

J

o 1
+ Lg iz = ¢

Equation 4 can be rearranged to:

pw = -:?m + _I_I:]_("Md l‘]_ ]’j - Ld JL; ]3 4 Hq :.L“’ 5.2 + lxq iz jL},)

(¥ t.

~-Dw-~C
J

Equation 5 is then in suitable form to be included with the

four differential equations of the phase currents, A digital com-
puter is used to solve the five differential equations using nume-
rical approxiﬁations. Two of the most commonly used technigues are
the Runga Kutta and_the predictor-corrector (Milne) methods.

Runga Kutta Method:

The Runga Kutta method was selected for use in this investi-

at the ny n-1, n-2 .....,etc., increments to predict values of the
desired function at the (n+l) increment. The predicted value at
the (n+l) increment is then combined with previous values of the

function, to obﬁain a corrected valve at the (n+l) increment.

The equations used in the differential equation algorithm

gation. Essentially this method involives using information available



_d—t‘ :fl (t, :11, j?y jB’ iui 0))

1 1' ~ . . . .
%E2=12 (t, iy, ioy dgy Ay, w) __ etc,

The increment in il for the first interval is found from:

ky = 3 (g, dq0y 1o, iags yge ©o)
ky = 1y (Ep+at/2 i1k /2, 150114/2, izo+ml/2, ingtny/2,wytG,/2) bt
5 = 1y (to+0t/2, iy5tk,/2, 3,50115/2, i gyt /2y ot/ 2,00t an/2) It

A ! N A . .
;AL )ikﬁ, 120513, .”ﬂ4m-3 Tyt UO4Q5) Lt

piy = (kg o+ 2k, + Py + 1) /6

3
Fach of the above expressions 1s applicable for the other varis-
bles j?’ i,, i1, and © to obtain 1, m, n and g. Note that the initial
- ) 4

conditions for the currents and sveed are zero.

Mechanical Parsmeters:

The constants J, D and € of equation 5 are deltermined using

the Running D;Qn technique. When the Generalized Machine is unexcited
and driven by the Priwe Mover, equation 4 is reduced to:
T =Jd po +DwC S &
The notor torque is suddenly interrupted and the machine
will slow down. During this movement equation 6 is reduced to:
opw +Dw+ =0 e em o

.

The solution of equation 7 is:

+0) e~ Dt /3

or ——— - - (O

(bw+C =(0ow

where o __ is the speed at shut down



[Prmsion X(3), ¥(3)]

[EXTERNAL FUNC]

[rEAD TNITIAL X]

I=1

[V = 100000.]

(15)
[caLt arap]
¥

[wrivs 1, %, ¥, V|

I — Gt 1
[:;mg,+ 7] é%bp

[FuncrION FUNC(X, Y)|

[prmENsTION X(3), Y(3)]

i
[DEFINE Y(1), ¥(2), Y(3)]
¥

FUNC = Y(1)* + Y(2)* + Y(3)*

RETURY

FIG. k-1 Block Diagram For Solving 3 Simultaneous Non-Linear Equations



Three run down tests at different speeds were performed

and the times taken for the machine to stop recorded,
Substituting for wyy and t in equation 8, for the three

run down tests, giﬁes three simultaneous nonlinear equations.
Fig. H;l describes the solution of these three simuitaneous

nonlinear equations using a digital computer.

From the program, the constants are:

J = 0.028 ngMetera
D = 0.00026 Newton-Meter/ radian per second
C= 0.3%86 Newton-Meter

Flectrical Parameters:

The DC resistance was measured at room temperature. The
stator resistance R, is 1.4 ohms (1.6 ohms at 60 Hertz). The
rotor resistance excluding brush contact resistance is 0.46 ohms
(0.53 ohms at &0 Herta) .

Tﬁe’self and mutual inductances were taken from the results
of experiments performed on a similar generalized machine using
the Operational Amplifier téchnique in Reference k.

Dﬁe to saturation the curves for self and mutual inductances
are nonlinear. A curve fitting subroutine using the least square
technique was used to fit the curves of inductances to a polynomial

of a degree n. For n=5 the mutuval is:

* Knowlton, A, E. , Standard Handbook For Ilectrical Engineers,

McGraw Hill,; New York, 1961, page 127 of section 4 and table 4-7.



o - . - .2 P PR . : 5
M= L8 + 00327 i - 00004 i¢ - .0002% i- + 0003 it - .00001 i
For n=8 the self inductance is:
Iy ; A
L= b8 4 0h25 i + 115 32 - 48k 32 4 694 i - Lho2 32 + .18 30

- .032 i7 + .0023 i8
Results:

| The five differentisl equations were solved on a digital
computer and the block diagrem is shown in Fig. h-2,

The peak starting currents for the varicus windigs versus
external rotor resistances are illustrated in Fig. L-%, From these
curves, a four chms external resistors will limit the maximum
starting current to 10 amperes. This is within the limitation
of the Electronic Breaker.

The accuracy of the Runga Kutta method is largely dependent
on the size of increment At. This method, however, gave satisfac-~
tory results for this investigation.

If a gréater accuracy is required the predictor-corrector
method should be used because it has an automatic adjustment df

At to keep the truncation error within prescribed limits,



[rstEP = L00001]

[cary pEq(e, TsTEP, 5, Y, DY, WORK, SUB)F——
]
(D0 3 1=1,7000)

2
CALL DR
L___.T':_]

farire 7, (¥(J), d=1,5)]

AN

[suprouTINE SUR(Y, DY, D}

DIMENSTON

[cOMHON Ry, R,y m, J, D, C]

)
—————('D0 2 I=1,b-)
(po 2 1=1,4)

((n(1,1), A(2,2), A(3,%), A(k,L)
SET ’ .
ACL L), ALK, L), A(3,2), A(2,3)
VALUES < ,
R(1,1), R(2,2), R(3,3), R(L,h)
FOR. .

CR(Z, 0, R(H,2), R(3,0, R(H,2)

}



[CALL MINVSE TO INVERT 4]

{ po b K=1,b )

N (DO k M=1,k )

D(K,M) = O,

i

> (DO Ly L:l,h')

(1) = DOGM) + AK, L) » R(1,M)]

lv(1) =

§
<
I
ot

P
<
-+

~

[v(2)

t
<
(9]
@

~~

€

o«
It

[v(® = v(1) = o.]
¥
(D0 5 K=1,h )

s

DY(K)

ne- 1 D 5 L:: :I» 9“

, [ DY (K

) = DY(K) + A(K,L)+V(1) + D(K,L)*¥(L)]

5

[sET A VALUE FOR TORq|
¥

DY(5) = TORQY/XJ + n/XJ (M(Y(L)*+Y(3) - Y(2)=Y(&)
+ (B3 ~ BW) (Y(W)»Y(3)) = (D*Y(5) /%) - C/%J

RETURY]

FIG. 4-2 BIOCK DIAGRAM FOR SOLVING 5 SIMULTANEOUS DIFFERENTIAL FQUATIONS
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CHAPTER FIVE
CONCIUSION

The current, voltage and torque equations for a two phasé
generalized machine are reviewed. The transformation, from a three
phase slip-ring machine to a three phase commutator primitive, is
derived, The equations for the three'phase commutator primitive
are simplified to an equivalent two phase commutator primitive
plps zZero séquence components.

Runga-Kutta method is used to investigate the starting
currents of the two phase machine. The currents for a three phase
machine can be determined by using the connection matrices deri-
ved in chapter one.

From the results obtained in chapter k4, it was»fouﬁd that
a four ohms external resistor would limit the starting current
to ten amperes.,

The speed of a two phase generalized machine can be control-
led by varying the applied frequency. Two single phase bridge
inverters are designed to provide a variable frequency supply.

To achieve the most efficient operation of the induction mofor
the magnetizing flux should be maintgined ét its designed value, The
applied voltage must be varied in proportion to a variatign of the
frequency; a constant volts/hertz ratio must be maintained. The avera-

ge voltage input to the inverter can be varied using a Variac,

82



-y R

it has been established in chapter 3 that a h-mode opera-
tion of the inverter provides a square wave output. Such a lY-mode
operation can be esteblished by utilizing logic circuits,

An astable multivibrator constitutes the variable frequen-
¢y clock to the two bit register.

The firing circuits provide the necessary trigger signals
for reliable operation of the SCR's. Pulse transformers are used
for isolation and coupling of the trigger sources and the SCR
gates,

When forced commutation of the SCR's is employed, additio-
nal circuitry is necessary to eliminazte parasitic operation of
the inverter. The negative voltage transient, appearing betwecen
the gate and the cathode of the SCR's, when transmitted to the

UJT can cause erratic triggering. This situation is overcome by

.
vtilizing diode bridgé circuits in the primaries of the pulse
transformers.

It was concluded, at the end of chapter 3, that a 12 mode
operation provides a more sinusoidal waveshape. A four bit re-

gister defines the 12 mode operation, which provides for sequen-

tial triggering of the inverter SCR's.



APPENDIX A

Output Power:

Consider a set of n mutually coupled circuits. The circuit

equation is:

at
where v = vy io=piy R = Rl L = Ll M12 ..... M1n
fa i, R2 M21 L. M2n
n n R Mg Mopoeee - Iy
- -
The instantaneous electrical input power Py is:
Py = iy v = iy R+g_L)i
dt
dt dat
The rate of dissipation of energy as heat by the circuit
resistance is:
inergy storage Ug = 12 iy L i
The rate of increase of stored energy is:
Q_I__JSTVPlt].Jgnj_.+1//?1t(_i_1_'_l+vz_d_3._tlvl _____ 1
dt dt dt dt
Fach of the three terms in the expression is a scalar so
that each may be transposed without affecting its value
%gﬁﬁbit :%thtgiz%ithﬁ _~_;_2

dt at dat
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The mechanical output power is:

Pout = Py - Py - dUg
dat

Pout = % it dL i
at





