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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 two 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 with practical 

values described. 
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INTRODUCTION 

The speed of an induction motor can be controlled by; va­

riation of the supply voltage, changing the number of poles, 

introduction of external rotor resistance, or varying the supply 

frequency. Variation of the supply voltage. or changing the num­

ber of poles gives a very limited speed range and incorporation 

of rotor resistance is inefficient because of the large loss. 

Speed control using a variable frequency inverter is by far the 

most superior method. 

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

t:i.on matrices developed to relate the more common three phase 

machine to the two-phase commutator primitive machine. 
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Grmeral: 

r.l1he gen.cralized machine is a:n a~3[:5Cmbly of standard all.d 

special components. It V!aG first conceived by Profe::;sors D. C. 

\rJhite and H. H. vJoodr:on from the CL-1.rlier ·::ork of Professor Gabriel 

Kron. Because of its flexibjJity it can be used as a;cy practical 

mo.ch:Lne by appropriate connection of and supplier> to :its vlir":lings. 

'J'he theorcticnl treatment starh> from <:. con~;irl.eratiolJ of the 

hm phac.e slip-ring primitive and the tram3formation 1 cading to 

a two phase commutator primitive. 

'I'he dynamic circuit theory h3 extended to cover the practi-

cal three phase slip ring and the transformatjon to a three phase 

commutator primitive. ~rlle latter is replaced by a tv1o phase con:mv-

tator primitive plus a zero sequence component. 

Modification of the general equations to conform with the 

circuit confi~:;uration then yields the performance equations of 

an induction m0tor. 

Primitive machines are ess~ntially 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 and the hro 

Westinghouse Ge~eralized machines are practical examples. 

2 



Slip rings as viell as e. 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 at any instant in time. 

If it is assumed that the flux distributions of the individuaJ 

vJinding<:; are sinusoidal then we can obtain the relatiom·.hi.p beh.reen the 

rotating and the stationary systems as shovm in Fig. 1-l and. Fig. 1-2. 

q1rd = ¢rex co::.; e + Ql I'~ si.n e 

~rq =. ¢rf3 cos e - ¢rev_ sin e 

The above relationships can be expressed in matrix form 
---

¢rd 

4lrq 
= ~---_-:-~:-. ~--: -:-, -t--::: J 

or ¢r-o: 
::. 

cos e -sin e 
----- 1 

q) Q 

I'f-1 
sin 8 cos 8 

where rd and rq define the fixed coils 

rex and r!) define the rotating coils 

If we include the stater windings as shown in Fig. 1-3 and 

Fig. 1-ll and consider the magnetomotivc force to he equivalent, then 

matrix l expressed in terrr,s of currents becomes 

1 0 0 0 il 

0 1 0 0 i2 

0 0 cos e -sin e . \ 
J._l 

/ 

0 0 sin e cos e \ 
ilt 

or I = C I o n ----- 2 

where o stands for old and n stands for nev:, 
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d (direct) axis 

J-

, ________ __,_ 
q (quc.drature) axis 

FIG. l-1 ROTATING SYSTEM 

d nxis 

q axiG 

F'IG. 1-2 S'rA'l'IONfl.HY SYS~'Et1 



wb ere C ::: 1 0 0 0 

0 1 0 0 

0 0 cos e -sin e 

0 0 sine cos e 

-1 
and C = 1 0 0 0 

0 1 0 0 

0 0 cos e sin e 

0 0 -sine cos e 

'I:he voltage relzd;ion can be deduced from the fact that the power 

flow in both machineo is equal 

T 
En 1 :::: n 

Transposing both sides 

(E T C) T = 
0 

T 
C E 

0 

--------~5 

The next step ir; to establish interrelations between the winding 

impedances, which would satisfy the pm-1er invariance 

-- ---4 

v1hcre p:c:Q._ 
dt 

Substituting for E
0 

and Io in equation L~ from equations 2 and 3 
T 

C T (R (L ) ) E = c E = c l + p c I 
n 0 0 n 0 n 

T T T 
(Lo C) E = C R

0 
c In + C L0 C pin + c p In n 

En = R I + L n pi + G WI - ----5 n c m 

\-!here R = C
1

R c n 0 

L = C 
1

L c n 0 
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where 

G~"'. uJm = cT (v ( L, C)) d_gJ = (mC T L
0 

0 C + c'I' G C) Wm 
u 'C) I-V (· d ,_ ""c) e 

Gc = c'l' G C and 

For a ma.chine '"ith a uniform air gap the resistance and 

inductance matrices are given by 

R = 0 

L = 
0 

Rc 
'-' 

0 

0 

0 
'--· 

r--· 

L 
s 

0 
1---

-ME>in 

lv!cof3 

0 

Rs 

0 

0 

0 

L 
s 

e H~Of3 

8 l1s:i n 

0 

0 

nr 

0 

-

e 

& 

.. 
0 

0 

0 

p 

'':r:_ 
--
-l-!sj n 8 

fvlco 

L 
r 

0 

Hcof3 8 

Msin 8 

0 
--+-------

L 
r 

'l'he resistance matrjx fo:c· fixed coil then becomes 
r--· 

1 0 0 0 Rs 0 0 0 

0 l 0 0 () I~s 0 0 

0 o. cos 8 sin e 0 0 Hr 0 

0 0 -sine cos e 0 0 0 Hr 

Rs 0 0 0 

·-
0 ns 0 0 

0 0 R r 0 
1--

0 0 0 R r 

The inductance matrix is deduced similarly 

L = n L 

0 

0 

Jvj 

R '· 
0 

L 
s 

H 

0 

0 H 

M 0 

L 0 
r 

0 L 
r 

r--· --
1 0 0 0 

-

0 l 0 0 
1-

0 0 cos e --sin0 
--

0 0 sin e cos0 
.. -

-----6 



1 0 0 0 Ls 0 -"Ivisi11e Ecose 1 0 () 0 

0 1 0 0 0 L., McoGe !·!sine 0 l 0 0 
·-

0 0 cose .o;ine -MsinO Hcose Lr 0 0 0 cose -sine 

0 0 -s:in9 C.:Of~ 0 Hcose ~·lcd.ne 0 Lr 0 0 sine co::; 0 

0 0 0 0 

0 0 0 0 
-- -----8 

-·H 0 0 -Lr 
f--· 

0 H Lr 0 

SubGtituting matrices 6, 7 and 8 in eqne1tion ~) the impedance 

mat r:L:;: become~:> 

H., + l.<_ p 0 
0 0 

0 R., + Ls 
'·' 

-mw H H p 
171 

M p mWH 
m 

\'/here wm is the rotational speed of rotor 

m is the number of pair of poles 

Three Phase To Two Phase Transformation: 

p 

--------

0 

l1 p 

Rr + Lr 

rnWL 
m r 

p 

r 
r-· 

0 

-m w L 
tn r 

The method of dynamic circuit theory for a tv1o phase commutator 

system hrw been derived. AJ.though the resulting simplification in the 

matrix manipulations are quite handy to use, it is far removed from 

reality in which two phase system·are practically non-existent. The 

next logical step is the consideration of the three phase system Hhich 

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

a two phase system nnd then analyze as previously described. If one 

8 
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would cons:ider thP :,~·oblem in the three phase system, the reEu1t 

v1ould be a complex matrix VJitb 36 eler:1ents as e.r;ainst 16 of the 

corresponding two phase mBchine. Jn addition, since the windings 

are spacially distributed at 120 degrees rather than 90 dq:;rees 

intervals, the mutuol coupling are more complex. The impedance 

matrix for a three phase slip ring primitive as illustrated in Fig. 

l- 5 is given in matrix 9 
·r---·· ,---

R +L D H sp M sp Jvlpcose blpcoD Hpcos 
s s-

(8+120) (0+21!0) -- r--

l1 D R +L C'p H D Hpcos Jvlpcos8 Mpcos s· s c> 8.1. 
(8+2LtO) ( 8+120) 

M 1) Jv1 sP R +L sP ~lpcos Jvlpco~> MpcoE>8 
S'- s 

(8+120) ( 8t-21JO) 
z --9 

HpCOf'8 Ivipcos l1pcof3 R +L p M rP H 1) 

(8+21.10) (8+120) 
r r r-

Hpcos Mpcose Hpco:o 
(8+120) (8+2YO) M rP R +1. rP H rp r 

- -
. 

Hpcos Hpcos Mpcos9 tJI rp H rp R + L p 
(8+24-0) (8+120) r r 

The Three Phase Commutator Primitive : 

The condition for equivalence of rotor H.H.F's leads to two 

equations which can be obtained by resolving the currents aJong the 

axis of winding 4 and perpendicular to it 

i 4+i 5cos zLto +i6cos 120 -- i4cos e +i 'cos(8+2LIO) 
5 

+i 6cos(8+120) -·--- 10 

i sin zLto +i
6
sin 120 = i4sin e +i 1 sin(8+240) +i6sin(8+120) 

5 5 
____ n 

the third relation is derived from the equality of the neutral or 
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(a) SLIP-RING 

FIG. 1-5 'rHREI:~ PHASES PRHUTIVES 

(b) COHJviUT A'I'O R 



i' 
6 - - -- -- -- -- 12 

,· on:; 10, 11 and 12 may be written in matrix form as follow: 

1 

COG 

·-T 
_ _ I ~--__ 1 -+---1---l 

T-~·os2140 cos120 
! 

--·-------+-----1 
I :oj n2L!O sinl20 sin 

.:.. -L~ 

1 

e cos( 6-1·21+0) 

e sin(8+2l+O) 

1 

cos(E:l+l20) 

sin(8+120) 

·----

. I 
] 

5 

· •. x! ch by inversion of the appropriate matrix, the follovJing 

'u:::)·1ips are obtained 

r- 1 + 2 cos 8 l + 2 cos(G+~~LID) J. + 2 cos(Eh120) 
L----------lf---------------+-------
i ) -~ • ) + 2 cos( 8+120 

-J' 
1 + 2 COf3 8 

l + 2 cos(8+240) L~ + 2 cos(8+l20) 

I == C I 

.l 

ro rn 

1 + z cos e 1 + 2 cos(8ll20) 

+ 2 cos(8-I2l+O) 1 + 2 cos e . ; l 
. ·.·3. -

··-·~-

+ 2 cos(8+120) 1 + 2 cos(8+240) 

I = c-1 I 
rn ro 

1 + 2 cos(8+240) 

1 + 2 cos e 
_________ J 

l + 2 cos -(8+12~ 
1 + 2 cos (8+l<D)I 

1 + 2 cos e 

: bo noted that cT= c-1, therefore the connection matrix 

;·c; the property of orthogonality. 

· r.o complete current matrix has the form 

~= 
1 0 i 

E>n 

0 c i 
rn 

'n i mrJedunce matrix Zc of the commutator primitive is given by 

ll 



~-z_n_~ ___ zrr_rl~' ml n._ 

Zmt Zr J 0 C 
1------'----' 

= Zs z c m ' 
------13 

ct 2mt ct zr c 

The evaluation of Zc is sil:1plified by partitioning in this way. 

The problem is reduced to determine the three subrnatrices Zm C; 

ct zmt' ct zr c. F'or simplicity let us consider the c matrix as a 

summation of two matrices cl and c2 such that 
,--------- ----

l 1 1 
--

l 1 l ----- -1h 

1 1 1 

,----

COG 8 cos(8+2LlO) cos(8+l20) 

cos(8+l20) COG 8 cos(8+2ltO) ------15 
--------

cos(8+21-tO) cos(8+120) cos e 

The problem will involve the productsGlt C1 , Clt c 2 and Clt dC 2 d8-

From 14 and 15 

dCl=O 
dt 

sin e 

sin(8+120) 

sin(EJ+240) 

sin( 8+21+0) 

sin e 

sin(8+120) 

dc 2t c1 = o 
cte 

sin(8+l20) 

sin(8+240) 

sin e 

------ 16 



c2t c2 == 1 
3 

evaluation of zm c : 

------
2 

-1 

-1 

0 

-1 

1 

----
-1 

2 

-1 

1 

0 

-1 

..---~--

-1 

-1 -----17 

2 

::-1 
--
l ----- 18 

0 
--

Ji'rom inspection of submatrix Zm, it can be rcv1ritten as 

zm c = 3 M p c 2t (c1 + c 2) 
2 

},rom equation 16 c2t cl = 0 

zm c = 3 M p c2t c2 
2 

- -----19 

= ~ M (C2t C2 p + C2t ( p C2) + (p C2t) C2) 

= ~ t'l c2t c2 P + ~ mwnJ'1 ( c2t (~gz) + ( ~gzt) cz) 
From 17 and 18 

= H p 

-}?M p 

-Y2t~t p 

By transposing equation 19 

Zmt = 3 H p c2 
2 

-YzH p -Y?M p 

M p -Y2H p l -Y2H p M p 

-----20 



Hence .... ,, 3 l\'1 (Clt + c2t) (C2 p + p c )) vt LJ mt - 2 
2 

:: 3 Jvl c2t c2 p + 3 m M c ctc 2 
2 2 

2t 
de 

= Hp -Y?t"p+'f5m· H -YolJlp-~muJ !•1 
.L' - tn 

2 2 

-)f:?l'lp-~m W,j\1 Hp -Yzl•1p,J3rnwmK 
2 2 

-%Jvlp+~3mLV N -W·1p-~mu~~1 Mp 
1 m 2 

The evaluation of Ct Zr C : 

This will be ac:omplished in three parts, the resistance, the 

self inductance, and the mutuc:l inductance components being treated 

separately. 

a) Rotor Hesistance 

= Rr 0 0 

0 Rr 0 

0 0 Rr 
·-·--' 

b) Rotor Self Inductance 

Ct Lr p C = Lr Ct C p + m WmLr Ct dC 
cte 

= L p J rnw Lr -f,?~Lr r V3 /l1 . 

-}m~Ir I p .lmifnLr 
1!3 'r Vi 

lmWLr -Jm~,Lx- Lr p 1/3 (/1 1/3 

c) Mutual Inductance 

Similarly 3 ~1 c c c 1
• r J.t 1 l p 

----- --22 

-- ----23 

1 /, 
~. 



c H r c = t r 

M 

H 

rp 

rp 

0 

+ 1 
~ 

- 1 
\f3 

r·l p -r-

mwH 0 
m r 

nw.JH !·1 rp + 
m r 

1 mw !'!; 1,1 p + ~mwH 
~s lei J' r m r 

t1 rp - 1 mw l'l 
?3 m r --- 2!~ 

1 mll.l H 0 
1/3 m r 

The impede.nce matrix for a tlu:ee phase commute.tor primitive with a 

uniform air gap is obtained by substituting matrices 20, 21, 22, 23 

and 21+ in 13 

Hs+Lsp l\,P Hsp Hp -W·1p H?Hp 
f-.-- ------ --

Msp Hs+Lsp Nsp -)/;:l-ip Mp 1-Vz~-1p 

f--- - ---------1--
Hsp !'-1sp H

8
+1.

8
p --%1·1p -V;Hp Mp 

·--- --
Mp -YJ'lp -YA-1p R +L p r r H p+L ¥ r V3 l'l rP·-

+~m«1nH -fimw 1·1 11 '1'11( Lr-Mr) -?3m~rn( Lr-Nr) z ~ m 
---- -

-V2Hp Mp -W-Ip Mrp- Rr+Lrp t1rp+ 

-~m r.PH +OmW l-1 _3._ nll.<fn( Lr-'-Hl -J3mtfr/ Lr-l·1r) z ll1 'i rn V3 -

-Y:,t·1p --W!p Hp Jv!rp+ }·1 p-.1... X 
r- 113 Hr+Lrp 

+'{!mwmH -\f3mw l-1 
l ' 1. m 

..Lm«fu(IJr-H) V3 - r mu;11 ( Lr-l·1r) 

'l'hree 'l'o T\·Jo Phase 'l'ransforma.tion : 

The next move is the transformation of a three phase commutator 

15 

25 

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

'l'hc conditions for equivalence of magnetomoti ve fore cs are obtained by 

resolution along the direct and quadrature axes 

------- 26 

These equations are sufficient to define the two phase system 
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FIG. 1-6 THHEE AND 'r'dO PHASE EQUIVALENCE 
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in terms of the three phase system, but the ex~rn d0~rec of freedom 

possessed by the latter prohibits the inverse 1'elat1onship, which is 

necessary for the impedance tram:;formHtion Zn = Ct Z0 C. The two phase 

system must be given an ac1di t:ional degree of freedom which does not 

affect the magnetomotivo force relationships of equation 26 and a new 

independent relationship between the variables must be established. 

The extra cle8ree of freedom is obtained by introducing an impedenr:e 

Z
0

, carrying a current i 01 \vhich is external to the two phase machine 

and hence make no contribution to its N.tJI.F's and d2finecl by 

--------27 

Equation 26 ancl 2? can be combined in a matrix form as follo\,' 
----· 

l l l 

1 -cos 6o -cos 60 

0 cos :;J cos 30 

-
Similarly a relationship for the rotor current can be derived 

and the connection mntrix between the two and three phase becomes 

ios l 1 1 0 0 0 

if 1 -COG 6o -cos 6o 0 0 0 

iz 0 cos :;J -cos 30 0 0 0 

= 
ior 0 0 0 l 1 1 

I 

i-z 
;J 

0 0 0 0 cos 30 -cos :;J 

I 

iL~ 0 0 0 l -cos 6o -cos (-D 

A computer program v:as writ ten to invert the connection matrix 

28. The result is tabulated in matrix 29 



1/3 2/3 

1/3 -l/3 

1/3 -1/3 

0 0 

0 0 

0 0 

or 

0 

1/.[5 

-l/J3 

0 

0 

0 

= C I n 

0 

0 

0 

1/3 

1/3 

1/3 

0 0 :i I 

OS 

0 0 
. ., 
ll 

0 0 . I 
)2 

0 2/3 i or 

----29 

l/13 -l/3 i3 
---

-1/!3 -l/3 iL~ 
------ -·---

'l'he voltage relationship may be directly written dovm using 

the invaria.nce of power condition Vn ::: Ct V0 , The impedance matrix 

z2 for the two phase equivalent is obtained from the three phase 

system z3 by using the transformation ct z3 c where z3 is r;i von by 

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

complexity of the matrices. 

z - cu 0 zll z22 m 2 -

0 c2t Zy zl+4 _) . 

:: clt z11_ c1 clt 2 22 c2 _______ :JJ 

c2t z33 cl c2t Z44 c2 

The problem is reduced to determine the four submatrices 

of matrix 30 

The evaluation of Clt z11 C1 : 

This v!i:Ll be accomplished in two parts, the resistance and 

the terms Hhich have the operator p 

a) Resistance 

18 



1/3 .1 /"2 
~-1 :; 

.,---···- --- ·-·- . ---

2/3 -1/3 

0 1/{3 

= l/3 R 
s 

0 

0 -----
b) 'rerms in p 

--~-~] 
-1/3 

--l/VS 0 

0 

2/3 R 
s 

0 

R 0 s 

0 

0 

0 

2/3 

R s 

·-· 
R 

s 

1/3 1 ?./3 o 
r V3_T_:l;;- --~~{} 

__:2[1/3 -1/{3 

Similarly the terms in p are reduced to 

0 
2/3 l'\ __ ,)_P -1--

21
_
3
_( ~~~ : = 

0 s s 
---- o ~~;-?XL -t-l ")p ___ _ 

,_ ___________ __._______ -------

Combining a and b vie obtain 

c z c lt 11 1::-: 1/3 1(+(1/3 s 

0 

0 

lJ"' +2/3 !1
8
)p 

0 ~ 

0 0 

2/3 R +2/3(1 -H )p 0 
s s s 

-··· 
0 ?/3R

8 
-+-2/3( I 

This vlill also be accomplished in two parts, the terms with a.nd 

vJithcut p 

a) Terms without ~ 
.--- -

l/3 1/3 l/3 R F -F 1/~5 0 2/3 

0 1/{5 -1/{3 -F R F 1/3 1/{3 -1/3 
-
2/3 -l/3 -1/3 F -l!' R l/3 -1/fS -l/3 

where F = 1/./3 mW (L - M) 
m r r 
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--
l/3 R 

r 
0 0 

0 2/3 H -2/{3 F 
r 

0 21v F' 2/3 H 
r 

b) 'J'ermE> H:i.th p 

Similarly the terms i.n p are reduced to 

C XL 1 C :~ 
2t ~ + 2 0 0 (1/3 L +2/3 M )p 

r r 
---------+-------- -----·-

0 2/ 3 ( l. - M ) p 0 r r · 
----------1----------------------

0 
2/3 ( L -M ) p 0 r r 

-----------L-----------L..-------·------
Combining a and b 

c zL 1 c ,~ 
2t H 2 

-----·---
l/31? + ( l/3L +2/3!v\ ) p 

r r r 
I--

0 

1-· 

0 

The Evaluation Of c2t z
3
_
3 

c
1 

: 

-

0 

2/3H +2/3( L -l-'i 
r r 

2/3 mVJ (L -!vj 
m r r 

-

-
0 

)p -2/3 mw 
r n 

-
) 2/31< +2/" 

r 

The multiplicat:i on of the above submatrix will be done in 

two parts, terms with p and terms without p 

a) Terms Hithout p 

R33 cl = l/3 1/3 1/3 0 }t, -F 1/3 2/3 

20 

JZ 

0 

0 1/{3 -1/{3 ·- F' 0 F' 1/3 -1/3 l/..[3 
·-- t-

2/3 -1/3 -1/3 E' ·-F 0 l/3 -l/3 -l/{3 

where F' = 612 m u.J mH 

= 0 0 0 

0 -m Wml'l 0 

0 0 mWM m 
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• b) Terms with p 

0 0 0 

0 0 .Q 

0 Mp 0 

~ adding a and b we obtain~ 

0 0 0 

0 -mW M 0 
m ------- 33 

0 Mp mW M 
m 

The Evaluation of Clt Z22 C2 

1/3 1/3 1/3 1 ..:..y2 -~ 1/3 0 2/3 

. 2/3 -1/3 -1/3 M -Y2 1 -~ l/3 1//3 -1/3 

0 l/-13 -l/f3 -~ -~ 1 1/3 1//3 -1/3 

= 0 0 0 

0 0 Mp ---- - - - -- -34 

0 Mp 0 

The impedance matrix for the two phase commutator primitive 

with a uniform air gap is obtained by substituting submatrices 31, 

32, 33 and 31+ in matrix 30 

R +L s1p 0 0 Mp s1 

0 R. +L s1p Mp 0 
s1 

-m w M 0 R +L rlp -mw L 
m r1 m r1 --35 

Mp mwM mwL R +L r1p m m r1 r1 

- - -- - - - - - - 36 



where Rsl 
r j7; Hs -- c:., :;> 

1sl = 2/3 (Ls - M ) ·s 

Rrl -· 2/3 Hr 

1rl -· 2/3 (L:c - Hr) 

'l'he matrix 35 is identical to the b:o phaL>e cotr:mutator primitive 

derived before. Hence the above lengthy calculabons led to the 

familiar four by four impedance mstrix plUEo tvro independent zero 

sequence equations 36. 'rhe rer::dsta.nces and incluctc::mces are adjusted 

from three to two phc-u:;e. 

ln a rototine; mc::.chinc the mecho.nica1 output povrer is equal to 

the product of outprrt torque and speed of rotation 

T8 di.P n 
· -= ro•Jt dt .. 

And from Appendix /1 

------37 

v1here T.., lf:-' the eler.tromagnetic output torque 
""' 

(JJ is the angle of the rotor relative to the .stator 

G 
dL 

= dljl 

The current in the above equationc are instantaneous values 

and the torque is the instantaneous torque. Phasor currents may 

* be used provided it is repl0ced by the conjugate of I i.e. by It 



Equation 37 in the fixed axes beco~es: 

By insr>ectj on the matrix G can be re\·Jri t ten as G + G n c ct 

Since torque is a scalar who~>e transpose iR equal to :LL:wlf 

0 0 0 
--------
0 0 0 

-Hd 0 0 

0 1··1 q Lq 

--
0 

r---
0 
--

--Ld 

0 

. ' J. ') 
r_ 

. I 

Jj 

-- -·- -38 

By omitting the factor y;,, the same rule as for the slip-

ring machine may be used for deriving the torque equation of 

the commutator machine. 

Equation 38 reduces to: 

The torque which is delivered to the Torquometer by the 

generalized machine is given by: 

T = T - (J dw + D w + C) 
m e d.t 

where J is the moment of inertia 

D is the coefficient of viscous drag ( w:i ndage) 

C is the Coulomb friction torque 

T is defined in equation 39 
e 

----- Lto 
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INVEJTI'EH DESIGN 

General : 

In chapter one, the equations which express the voltage, 

current and torque of a tvJO phase induction motor have been derived. 

The object of this clwpter and the following clwpter is the gene­

rat jon of a variable frequency, two phase waveshapc, by a parallel 

bridge type-inverter, to power the two phase induction motor. 

'l'he flux dcmd.ty for an induction machine is directly proportional 

to ·the voJ tctgt; and j nve~~se ly pr01Jortional to the frequency. 

Conser1uent1y, to maintain a constant flux density, a constant 

Volts/Hertz ratio must be maint3.iued. This r,1eans changing the 

applied volt<Jgc with a change in frequency. 

Single Phase Inv<:rt er _ : 

A single phase bridge inverter with feedback circuitry is 

shown in Fig. 2-1. 'fhe output termin;Jlo nrL: labeled A1 anc1 A2 . 

A ulocking rectifier CR:J is in series with each SCR, uppe1~ and 

lower commutaU.ns capacitors are indicated between SCR and diode5, 

and feedback diodes (.Fi) are connected to each output terminal. 

The series blocking diodes prevent the charge stored on the commu­

tating capacitors from discharging through the load. The voltage 

of the commutating capacitor is charged to a maximum immediately 

before the commutation of an SCR. After commutation of an SCR, 
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the residuc:'1 cv.rrcPt of t.hc lo:'J.d fl01·1::; tl:rour;h one rJf the feedbs.ck 

rectifiers to the line. 'J'wo reactors (L), along with their shunt 

diodes ( K), suppres:3 the surge current due to the commutation 

transient, assuring a constc.mt potential at the SCR bus. Consider 

the case where scn1 and SCR2 are triggered; the capacitors c1 

and c
2 

are ch<Jrged to a voltage equal to tlJe source voltage. \1/hen 

trie;ger .pulses arc appJied to scn
3 

and SCR4, causinG them to conduct 

SC1?
3 

places the nec;ative end of the charged capacitor c
1 

on the 

positive DC bus, and SCH4 places the positive end of the che.rged 

cap<.<c:Ltor on the negative DC bus. Capacitor c
1 

discharge current 

flows through the path R
1

, F
1

, Land SCR
3 

while the c
2 

path js 

I; , FL
1

, R
2 

and SCR1+. 'I'he potenUal drop thus developped ncross I" 

reverse bias SC1~1 and SCI\
2 

sirnultancously. Each succeedj_ne; mode 

repeats in a simiJar fashion. 

One of the major disadvantagesof this construction is that 

an j nstantaneom:; S':Ji tcb must be made from one polRrity to the other. 

This !Jleflns a simultaneous turn-on of one SCR, say SCR4, and turn-off 

of the other, say SCR
1

. Because of the very fast turn-on (typically 

one m:i_c:crnecond) and rclati vely ]one; turn-off time, the SCR' s would 

present a direct short across the supply, and would result in 

component failure. This lect us to investigate the SCR turn-off 

time, and the SCR turnoff mechanism in the follo\<Iing sections. 

SCR Turn-Off Mech<mh~m 

\'!hen a thyristor is in the conducting stAte, each of the 

three junctions of l"ig. ;~-2a are fonvard biased and the h1o base 

ree;ions (B and B ) are heavily snt'urated with holes and electrons 
P n 
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(stored charge). To turn--off the thyristor in n minimum time, it 

is necessary to apply El reverse voltage. \c!hen this reverse voltage 

:is applied the holes and electrons in the vicinity of the two end 

junctions (J
1

, Jj) will diffuse to these junctions and result in 

a reverse current in the external circuit. The voltage drop across 

the device Hill remain at about +0.7 volts as long a~:.; an appreciable 

reverse current flovn;. After the holes and electrons in the vicinity 

of J 1 and LT 3 have been removed, the reverse current will c case and 

the junction J 1 and J'- will aE:isume a blocking state. 'l'his interval - :; 

is reprec3ented. by t
1
T (reverse recovery time) in Fig. 2-2 b. The 

reven:>e voltage across the device now increases to a va1ue determined 

by the cxternaJ. circuit. Recovery of the .SCR is, hovn.over, nC?t yet 

complete, since a high cor~entration of holes and electrons still 

exists in the vicinity of the center junction J 2 . These carriers 

are removed by recombination which is independent of external bias. 

When the~;e carriers have nearly compJ etely recombined the junction 

J 2 can then regain its blocking state. If the carriers are not 

sufHcient.ly recombined, they can cause J 1 and J 3 to inject as 

soon as they are forward biased during the forward blockine; cycle. 

This interval is representee by tgr (gate recovery time) in Fig. 2··2 b. 

'I'he turn-off time toff is defined as trr +tgr• It is not <: constant 

but is a function of several parameten? as incr8ase in fon-:ard current, 

rate of decay of for1:m.rd current, peak reverse current, increase 

in forward blocking voltar;e. 



The comrnutnting principle of the pD.rallel inverter is illustrated 

in Fig. 2- j. The term p~lrallel capo.citor-commutated inverter is used 

to indicate an inverter v:h:ich is commutatod by a capacitor connected 

in parallel with the load. This circuit illustrates the con:m'.ltation 

action obtained in more efficient parallE:l capacitor invert<:rs. 

\-!hen SCR
1 

and .SCH
2 

are gated on simultaneously, in Fig. 2·-3, 

with switch 3 closeds the capacitor C v!i11 charge exponentially, with 

the polarity shown~ approaching tbc DC sovrce voltage. Then switch :> 

is clot;ed to discharge the capacitor c 1 switch 2 :i.r:; moved fron1 ,IJ. to B, 

and S\,Jitch :-s opened. scr1
3 

is r;ated-on, conaecting tho capacitor C 

across SCR
1 

in a direction to provjde a negative anode to cathode 

voltage, thereby divertinc; the Joad current throngh the capacitor C, 

turning off SCR1 • 'I'he capCJcitor C, resistanr:e I\ and the volt'C\ge to 

which C is charged. must be sufficient to divert the maxir!!um load 

current from the SCH for the time interval ( t ~f.) required for the 
OI. 

SCR to rega:i.n abj lity to hold off forv.Jard voltage. 

The voltage across the capacitor is r;i ven by: 

v = V (1 - 2 e-t/RC ) -------1 

F'or v in equation 1 to be zero, t should be equal to • 7 RC. 

The circuit turn-off time Tr, is equal to • 7 times RC and must ahmys 

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 SCB off. 'I'hc value jm3t above this combination can be taken 

as toff and vms in the order' of ;JJ microseconds, 

29 
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measurement acrosE.; SCR
1 

is determined by J~C of the fi.ring circuit 

and is given by 'I' ::: HC ln 1/( 1-1/) 

where "1. :i.s the intrinsic standoff ratio 

.F'or an approximate value oflf/. =.63 , R=l.5L£l and C'=.l.5J(f 

the value of T is eqnal to 225,..l(seconds. 

LC Forced Commutation : 

In the circuit illui>Lrated in F'ig. 2-'1 (a}, scn1 a.nd SGH2 are 

gated--on 1:1ith switch l closed. The capacitor C charges as indicated 

to a voltage Ei eqva.l to E. \;/hen dcady state if3 reached, switch 1 

is opened and SCI~3 js triggered on, which reduceEl Fig. 2-l~ta)to 

Fig. 2-41blvrith initic:'l vo1te.ge on the capacitor E:. = E and init:ial 
1. 

RcpJace diode D2 by a resistance H2 ~ 0.6-!. 

The differential equation for tho circuit is: 

i 1 H1 + L di1 - E 
dt 

-------2 

-i2 H2 == L ~!1 + L ~~ 2 + ; Jil dt + ~ fi 2 dt -- - - - - 3 

The Laplace Trc:~nsforms of equations 2 and 3 are: 

(Rl + L S) Il - R2 12 - E + L 1
0 

____ L~ 

s 
(I..S + 1:._ ) Il + (L S + 1 + Hz) Iz= 1'~. + L 1

0 --~-5 -J. cs cs s 

Solvii1g equatioN"' L~ and 5 tlw Lap] ace 'J'ransform of i, and il. 

R(4) ( CSl ~ + Bl sz + AJ. S + 1 ) 
I1(S) ::: 

s ( Y(1) s3 + Y(2) s2 + Y(3) s +J ) 
-----6 

where R( I+) = r:: 

Rl + R2 

are: 



+ 
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and 

CSJ 
E 

Bl = (E L c + 2 10 L R2 c) I E 

Al = (I
0 

L + 2 E R2 C) I E 

Y(l) = L2 c I (Rl + R2) 

Y(2) = CR1 L c + 2 R2 L c) 1 CH1 + n2> 

Y(4) (B s2 + A S + l) 
Iz(.S) :.:o s(-Y(l) s3 + Y(2)-;) + YC3) s + 1) 

B~ -(I 1 R) C) I E 
0 -

---- -7 

Factoring the denominator of equations 6 and 7 yields: 

:::.(1 + 'l'S) ( Y(l) s2 +_.1 (Y(2)- Y(l)) S + l (Y(3) -l(Y(2)- (Y(l)))J--8 
T T T T T T I 

R = 1 ~- __! ( Y(3) - 1 (Y(2) - J(l)) 
T T T 

_____ 9 

For the rmnninder to be zero equation 9 becomes: 

r3 - Y(3) T2 + Y(2) T - Y(l) = 0 10 

Equettion 10 has at leDst one real root and two immD.ginarY 

root.r;. Equation 9 is solved on a digital computer using Bairstm·J 

technique. 'Ehe va1un of 'l' is substituted in equc:tion 8, then R is 

zero. 

Subst:i.tutine; equation 8 for the denominator of 6 and 7: 

R(5) (CSl s3 + Bl s2 + AJ. S + l) 
IJ(S) = 

2 
. 

- S (l + TS) (Y(6) S + Y(?) S + '1) 
-- ___ ll 



·~r'-') ,.., \·(h) 'f' I(¥(-;;' - 1. (y(zl yr·l>') 
\_) L, ··; ~) ~l~ ···-·-i.::...; 

Y(6) = Y(l) I (Y(3) - ; lY(2) ~· Y~l2)) 

Y('/) ~ (Y(2) - Y~-'1))/ ( Y(3) - ~ (YC2! - I;fL))) 
Y(5) (B s 2 + A S + 1) 

I 2 ( S) c: - ·---------

- S (1 + TS) {Y(6) s2 + Y{?) S + 1) 
and ---- _12 

whe.r·e 

Equation 12 expret:;sed in purtial forms: 

AA BD DS + E 
I 2(s) "' --- + ---- + ----

S l + TS Y(6) s 2 + Y(7) S + 1 
- - --· -- -· 13 

where 

BB ~.: ( J + T.';) I 2 ( S) I ,, _ J /rJ"' 
.:>-·- ·I . 

D and E are found by equo.t:i.ng 12 and. 13: 

D- - (T.Y(5).Y(6) + BB Y(6)) IT 

E = .((B Y(5))-(Y(5). Y(6) + TY(5). Y(7) + BB.Y(7) + D))j•r 

./I.JJ the above constants were calculated by using a digital 

computer for the following set of data 

!<.:=30 volts L=l milliHenry 

I =11 amperes 
0 

F -;JJ volts 'i -

H1 =2. 72 olJms n2 =. 2 ohm 

-10.27 • 25lh 10-3 2. 75><10-7 S + 7. 5xlo-4 

s + l+0.342>C10-3 s + o.25.xlo-7 s 2 + o.~94xlo-3 s + 1 

By using the tables the inverse transform of I
2
(s) iG: 

i/t) = -10.27~ - 0.731+8 e~t/0.3~-2)(l0- 3 + 11.9 e-9B.9t sin{6321t+67.L;) 

By using the tables the inverse transform of. 11 (S) is: 



1-------·--·-
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.---------------; DO 2 I = 

._[;0_· 2 __ <_t_)_=_A_A_J_B_B ~--t-/~-·-t-_c_,..c_-_tc_vt_s_in_c_. (•_) _J_l-_1_2
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The current in the top branch of Fig. 2- 4 (b) is the su.mmation 

of i
1
(t) + i

2
(t) 

i,r(t) =-0.085 e- 29~:'0t + e-98.9t (3.lj.8 sin(632Jt) + 11.92 sin(6321t+67.Lf)) 

'l'he voltage across the inductor is obtained by differentiating 

the total current i'l,: 

-2920t -98 9 [ = -25.9 e + e ' -0.989 (3.48 sin(632lt) + 11.92~ 

sin(6321t +67.!1·
0

)) + 6.321 (3,lj8 cOt;(6?,21t) + l1.92cos(632H+6?,lj"))J 

The expression for the voltnge on the capacitor C is obtained 

----- - 14 

0 

'l'he Laplar.e Transform of equation J.lj is: 

3.767 10-6 s 2 + 2.202 10- 2 s + 32.05 
Ec(S)= 7 2 -~ S (1+0.34 10-.J S) (0.25 10- S- + O,lt9 10 S + l) 

J<~quation 15 expressed in partial form: 

32.05-Ei 4,llt1+ 10-5 -8.05 10-7 S + 1.086 J0-
2 

s + 1 + 0.31+ lo-3 s + 0.25 J.o-7 s 2 +0.49 10-5 s + 1 

By using the tables, the inverse transforr1 of Ec(S) is 

ec == 2.05 + .12 e-Z920t + ?6.1 e··9S. 9t sin( 632lt - 25°) ----16 

All the above equa.tions are applicable for i
2 

positive only. 

The results from the digital computer for i
1

, i
2

, i~,, vL and vC 

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 

interval must always be greater than the turn-off time of SCR . 

The 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~ated 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 SCR1 and SCR
3 

c) the application of the mathematical model for a certain 

range only 

d) the initial voltage across the capacitor is less than E 

due to leakage 

e) the resistance of the inquctor was neglected 

f) the diode D2 was considered as a perfect switch 

4o 

\'Jhen the current is flowing in the forward direction, the circuit is an 

R, L and C network which is easily solved. 

Inverter Specifications: 

The main components of the bridge are the SCR's and the diodes. 

They must be capable of withstanding the rated voltage and the rated 

current during continuous operation. They must have reserve capacity 

for large motor starting currents; typically seven times the full 

load current. 



I'~ r.l 

circuit in p1nced acr·oss Lhe DC supply. An induction reactor, L, 

must be supplied (Fig. 2-1) to limit the rate-of-rise of current 

wlthin the specifications of the SCR's until one of the two SCH's 

is turncd-of.f. 'l'he value of the reactor inductance is given by: 

L =% [2 vI ~~ 

where V is the HMS voltage 

Note tho }~ :i .s used because there are t\.;o Jnductors in r:;eries, 

the root of tw.) for peak voJ.Luge. 

If a failurc-to-commatate should occur, Lhc inverter will 

melt. Coru:equer1tl;y, a bigh speed elcctro!'lic circuit breal;cr is 

necessary to avert SCH burn-·out. 'l'o bring the startint; current to 

a value within the electronic breaker capacity ( 20 amperes), <m 

external rotor res:ir:>tor Rhou1d be added during starting only, then 

shorted-out f6r continuous operation. 

Provision must be made for dissipation of the heat e;enerated 

in the SCR 's. The major sources will be those due to conduction and 

high rates of switching. The conduction dissipation is computed by 

intcgraU ng the products of anode currents and forward voltat:;e dror8 

for the vmveshape of conduction. Meaningful dissipations for high 

repetib on ratu; must be obtained by actual thermal measurements. 

For the switching speeds used in the proposed inverter configuration 1 

the dissipation due to switching can be approximately the same as 

the conduction dissipation, 
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Design of a 1.65 KVA Inverter: 

The design of a two phase inverter to drive the generalized 

machine; will be considered. 

'l'he characteristics of the generalized machine are: 

Stator \'finding: 

St~ndard two pole, two phar;e distributed winding, 2;/J volts, 

3. 6 ampere;:; AC or DC (~;erie~;) or ll) volts, 7. 2 ampere::> AC or DC 

(parallel) 

Hotor winding: 

Standard tv:o pole, continuom; lap \vound armature v1ith commu--

tator, 230 volts, 8 amperes AC or DC. 

The synchrmtou::; speed of the motor is given by: 

Ns = 120 f / p 

where N - synchronouG speed in RP11 s 

f = supply frequency in Hertz 

p -- nurr.ber of poles 

To operate in the speed rango of 300 to 1+800 PJ'H the inverter 

must tJCJ.vto a frcqucucy capability of 5 to 80 Hertz. 

The T\i"l ,._,..._, cui~ly \'Jill consist of a bridge rectifier operating 

from d;e 2:_,0 volt:3, 3 phac;e, 60 Hertz power line. The average DC 

rectifier output is given by: 

{2 E sin n:/p 

Ed == n/p 

where E d 
::: average DC output in volts 

E ··- pha5e voltage 

p ::: number of phases 



== 269 volts 

The peak of the ripple vol~age will be 

1.;'' 
·''!il:J.:i: 

== 326 volts 

The SCR's sllould have a blocking capability in the range 

6oo-6_50 volts (85-·100 percent overshoot) 

The line curcent of each invf!rter vl:i.ll be 7.2 amperef5 for 

the parallel connection of the stator. Therefore the SCR's should 

have a minimum current capnbility of 25 ampere~> for operat:i.o:1 v::i.th 

exterllal rotor rcs:i.::>tancc to l:i.rn:i.t the starting current to 25 amperes. 

The diodes in series with the SCI~ should have similar rabngG 

to the SCR's, 600 volts and 25 arnpere.s. 

The SCH's, diodes and bridge rectifier used in reference 1 

are used as components for this inverter. It will be noted that the 

rectifier diodes are rated about tw:Lce the inverLer SCR' s, because 

they feed h;o E3ingle phase j nverter bridges in parallel. 

Developr:wnt of the triggering sequence and desie;n of the 

aBsociated circuitry are covered in chapter 3. It is established 

in chapter 3 that each leg of the inverter conducts for half cycle 

of the basic frequency. Assume that, at the ma.xim'..<m repttit.ion rate, 

the leg sees continuous rated current for half cycle of the ba.sic 

frequency; hence the percent duty cycle is 50 percent. 

From the 2N690 SCH forward V-I characteristic, the fon1ard 

voltae;e drop, at the rated current of 7.2 amperes, 'is 1.25 volts, 



therefore the conduction dissipation is 

:: }~ X '7. 2 >' 1. 25 

The predominant dissipation for the 2N690, at repetition rates 

beloH 400 Bertz, ir; that due to conduction. 'I'he hi ghcL>t repetition 

rate of each SCH :Ln the inverter is 80 Hertz. Hence a heat sink of 

5 watts is required for each SCII. 

Similar heat dissipating radiators are used for the diodes. 

The current limi.ting reactors are designed next. ~~e reactor 

should not Ew.tu.ratc over its operat:i.nc; range. During the short·-

circuit commutatioll ncross the DC supply, the rate-of-rise of current 

should be limited to 2 amps i.n 25 microseconds which is equal to 

4 
8tJO amps/sec. 

L -

L = 

V/ 2 

di 
dt 

165 I 2 

8 lOlj 
= 1 m1-I. 

The reacto· . .- should be capable of continuous operation at 

'I'i:1e computer program develor. ed is used to determine the 

value of the capacitor to commutate the SGH. A value of 48 micro-

farads is found to be satisfactory with a hundred percent factor 

of safety. 

Current overload protection must be provi.-l.ed to detect 

commutntion failures and disconnect the DC supply from the inverter. 

'I 1!-··l 



'l'he det:,ign of c:m clcct:conic breaker •.1jth a ten microseconds 

fault-to-interrupt time is covered in referen~e 1. The reRistance 

R to trigger the Unijunction 'L'ransistor for a 20 amperes load 

is choosen to be .01 ohm. 



CHAP'l'ER THREE 

TIMING AND TRIGGERING 

General : 

The logic unit generates the 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-

cy. The input voltage, however, is adjusted by using a Variac. 

The inverter generates a square wave voltage from a DC 

source. A closer approximation to a sinusoidal waveshape is discus-

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

Generation Of A Single Phase Waveform 

The square waveshape can be generated by step triggering of 

SCR 1 s in a bridge con'f:i.guration. Consider the bridge configuration 

illustrated in Fig. 3-1, SCR1-2 and SCR5-6 conduct the current 

during the positive half cycles of phase A and phase B respecti-

vely, while SCR3_4 and SCR?-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 SCR1 

and SCR2 conduct during modes l and 2, which represent the posi­

tive portion of waveform. SCR
3 

and SCR4 conduct during modes 

3 and 4 which represent the negative portion of the waveform. 
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0 
Pha0e B :is di~'pls..::cr3 by 90 frvm pr;JJ.Ge },, con::ooquc::ntly, 

SCR5 and SCH6 conduct during mode£; 1 and It to form the positive 

part of phase B, SCR? and SCH8 conduct durinc mod(~s 2 and 3 to 

form the negative po)~tion of the waveform. 

Phase A and B are isolated from each other to form two 

phases in quadrature. 

'l'he highest frequency of operation is 80 Hertz, therefore 

the shorteE>t period of one mode :~s: 

Two Bit Register : 

lt has been established that two single phe:1se~:; in quadra--

ture can be constructed from a four mode operation. The tHo bit 

r~gister generates the necessary outputs for s~ch an operation. 

The construction of this regic~ter involvesthe use of tv1o binary 

counting units (flip-flop) and h1o inverters. 

Consider the operation as illustrated in Fig. 3-3. The input 

C revr.·esen~s a clock which generates a continuous train of positive 

input triggers t.o the first binary. Q1 and Q2 represent the outputs 

of the fix·st end second binary units respectively. The binary 

units are connected in case ade and respond only to changes from 

e. one to a zero level. 

'l'he realization of sucl1 a circuit ts illuctrated in F'ig. 

3-lt. In this circuit four outputs are available QJ, Q1 , Q2 and Q2 • 

The J's, K's and reset terminals are connected to a high level 

(+3volts). The high level is obtained from a NhND -gate ~tJith the 
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inrut r;rounded. The rr-icro-sviitch shov:n in the normal poBit:i.on will 

not a.ffoc t the cirsui t, but when pu.ched do\:n v::i ll put the reset 

tenninn.l0 at low level, consequcntl;y 1 Q
1 

and Q
2
Hill go to zero 

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

switch is released. 'I'he micro-sv:itch clears the flip-flops anu 

identifies the starting point. 

The two bit register defines a four mode operation which 

provides for sequential tric~erlng of the inverter SCR's. Eech 

of the modCE; can be uniquely defined b;y wr:i.J ing logic equations 

from Ute regir:;ter v;aveforrns. J~eferr~_ng to Fig. 3-5, mode l if", 

represented by Q1 = l and Q2 ~ l. The logic equation for mode l 

can be written as: 

Proceeding in a similar fashion the remaining modes can be 

uniquely defil)ed as shown in Fig. 3-) (a). No\·1 that the four modes 

have been defined, the logic equations defining the trigc;ering of 

the varjous SCR's can be established. Referring to Fig. 3-2 it 

will be noted that SCR, and SCR2 conduct for both modes l and 2 • 
..1. -

'I'his repr..osent 3 log J.c em op0.ration ~ the logic equation for VA+ 

can be writtev as: 

V + = J OR 2 = l + 2 A 

'!.'he logic eq'~Dti 0n for v1~+ referring to Fig. 3-5 (a) can 

be written a~>: 

Q ·2 
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2 :; Q • Q 
1 2 

(a) 

+ fl -Q .L () Q 
VA ::: l + 2 :; <t.l • 2' tl o 2 

-
VB = 2 + 3 = Ql • Q2 + Ql • Q2 

(b) 

v +:: Q 
A 2 

-
VA -::.Q 

2 

+ - -
VB = ( Ql . Q ) 0 ( Ql . Q ) 

? 2 

-v - ( Ql . Q2 ) . ( Ql . Q ) 
R 2 

(c) 

:F'IG •. 3-5 LOGIC EQUATIONS 



.ProcecJ:i l'lg ·i_n D. ::.;i rnilar fesl1ion, the reEJaining logic: eo.uatimw 

can be established for both phases. 'l'hcse are summcrized in F'ig. 3-5 (b) 

VA+ and VA ... can be modified using Boolean identities as follow : 

+ Q Q2 Ql 0 (Ql Ql) Q2 Q2 VA = l + = + -"2 

VA 
- Q Q2 Ql Q2 (o Ql) Q2 Q2 :::: + = + = 1 "l 

Circuit realizat:ion of J<'ig. 3-.5 (b) is easily established 

using AND and OR gates, but these gates are not readily available 

on the cornrne.r·cial market. 'l'he logic equations rmwt be trunsformed 

for the use of NAND gates onJ.y; v;h:i.ch is easily accornplir:;hed by 

usinc; dcHorgan' s theorem rmd Boolean identities: 

= (Q;_ . Q2) . (Q 
l 
. Q2) -----1 

and VB - - Ql . q2 -+ Q2 . Ql 

= (Ql + Q2) . (Q 
1 + Q2) 

where Q1 . Ql ·- Q2 . Q2 = 0 

-----
vB- =(Ql Q2) . (Ql . ({2) _____ 2 

Equation 2 repre<>ents tlle cornplime!:.t of equation l vih:ich 

can be rc;aJ.:i.zed by an :inverter c:ircui t. 'l'he overall logic circuit 

realizat:i.oi1 1 ud.ng NAND go-:;es 1 is shov.:n in J:t'ie:. 3-6. It vtill be 

noticed thc.tl c~2 and q
2 

are passed through additional NANn gaLes to 

provide input--output ir;olvt i_on. 

The Astable MuJ.tivihrator Used As A Clock: 

The frequc:r,cy of the logic syE>tem is determined by the 

clock input to the first flip-flop. An astable multivibrator, 

illu::;trc.tted in Fig. 3-? (a), is use:d ns a variable frequency 
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source. The time for each portion of the cycles shown in 

:F'ig. 3-7 (b) is given by: 

T::T 1 +T2 

= R1 c 1 ln (1 + v~c) + R2 c 2 ln (1 + v~c) 

For a symmetrical circuit with R1 = R2 = 9.2 KQ, C1 = C2 = 

.33~f and V =Vee= 3.2 volts 

T = 1.38 R1 c 1 = 4.2 x lo-3 seconds 

f == .1. = 240 Hertz 
T 

-----3 

It will be noticed that varying Rand 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 r:' associated with the 

waveforms of the transistor when it is driven into saturation. 

Each collector waveform has one rounded edge because of the time 

required for this transient to die down. The transient of constant 

time r'is given by: 

---4 

where rbb' ~200 ohms 

t:' = 150 microsecon,ds 

The transient r' should be in the range of 200 microseconds 

for the trailing edge of the clock to trigger the flip-flop. 

Therefore Rc in equation 4 must be kept low but not so low so 

as to upset the saturation condition Ic 

IBJf3 

For this case IB = V I R1 == .348 rna. 

· Ic I 13 = V I (Rc.xlOO) = .135 rna. 
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HJ'J' Pulse 'l'r~l~f!el·· C:l.rcuj_ t: 

The desired vmveform for triggering the SCR's is shovm :in 

Fig. 3-8 (a) . The pulse should be at leat;t 50 mic ronecond s v.ride 

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

triggering v_ction. Tbe deE;ired woveshape can bo obtained from a 

Unijur;ction 1<elax8tion Oscillator as illustrated in Fig. 3-·8 (b). 

'£he reEsistor H 
2 

is used to prevent the Oscillator from 

free running. 'l'he vaJue of !?_,is selected to lJo1d the emitter 
c.:_ 

at 2.8 volts below its pe~t-point-voltage, which is defined by: 

V=tfJV +V 
L cc s 

where V iG the equivalent emj_tter diode voltage in the order 
8 

~ is the intrinsic standoff ratio of the Unijunction 

Transistor and varies from 0.~7 to o.G7 for the 2NlG71A 

Unijunction 'l'rcF15ir;tor. 

then the voltage at point P :L::: egn!ll to 12.5 volts. By choot:>i:-l£0; 

R2 = 18 I«~, the voltag(' at point P is kept at 2.8 volh> below 

the peak--point--voltage 

V = 12.5 + 2.8 = 15.3 = 7x25 + .5 ---- - 5 

Solving equGtion 5 in "7. yj cls: 

1'/. = .59 

'l'he unit is triggered by raising the emitter voltage above 

its peak-poJ nt-voltag·~. The :Logic circuit develops 3 volts a.cross 

the diode \vhich raises tLe CJ:Jitter voltage and the capacitor 
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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 resistor). 

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: 

where Vc is the voltage across the capacitor in Fig. 3-8 (b). 

For R
1 

= R2 = 18 KQ, c1 = .15~f and Vee = 25 volts 

Vc = 12.5 ( l - e-t I l.35xlo-3) - :._-- -- _6 

The UJT fires when the voltage at point P is greater than or 

equal to 15.3 volts, or the voltage across the capacitor is greater 

or equal to the voltage at point P less the voltage across the 

diode. Expressed in mathematical form 

Vc ~ 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 waveforms illustrated in Fig. 3-3, 

SCR1 and SCR2 will be on for two modes or 5 milliseconds. Hence the 

UJ'l' will fire only one e in the total period of 10 milliseconds. 



The o~tp~t from ttc Unijuncticn circuit i~ cufficient to 

drive the SCR gates directly in the proposed inverter. 

Decoupling ULTT Circuit Against SCR Gate 'l'ransient s : 

\<lith the inverter configuration selected, pulse transfor:nors 

must be employed in order to obtain electrical isolation between 

the two circuits e,nd the firing of h;o SCH's at the same time. 

HoHevcr1 when transformers are employed, a negative current flovJ.s 

through the gate when the SCR :i.s commutated. 'l'he nE:gati vc voltage 

transient appearin~ h~tween the gate and the cathode of the SCR 1 s 

when trcrwmitted to the Utl'l' can Ci:ll.WE: erratic t:r·iggering. AJso 

the negative pulse can cause ringing in the seconda1y of the 

transformer, when the stray cap3citancesare considered. These 

transients can be eliminated by using a. diode bridge in the gate 

circuit of the E;c.;:~ as illustrated in fj g. 3-8 (b). 

'l'he diodes .selected should be of high conductance, and 

short recovery, tspe. The use of high conductance diodes reduces 

the gate drive requirements because the gate characteristjcs of 

the SCR aTe that of a very high conductance diode. Fast recovery 

diodOE; aro eGsenti&l becEmse the frequency of ringing is high, 

due to U1e relatively small stray capa.citancc. The bridge is plo.ced 

before the priu~rJ of the pul=e transformer to cut the number 

of br.i.d;:;cs by tv•o. 



Generation Of A Stepped Waveform: 

The square wave consid~red has a disadvantage caused by all 

the odd harmonics present in its fourier series, which cause an 

increaE;e :Ln iron and copper losses. 

A vmves!Jc:rpe closer to a sine wave is il1ust rated as VA and 

VB in Fig. )-12. 

'l'he inverter to generate such a wnveshape is illuf:;trntcd 

in l''ig. 3-ll. It consists of four single phase bridgEJS with the 

output of pDirG of bridges added throu-e:;h inolating tram;forrners 

to give pbe.se A and B. 'l'he single phase inverters are operated 

so that their outputs nre as sho1;m in the four vnweforms v
1 1

, 
'·. 

V A
2

' v131 and VB
2 

of Fig. 3-1?. The summation of the two waveforin;::; 

reE>t.dt<c; :i.n the load voltage wnveform shown as VA and VB in Fig. :5-12. 

The above system requires a 12 mode operation. Consider 

mode 6, for instance, SCR l-2, SCH ll-12 and SCH 15-16 will be 

gated-or1 1 theq another set of SCH' s Hill be gated-on for the next 

mode as shown in Fig. 3-12. 

~'he use of four flip-flops vrill result in a 16 mode operation~ 

hence feectb&ck must be used to reduce the 16 mode to a 12 mode 

operation. Consider the operation as illustrated in F~g. 3-13. 

The register bc:haves like a convcntionnl four bit register up to 

pulse h:elve at v:hic}J tir:1e feedback is employed to change c~ 4 and 

to maintain Q7 at a z.ero level. The regular synchronous 16 mode 
:J 

operation bas neither a NM!D gate 3 nor Q
4 

at NAND gate l and 

NAND gate 4 is just an inverter. 
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tabulate the output in a table as represented in FiB 3-14. From 

the table the J 's and K' :c> of flip-flop 3 v1ill be at a zero leve1 

in mode 12, therefore the flip-flop will remain in its present 

condition vlhen a clock pulse occurs. On the contrary, J's a.nd K's 

of f1ip-flop 4 are at a one level in the same mode and the flip-

flop vlill go to a zero level on a clock pulse. Consequently, the 

four flip--flop~> \·till be at zero level in mode 12 vJlri.ch is the 

same as mode 1. 

The four bit register defines a 12 mode operation which 

provides for sequential triggering of the inverter SCR's. The 

logic equations def:Lni.ng the trigger:inc; can be written unin.s 

}'jg. 3-12 and Fig. 3-13 for each pair of SCR's as sbown belovJ: 

SCI11 and SCH2 are gated-on from modes 1 to 6: 

---- ---
Hodel+ 2 + 3 +it+ 5 + 6 = Ql.Q2.Q3.Q4 + Ql.(t2.Q3"Q~ + 

Ql.Q2.Q3'Ql\ + Q:t .c;~2.Q3'Q4 + 

Ql.Q2.Q3.Q4 + Ql.Q2.Q3.Q~ 

By using the Karnaugh Happing Tecrmique the above expression 

is rcduccc! to: 

SCl/7. and SCH1+ are gated-on from modes 7 to 12: 

Similarly it is reduced to 
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~ Q 1 2 3 lt-<-:LI "3 l 

1 0 0 0 0 1 l 1 0 
r------ t----- ----

2 0 0 0 1 1 1 1 0 
·- ------ r-----

3 0 0 1 0 l 1 1 0 -- ·-- -----r-- -- ------ ------·--- -

4 0 0 l 1 0 1 1 0 
----- --·-----r-----r-· ----------~------ :------

5 0 J, 0 0 1 l 1 0 
r----- -···-----~ .. ---- -------.. - r-----r----

6 0 1 0 l l 1 1 () 
r----- --------~ ---- t--· ---- r------ ----r------

7 0 1 1 0 J. 1 1 0 
---- ------ ------ --------- ------

8 0 1 1 1 0 0 l 1 
--·---

9 1 0 0 0 1 1 1 0 
-- --

10 1 (! 0 1 1 1 1 0 
- -·--. 

11 .i. 0 1 0 1 1 1 0 
r---·---- --

12 l 0 1 1 1 1 0 1 
.. 
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SCEc- and SCR6 are gated-on during modes 3 and It: 
__2_ .. 

lviode 3 + ~· == (~ l.Q 2'QYQ~ + Ql.Q2.QYQh, = Q2.QYQLt 

SCR
7 

and SCR8 are gated-on during modes 9 and 10: 

Hade 9 + 10 "' Ql.Q2.QYQ~· + Ql."~2.QYQit == Q2.Q3'Qlt 

SCl~ and scn1o'~.re r,atE,d-on during modes l to 3 and 10 to 12: 
9 ------- -·-· --

!'lode 1 + 2 + 3 + 10 + 11 + 12 = Q1 .Q2 .Q~5 .G:2J 1 + ~;1.Q2.Q3,(:~h -1 

Ql.Q2.Q_?"Qit + Ql.Q2.Q3'Co21t + 

Ql.Q2.Q3.Q~ ~ Ql.Q2.Q3.Q4 

= Q .• Qz.QL + Q2.Q 7 .Qi + Ql.Q2.Qz 
~ - t - ~ + ~ 

SCR11and SCR12 nre gated-on during modeo 4 to 9: 

Mode 4 + 5 + 6 + 7 + 8 ~· 9 = Ql.Q2.Q3.Q4 + Ql.Q2.Q3.Q4 + 

Ql.Q2.Q3.Q4 + Ql.Q2.Q3.Q4 + 

SCE1..5 and SCH14 are [';ated-on during modes l and 12: 

SCR1 c:: and .SCRJ( arc gated-on during modes 6 and 7: 7 -~·) _________________________ _ 

Hode 6 + 7 ~-= Q1 .Q2.Q3.QLt + Ql.Q2.Q3.Q4 

rl'he overall logic circuj t realization usinr, NAND gates is 

shovm in Fig. 3-l.). This c3.rcuit vms tested on the Digital Compu-

ter Lab and performed sati~=;Tuc to rely according to the specific a-

tions desc ribcd above. This circuit was not built due to lack of 

fund. It is intere<:;ting to note that four times as many NAND gates 

are required in. a 12 mode operation than are required in a 4 mode 

operation. 
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TO SCR 1-2 

5-6 

3-4 

7-8 

9-10 

11-12 

13-14 

\ 

15-16 

FIG. 3-15 OVERALL lOGIC REALIZATION 



Summary: 

The timing and triggering requirements are summarized in 

block diagram form in Fig. 3-9 ~ The output wav~shapf~S are summa­

rized in :F'ig. 3-10. 

The f1stable I·':ultivibrator provides tbe basic frequency 

control. The two bit ~egister provides a four mode operation. 

The logic unit assitnilates tlw output of the regiE3ter and 

generates a set of.sequential timing pulses. ~he firing circuits 

provjde the necessary g;utc drive for reliuble opcTE,tion of the 

SCR's. The Variac changes the input volt&ge to the bridge 

rectifier to maintajn a constant flux density. The bridge 

inverters, by gating the SCR'b Qn and off, invert the DC voltage 

to t1:1o pha.sc voltagesin quro:.dro.ture. 
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----··------

VARIAC 3 </J 

FIRTIIG cmc:r l 
-[--
----~--------.-------------~ 

[ BRIDGE RECTIFIEJ 

1 __ =-_j 

-~~-:]PHilliE B 
RIDGE I1'VER'l'ER __ ,.._ 

our 

~-.I--

FIRING CIRC::J 

-· [ -

E :J PHAb"E A 
11E INV:E;F~~'ER 

OUT 
---

LOGIC UNIT J 

TWO BIT REGISTER 

ASTABLE ~~JLTIVIBRMfOR 

FIG. 3-9 OVERALL BLOCK DIAGRAH 
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FIG. 3-10. OVERALL FIRING CIRCUIT WAVE:WOill~S 
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DIGI'riiL COf1f..llJ'1'EH ANALYSIS OF' 

INDUC'l'ION MACHUlE~3 S'J'AHTHIG CURRE~'J'l'S 

The AC induction rna.chine equations have been derived in 

chapter one in a stationary frame. 'l'he voltage and cu.rrent reJa-

tionship is given by matrix 35 which is rewritten as follow: 
·------·~--

R,_ 0 0 ,, 

0 R-~...:") 0 

0 0 mwrclld 

0 0 

------

where p is Q_ 
dt 

The above matrix form can be written as: 

V=.RI-1Zpi 

Equation 1 can be rearranged to: 

p I - z-1 V - z-l R I 

Ld 

________ l 

_______ 2 

The inverse of Z, z-l, is obtained by a matrix inversion 

subroutine. After Z has been numerically inverted; equation 2 can 

piz 

be expanded to give th 3 ex)Jlicit frn·m f0r the differential equations: 

pil = A(2,2) V sin w0 t + A(2,2) R8 i1 + A(2,4) mwmLq i3 

- A(2,4) Rr i4 + A(2/l) mcllmMq i 2 
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piz .. A(1jJJ v GOLJ (:\ + - r.(l,J) R& i" ·- !1(1,3) mwn/Jid il ·"o' c:. 

- A(1,3) I~r i3 - A(l,3) mtum Ld ill-

pi3 = A(3,1.) v cos !J)ot - A( 3, l) Rs i2 -· A ( 3, 3) mw111~1d iJ. 3 

- A(3, 3) Hr i3 - A(l,3) mwm Lct_ il+ 

pijt "' A(lt,2) v t1in w0 t - A(Lf,lt) mwnl1q ic~ .. A( l1, 2) Hs il 

+ A(Ll, Lr) mwrnLq j_3 -· A(lt,lt) Hr j_4 

The torque is given by equatton 11o: 

Tm ·- J ptu + D (J) + c - m(-Md il i3 - I'd i4 i3+ H ilt- i2 q 

-----~+ 

Equation 1t can be rear1·<mged to: 

pul o= J'm + _!!1_( -Md i1 i3 - Ld i4 i3 -l Nq i 1l- i2 + Lq :i.3 i4) 
a .r 

-Dw~-C ------5 
~T 

Equotion ~) is then in suitab1e form to be included with the 

four differential equations of the phase currents. A di~ital com-

puter i~ used to solve the five differential equations using nume-

r:i.cal approximations. 'I'v1o of the most commonly used techniques are 

the Rung:?. Kutta and the predictor-corrector (hilne) methods. 

Runga Kutta Method: 

'l'he Runga Kuttn method was selected for usc in this investi-

gation. F:~;sentially this method invoives using information a.vailable 

at the n, n-1, n--2 ••••. ,etc., increments to predict values of the 

desired function at thf) (n+l) increment. The predicted value C:tt 

the (n+l) increment is then combined with previous values of the 

function, to obtain a corrected va.luc nt the (n+l) increment. 

The equations used in the differential equation algorithm 
' 
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bcins discussed here 2re: 

etc. 

'I'hc increment in i
1 

for the first interval iG found from: 

kl = fl (to, :L]CJ' i2J, i;o, i}-+0' uc) 

k2 .. fl c t 0 +t\t/2 ~ ilO·:kl/2, i2\)+ll/2, i )J+!TlJ/2 1 i 110+n1/2 ~w0+q1/2) 6 t 

k3 -- r1 Ct0+At/2, :t.10+k2/2, :i ?O·tlz/2, j ~5C)+m2/z, i 110+n~/? 1 t~hjq2/?)i't 

k1-+ = r1 _<tc//\t, ~-Jo+l,_3 , i 20 -~-1 3 1 i~;o+my i 110+n51 t:'o+c:.:) 1.\l; 

bl(,~ ·1' l. 1. a>1·1' 'l t·o olJt··J·n ., 11 11 a.r',_,·'l o .• ]\1o' ... ·E" t 1>.'_.,_·'-. t'np J·.l._IJ· __ i· .. ~J.c"' .. ). ·, ''-' · 2 l · 3 I jj .. 1 •1. ' <· .. 1 ·•· t I. 1 • • • I _ 1 I _ __ , 

conditions for the currents and· <;pc:cd arc zero. 

l'lcchan:i.cal Parc•.ms-tcrs: 

The constants J, D and C of equation 5 are deter~ined using 

the Hu.nning Dovm techn:i.que. \'!hen t:be GeneraJjzecl i•1achine :i.l3 unexcited 

and driven by tl1e Prime Hover, equation it is reduced to: 

'I.' = J p(tl + D w C -~~-·---6 

'I'he motor torqHc is suddenly interrupted and the mach:i.ne 

will slow down. Durin.; th:i s mnver1ent cquat.Lon 6 i1:; reduced to: 

J p<v + D w + C = 0 --------'1 

The so1ution of equation ? LS: 

(D (J) -1 C) = (D ulo.r + C) (; - D t I tT 
-------8 

where 
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C' IT C~D ----·----------­il LW ~~~ 
--=-·-i-- . 

fi"JL)Vr .,, J. . x " ~ 
~-·~-' -~~.! _'i_J_. ' v 

L 

DHlENSION X( 3) , Y ( 3) 

DEF'INE Y(l) 1 Y(2), Y(3) 

F'IG. l1-1 Block Diagram For Solving 3 Simultaneous Non-Linear Equationo 
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Three run dawn tests at different speeds were performed 

and the times taken for the. machine to stop recorded. 

Substituting for w0 r and t in equation 8, for the three 

run down tests, gives three simultaneous nonlinear equations. 

Fig. 4-1 describes the solution of these three simultaneous 

nonlinear equations using a digital. computer. 

From the proc;re.m, the constants are: 

J ::: o.o2fs Kg-·~·1eter2 

D :::: o .ooo;)G Ne\,rton·-·Ncter/ rad:ian per second 

c : 0.386 N ewton--Het er 

Electricc>.l Parr1meterr;: 

The DC rer;istance \•laG mear;ured at room temperature. ~-'he 

* stator resistr.mce R
8 

is 1.1+ ohm;; (1.6 ohms at 60 Herb). 'I'he 

rotor resi<:>tanc e e:,;:c luding brush contact rct3istanc e ir3 0 .1+6 ohms 

(0.53 obms at fD Hertz)*. 

1'he sel:f and mutual inductancccs were taken from the results 

of experirnentf3 performed on a sim:i 1ar gene:ralized machine 1wing 

the Operational Amplifier technique in Heference !.1. 

Due to saturation the curves for sPlf and mutual inductances 

are nonlinear. A curve fitting s11broutine usine; thP least square 

technique was used to fit the curves of inductances to a polynomial 

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

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

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



J n 3" . 00"04 · 2 oc--' l·3 + .oou-~ 1·4 - .00001 J~5 M - • _6 + .oo 27 J_ - • 0 l - - • )UC::'+ - / 

For n=8 the snlf inductance is: 

L = .1+8 + .01125 i + .115 i 2 - .48'+ i3 + .691+ ilt- .lt92 i5 + .18 i6 

- .032 i7 + .0023 i8 

Results: 

Tho five differential equations were solved on a digital 

computer and the block d:i.agra.rn is shoHn in Fig. 1~-2. 

The peak starting currents for the various vvindigs versus 

external rotor resistances are illustrated in Fig. 4-3. From these 

curves, a four uhmc; externc-,1 re;;istors Hill limit the maximum 

startin['; current to 10 amperes. This is \vithin the limitation 

of the Electronic Brea.l~er. 

~~he accuracy of the J<ungR · Kut ta method ic largel;y dependent 

on the size of increment lit. 'rhifJ method, however, gave c>atisfac-

tory results for this jnvestigation. 

If a greater accuracy is required the predictor-corrector 

method should be used because it has an automatic adjustmerrt of 

t.t to keep the truncation er:cvr within prescribed limits. 



?9 

-·------

SUP80U'l'INE 

= 0. 

rA(l,l), A(2,2), A(3,3), A(L~,4-) 
S}~T 

A(l,l1·), A(lt,l), A(3,2), A( 2, 3) 

VALU;;B l R(l,l), :R(2,2), R(3,3), R( Lt ,4) 
FOR 

R(3, 1) , R(/+,2), R( 3' It) ' R(4,3) 



t 

IDY(K) = Q.l 
~~_] 

------ (DO 5 L== l, If" 
----~:~_.) 

~(K) ::-c DY(K) + A(K,L) *V(L) + D(K,J,) *'Y(L) I 
..___L~ _-----~ . 

§~T A VALUE -FO-R-1'(-JJ?i] 

f 
DY(5) = 'l'OHQ/XJ + m/XJ (H(Y(l),.Y(.3)- Y(2)*Y(4) 

+ (B3- B1+) (Y(4);.Y(3))- (D*Y(5)/XJ) ·- C/XJ 

FIG. 1+-2 BIDCK DIAGRi\H FOH SOIJVING 5 SIMULTAN}-:GUS DU'FEREN'l'IAL f~UATIONS 
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CHAPTER FIVE 

CONCllJSION 

The current, voltage and torque equations for a two phase 

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 equ~valent two phase commutator primitive 

plus zero sequence 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 Ghapter L~, it was found 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 motor 

the magnetizing flux should be maintained at its designed value. The 

applied voltage must be varied in proportion to a variation 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. 
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tion of the inverter provides a square wave output. Such a Ll··-mode 

operation can be estcbJished by utilizing logic circuits. 

An astable multi vibn<tor comrtitutes the. variable fn~qucn­

cy clock to the bm bit register. 

'l'he firinc; circuib' provide the nee essary trigger signals 

for reliable operation of the SCR's. Pulse transformers are usod 

for isolation Hnd couplinu; of the trigger sources ancl the SCH 

gates. 

When forced commutation of the SCR's is employed, additio-

nal circuitry i~> necer;s::u·y to eli mino.te parasitic operation of 

the jnvcrter. The negative voltage transient, appearing between 

the gate and the cathode of the SCR's, when transmitted to the 

UJT can caur:>e erratic triGgering. 'l'his situation is overcome by 

utiliztng ctioda bridLe circuits in the primaries of the pulse 

transf,1rmers. 

Jt vms concluded, at the end of chapter 3. that a 12 mode 

operation provides a more sinusoidnl wavcshape. A four bit re-

g:ister de>fines the 12 mode operation, which provides for sequen­

tial triggering of the inverter SCH's. 



APPENDIX A 

Output Power: 

Consider a set of n r.mtually coupled circuits. 'r:he circuit 

equation J_s: 

v:here 

v = R j_ + 

v -- vl i --

v2 

v 
n 

d 
dt 

il 

L .c. 
i n 

L i 

J., ·- Ll N12 · · · · · Mln 

1121 L~ · · ·' · · 1-12 .. c:. .n 

R M1 H2 ..... 1 n .n ~ n 

The instantaneous electrjcal input power r 1 1s: 

P1 - it R i + it L di + it dL i 
dt dt 

'I'he rate of disr;ipation of energy as heat by the circuit 

resistcmce is: 

Energy storage Us == % it L i 

The rate of increase of stored energy 1s: 

-- % it L di + }':? 
dt 

it dL i + If;, dit L i 
dt dt 

_____ l 

Each of the three terms in the expression is a scalar so 

that each may be transposed without affecting its value 

Y2 dit L i t 
dt 

= Y2 it Lt dj_ = % it L di 
dt dt 
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Substituting equation 2 in l yislds: 

The 

dU s == it L di + Y?. it dL i 
dt dt dt 

mechanical output 

Pout = PJ. - ph -

Pout - * it dL i 

dt 

power 

dU 8 
dt 

lS: 




