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CALCULATION OF THE CHARACTERISTICS OF
SYMMETRICAL~-PULSE INDUCTION
GENERATORS

A. N. Tkachenko

Calculation of the electrical characteristics of symmetrical-
pulse induction generators (SPIG's), which are now being widely
used as power supplles for electronic-pulse machines, 1s an important
element of their design.

Below we give the methods and basic relationships which allow
us to calculate the basic characteristics of SPIG's for a steady-state
operational regime,

Without dwelling on the well-known SPIG design [1, 2], we note
merely that it is similar to the design of ordinary ilnduction machines
with semi-enclosed stator grooves and differs only in the way in
which the toothed zone is made. Here the width of the tooth of the
rotor (inductor) of the SPIG is considerably narrower (or considerably
wider) than the width of the toothed division of the stator. The
magnetic system of the SPIG may be of like or opposite poles;
however, the former possesses a numher of advantages over the latter

(greater efficiency, lower inductance in the stator winding, etc.),
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as a result of which the like-pole version may be regarded as the
main one. Accordingly, the followlng study applies mainly to the
like-pole version, although the basic results obtained may also be
used for the calculation of opposite-pole generators.

For the lnvestigation we shall assume at the outset that the
permeabllity of steel does not depend on the magnitude of the magnetic-
field strength (and induction), 1.e.,ust = const, and we shall
disregard the influence of hysteresls. These assumptions may bhe
Justified by the fact that the saturation of the magnetic circuit
of a SPIG (and in particular of the toothed zone) 1s usually slight,
and the ferromagnetic regions of this circult are made of materials
with narrow hystereslis loops.

We shall approximately calculate the 1nfluence of eddy currents
which arise from loading the machine (mainly within the massive
sections of the magnetic circuit) by introducing into our discussion
certaln damping windings located on the stator and rotor concentric
to the shaft of the machine (similar to the fileld winding) and dis-
tributed in a definite manner over the length of the machilne.

Under the assumptions made, the flux within the machlne may be
considered to be the result of the superposltlon of the flux produced
by the stator, fleld and damping windings. The flux produced by the
current 14 in the stator may be represented as the sum of two groups
of currents, of which one 1s coupled with the end parts of the stator
winding and the other with the conductors of the winding in theilr
slotted parts. The total flux of the first group will be called
the longitudinal flux (Qd), while that of the second group will be
called the transverse flux (¢q).

Figure 1 shows schematically a part of the toothed zone and a
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~simplified picture of the magnetic fleld of the stator. "The magnetie

lines of the excitation flux (¢e) are also shown.
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Fig. 1. Simplified picture of the
magnetic field in the toothed zone
of a SPIG.

As a result of the magnetic coupling which exists between all
the windings under consideration, currents arise in the winding, when
the machine is loaded. Therefore, taking into consideration the
assumptions made above, the resultant (total) interlinkage of the
stator windings (wp) may be represented in the form

by = Lols+ L 4l -+ Mygy + - (1)
A /VLdZ’ dz'T' valf' "

/ﬁhere Lq and Ld = the transverse and longitudinal self-inductance
of the stator winding, respectively. (These
correspond to the transverse and longitudinal

interlinkage of the stator winding) ;

Msd1 and Msdz = the mutual inductance of the stator winding and
each of the damping windings;
1d1 and 1d2= the damping windling currents;
'Msf = the mutual inductance of the stator and fleld coils;
if = the current in the fileld coll with the machine

loaded.
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The transverse flux of the stator winding does not form a magnetic
coupling with the other windings.

The longitudinal flux of the stator winding may be represented
as the sum of two components, one of which is coupled only with
the stator winding, closes around the end parts, and passes through
the charged core of the stator, the alr, and partly through the
teeth of the rotor, while the other 1ls coupled with the damping and
field windings and closes along the basic magnetic circuit (stator
teeth, alr gap, rotor teeth, rotor casing, core, and stator casing) .
The longitudinal self-inductance corpesponding to the first part of
the longlitudinal interlinkage of the stator winding is denoted
by th’ whlle that of the second part is denoted by L, . The total

dm
longitudinal self-inductance is obviously

Ly = Lgg + Lyp (2)

The current 1n the field winding of a loaded machine under the
steady-state regime of operation may be represented as the sum of

two components, one of which, i1, , 1s a direct current, which arises

fo
in the c¢ircult under the action of a constant voltage applied to the

fleld circult, while the other, 1 is an alternating current, which arises

fra’
in the fleld winding as a consequence of its magnetic coupling with
the stator winding and damping windings. Thus, the current in the

fleld winding is

i, =1

£ =™ 1po t ipg- (3)

Substituting (2) and (3) in (1), after proper grouping, we obtain

bp= Lo+ Laslly + Myrite + [Lanist Moglas + Moot + My f. . (4)

At a sufficiently high variation frequency the alternating magnetic
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fluxes are almost completely damped in the massive parts of the
magnetic circuit. Therefore the term in brackets on the right-hand
side of (4) may be neglected.
A more detaliled analysls indicated that the self-inductance,
Lq + Lds’ is a perlodic function of time and contains, in the general
case, a constant component (Lo) and even and odd harmonics. However,
the induction pulsations are insignificant and may be neglected.
Taking the latter into account, the expresslon for the resultant
interlinkage of the stator winding may be approximately written in

the form

=Ly Vigede (l4a)

The mutual inductance Msf of generators of symmetrical pulses 1s a
periodic function of time, the varlable component of which contains
only odd harmonics. After differentiating the right- and left-~hand
sides of (4a) we obtain an expression for the instantaneous value of
the resultant emf of the stator winding in the form

dy, di, | dMge

P 3 (5)

The resultant emf must be balanced by the sum of the voltage at the
terminals of the stator (Us) and the voltage drop over the resistance
of the stator winding (rs). Taking into account that the term

aM

(—1 sf ) 1in (5) 1s none other than the open-circuit emf, e,

fo
(the emf for an open stator winding) , we obtain the basic differential

equation of a SPIG stator circult in the form
: i
eosrsis+ Lo-d—ﬁ- +US. (6)
It should be emphasized that differential equation (6) 1is

valid not only for SPIG's in the steady-state regime but also when

a disturbance arises in the stator circult.
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Under real conditions, the regime of operation of a SPIG on
an active load 1s the main one; therefore the main load tests of
these generators are conducted on linear active loads. For the

conditions indicated differential equation (6) assumes the form

i g
e, =Rl  + L, —F , (6a)

where R = r_ + R1 1s the active reslstance of the stator circuilt,
while Rl is the reslstance of the load.

The solution of differential equation (6a) for the steady-state
reglme may be obtained, as is known, elther in the form of a Fourler
serles or in closed form. The solution in the form of a seriles
may prove to be convenlent for the calculation of the effective
values of the current and voltage and of the statlc characteristics
relating these quantlitles. The closed form of the solutlon 1s
convenlent for determining the shape of the current and voltage
curves and also for calculating the average values of these quanti-
ties. When the curve of the open-circult emf 1is glven graphically,
a solution in closed form may be obtained graphically for the
current [3]. It may also be obtained analytically, 1f the analytical
expression for the function of the emf, e
[4, 5].

The open-clrcult emf of a SPIG 1s a complex periodic function of

o = eo(t), is known

time, the analytical expression for which within the limits of a
period (half-period) may be given by plecewlse-continuous
functions. In this case the solution of (6a) for every interval

has the form

—u(t—=1) - t—t —p(t=1p) -
( l)je,,(t AN l)dt G plt=11) (7

i'=¢—' T—e R F ’




where p = %
o]

t, = the moment in time corresponding to the start of the 1-th

interval;

€01 (t-tl) = a function of the open-circuit emf during the 1-th
interval (tl <ttt l);

Gl = a constant of integration determined from the time-boundary
conditions. The time boundary condltions result, in turn, from the
conditions of continuity of the current functlon.

The emf curve of a coll may be obtalned as the difference
between the two identical emf's of the conductors which form the
sides of the coil. Here it must be kept in mind that the emf's of
the conductors are displaced with respect to each other by a half-
perlod. The shape of the emf of the conductor 1s simllar to the
shape of the curve of the fleld distribution in the alr gap, a curve
which 1is moving relative to the conductors together with the rotor.
The curve of the field distributlon in the alr gap may be calculated
according to the well-known formula of R. Richter, which has been
converted and simplified by I. S. Rogachev [1,6].

The 1instantaneous value of the emf of the entire stator
winding may be obtalned as the product of the emf of one coil times
the number of coils connected in series in the winding.

An analogous expression for the open-circult emf of a SPIG

may be obtained, for example, with the ald of a three-plece
approximation of the half-wave emf by functions of the form:



for the first interval (0 < t< ty

el —1
e = U, =E|e.—,..7,-_'__—T’
for the second interval (t; < t < t2) (8)

ey = U, = E, + (E,m — E\isinso(t ~ ¢)

and for the third interval (tz < t < g )

’

ecwl.e~- an{f — t,)_ . l

€oa *‘ U, = E,

T
where ty = the moment of the conclusion of the first (start of the
second) interval. (The beginning of the first interval
corresponds to t = 0);
tz = the moment of conclusion of the second (start of the
third) interval;
a = a poslitive number, the value of which depends upon
the steepness of the front of the emf half-wave;
E; = the value of the open-circuit emf at the end of the
1st interval;

T = the fundamental period;

T
S = ) o 5
Eomf the maximum value of the open-circult emf.

With appropriate selection of the constants of approximation
a, E;, and t,, formulas (8) gilve a sufficlently accurate analytical
expression for the open-circuit emf curve within a wide range of
values of the generator dimensions which determine the shape of
the curve of this emf (length of the air gap, width of the teeth
and the tooth division of the rotor). An expression for the second

half-wave of the emf may be obtalned from the relationship
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e(t + §)= - e, (t). If the emf curve 1s given graphically, then the
constants of approximation may be obtalned with sufficient ease.
Here the length of the first interval (t,) 1s selected in conformity
with the shape of the curve (near the poilnt of inflection). The
moment of time to ='g - t;, since the curve of the emf half-wave 1s
symmetrical with respect to the vertical axls passing through its
maximum. The quantity E; is determined from the curve (for a given
ti) . The constant a may be determined from the formula
az_??_,n[wg'].. (9)

wé,
2

where E; 1s the open-circult emf for t = E%.

Zz
In designing generators with narrow rotor teeth, which may
be considered as baslc [2], the constants of approximation may also
be determined approximately from the formulas

0,25 R
h=—pll—by +0,58']

1 | (10)
od o= T “‘[ (1,23 +°4,54b,")%" —1]

Zon
where f = —gﬁ , the fundamental frequency of the generator

and zz = the number of teeth in the rotor

n = the speed of rotation of the rotor in revolutions per minute
2b
bl = Ezz , the relative width of a rotor tooth (by)
o' = %2 , the relative length of the alr gap (&p)
z2
tze = the tooth division of the rotor at its outer dlameter
The ratio %1 2% 0,6-0.8 (the average value of 0.7 may be taken in

om
the first approximation).

Depending on the geometry of the toothed zone and the relation-
ship between the dimensions (6, bg, and tzz)’ the shape of the

«Q=



open-circult emf curve may vary within sufficiently wide limits, at
times approximating, for example, a rectangular or trapezoidal shape.
Sometimes the emf half-wave curve may be approximated by a sinusoidal
or other segment. For the conditions mentioned and also for certain
others representing combinations of those mentioned, approximating |
functions may be obtained from expressions (8) by means of simple
transformations and in thls sense the proposed approximation has
sufficlent generality. Thus, for example, in the case of a
rectangular pulse, its analytlc expression may be obtained from
formulas (8) by taking E; = E, and @ = 0. When the half-
wave can be approximated by a sinusoidal segment in expressions
(8), 1t 1s necessary to take E; = 0, etc.

Substituting expression (8) in equation (7), we obtain, after
integration and transformations, an expression for the stator

current in the form:

for the first interval (0 < t < ty)

b = m«T'.,T)[mf" =1 ] +Ge¥;

for the second (t; < t < ta)
(11)

. El om EI .
o=g +— = sin[so(f — £,)— o] + G,e-w~t

‘for the third (tz2< t < g)

4

St e o e e h
Ry 1)[“" pamrrt

e— it — v 1]_',. Gye-w=t,

. ' L“
where Zy= VR (s0l,) amt 7y = arctus—wR- :

The time-boundary conditions for the case under consideration have

the form:
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in(t) = ‘z(m;
Gi(t;) = ‘a(‘z);r

‘.I(O) =i § )

(12)

Equations (11), together with the time-boundary conditions of (12),
lead to a system of three equatlons, the solution of which enables

us to obtain expresslons for the constants G;, (G2, and Ga, thus making
i1t possible to calculate, according to formula (11), the instantaneous
value of the stator current at any moment of time within the limits

of the half-period. In order to obtaln a half-wave of current of

opposite polarity, the following relationship may be used
T
i) = - i.(t+ 2—\- (13)

Expressions (11) may be used to investigate the shape of the
current and to calculate its maximum value. They are not convenient
for calculating the effective and average values of the current.

An approximate calculation of the latter may be made by using not
the actual open-circult emf, but rather a certain equivalent emf

(ee) of rectangular shape, within the limits of the actual half-

period as
e.|=0Ihln' 0<t<_tlc;
e.-_’ = E. when t|.< t< t?.T ( lu)
4 =0 when [l < t< 3
an

Expressions for the equivalent current over all the intervals of
the half-period may be obtained from the general expressions (11) by
taking E; = Eom =E,a=0o, t; =t ., and tz = tge. It is not
difficult to show that for the conditions indicated the expressions

for the equivalent stator current assume the form:

-11-




for the first interval (0< t< t )

I'..l - le—";
for the second interval (t1e< t < tzg
E,, G "'?“—‘10).

".oa'k“'.* 2 o€ H

for the third interval (t,o < t< 3 )

, —?(t— ta)
i g = Gyt )
o= Oy

(15)

Using the time-boundary conditions (12) for the current (15),

we obtailn as a result of solving the system of three equations ( see

above) the expressions for the constants “1e’ Gae’ and G3e in the

form:

Gl"=——k‘e ]_*_e—P;' '

—20¢,
o E,, | +e ?\..
TR\ 1per )

. E,,(l —e“?'"')
TR\ p o

0y

) ‘ — :"’l.\
E —9‘.(1 — ¢ .
AT

(16)

where tne =t -t is the pulse duration of the equivalent emf.

2e 1€

An expression for the effective value of the equivalent current

may be obtained from the formula

2 ‘l [ ] t?-‘ , I
. i H
fpe= 7“ { jidt -Fjiw"“*‘j u'dt
t,®

te

(17)

Substituting expressions (15) into formula (17) and taking ( 16)

into account, we obtaln, after integration and transformations,

-12-



— Ry "’n"(l:‘. T—
e %]/t”,_(l-e Mive : - (18)
mx(1 +e . )

2t
where p; =-% and tﬁe "’TEE is the relative duration of the
equivalent emf pulse.
The average value of the equivalent current may be obtained
from the formula
te [/ !
2 oo
Lo o= 7 j‘(—{,.)dt-r-j (i a)dt+

0 l,_‘

. T (19)
\ +5““dt +‘f“,dt R
’ . e

where to is the moment of time corresponding to a zero value of
the current ise2‘ For the conditions under consideration the current
1se is always negative. The current 1se2 i1s also negatlve over
the interval tle < t< to’ as 1s easily seen from expressions (15)
and (16) . Therefore, in the first and second integrals of equality
(19) a minus sign i1s placed before these currents. Substituting
expressions (15) into formula (19) and taking (16) into account, we
obtain, after integration and transformations

=nr(l—lng)

. E, R 2 1+e [
lye ov —R'[ boe — or In —rl _;_e—h" ] (20)

the shape factor of the current may be obtained from the ratio

{
K¢t=7_n' (21)
s av

For 0.25 < tée < 0.75 and p; > 2.5, expressions (18) and (20)
may be reduced to the simpler approximations:

-13-




E, —
l“-z FV-tn. - 0%

(18a)
and

'%w“%?' (204a)

The expression for the shape factor of the current now assumes the

1
l/fn;— om
Ko = . i ( 22)

[

form

In order that the effective and average values of the equivalent
current be as close as possible to the same values of the actual
current, let us determine the equivalent emf in such a way that its
effective‘(Ee) and average (Ee(av)) values will be equal to the
corresponding values of the actual open-clrcult emf (Eo and Eo(av))’

l.e.,
E,=E }

uﬂt%mf”fﬁw

(23)

But the effective and average values of a rectangular pulse of dura-

tion tpe are expressed respectively thus:

Ey = EVty |
.a.l'; - E,,t:’. J ( 24)

Solving the system of two equations (24) with respect to the

unknown maximum value of the equivalent emf En and duration tﬁe’ we

obtain after simple transformations and with (23) taken into account

1

t”“l e N
¢ K (25)
and : E,= Eogfge’ = E Ko,

-1l



E
0
where Kfe - EQFZQ) is the shape factor of the actual emf.

The approximate values of Eo and E for a SPIG with narrow

o( av)
rotor teeth may be determined from the empirical formulas:

Ey 2 Eopl(1,88 — 5,675, + 6,670, 1-0,21 i- 1,39b," - 0,84b,%] ) ( 26)
ant E,mw~ E,,0,031 - 3,378 -~ 15,18 § (0,99 - 1,63")0,']..

It should be noted that the errors of the empirical formulas
(26) are small and that these formulas may be used for practical
calculations over a wide range of change in the dimensions &' and bé.
(These formulas were verified over the range of values for 6' = 0.01
to 0.08 and b; = 0.15 to 0.4, which embraces practically the entire
series of possible values of these quantitieg. Taking equations
(22) and (25) into account, we obtaln an approximate relationship

between the shape factors of the current and the emf in the form:

Koi o 7TTRLT
=) A (21

From expression (27) it may be seen that with an increase in
the load current the shape factor of the current decreases; moreover,
the stronger the load current for the same p,, the greater the
shape factor of the emf, i.e., in other words, the sharper the emf
curve, If it 1s assumed during loading that the shape factor of the
current cannot decrease by more than 10% in comparison with the
shape factor of the emf, then, for K¢e = 1.5, which may be consldered
as close to the minimum permissible in the case of electroerosion
processing, we obtain from formula (27) the value p; ) 3.

Given a steady excitatlon current, the voltage at the terminals
of the generator decreases with an increase in the load current. The

decrease in voltage may be characterlzed by the ratio

AU = #L, (28)




-

where Eo is the open-circult voltage and USe 1s the voltage under
load. The effective value of the voltage Use = RlIse’ whence,

taking into account Eqs. (18a), (25) and (28) and also the fact that

‘usually RIFIR, we obtaln after transformations
swo1=q/ 1 Ked
VARE (29)
or taking Eq. (27) into account
Y 0
NI PN (30)

ihe

From Eq. (29) 1t may be seen that the decrease in voltage, all
other conditions being equal, 1s all the greater, the greater the
shape factor of the open-circult emf. In other words, the effectlve
value of the vdltage is all the less, all other conditlons being
equal, the sharper the open-circuit emf curve (or the lower 1its pulse
duty factor). From Eq. (30) it may be seen that a reduction in
voltage depends on the degree of distortion of the shape of the
current curve with respect to the emf curve.

B& means of simlilar transformations, using Eq. 20, 1t is
possible to obtain a formula for the decrease in the average voltage

in the form

—nn(l ~thy)

—mne ’ (31)

Eo-iw“'Uce ”' 2Kp* 1 e
A[év = = In

togv mw

|l f-e
from which if 1s apparent that the decrease in the avérage value of
the voltage, all other conditions belng equal, is all the greater,
the sharper the open-circuit emf curve. It may also be seen from
Eq. (31) that the decrease in the average value of the voltage 1s
relatiyely small.

In calculating the external characteristics relating the’

effective values of the stator current and the stator terminal voltage

&5



(assuming that ifo = const and n = const), the solution of differential
equation (6) 1s more conveniently represented in the form of a Fourler
series. A series expanslon of the open-circult emf may be accomp-
lished with the ald of well-known graph-analysis methods; however,
the coefficlents of the serles can be determined more simply and
accurately enough analytically by using expressions (8).

In the system of coordinates used in approximating (8) the open-
circult emf is an odd function of time, and, consequently, its
Fourier series should contain only sinusoidal terms. Moreover, since
the condition eo(t + -g-) = —eo( t) 1s always satisfied in the case
of the emf of symmetrical pulse generators, this series contains

only odd harmonics, 1i.e.,

Y
e,ith = \ E,,.E,. sin kot,

=y (32)
E Ko 1,3.0,000
where Eoﬁ = EQE is the relative amplitude of the k-th harmonic
om .

of the open-circult emf (the introduction of relative amplitudes
may be convenient in making conversions) .
The values of the relative amplitudes may be found from the

well-known formula

T .
47
E'." = = eo’(t)Sill kot dtr 33
. | z:f A (33)
where eé = iéijg 1s the relative 1nstantaneous value of the open-

om
circuit emf. Substituting expressions (8) into formula (33), we

obtain, after integration and well-known transformations

E e 4 E/ e™’ (asin kxt,’ — kcos knt,’) + k
o “E[E'-T-'—l k2 + a?
1—cosknty 1 E/ , (1—EY) ,
-- & : ]+ TICOS kxnt) + -—sz—_——;z- sin Ani, ’ (34)
E 2, 1

mere 21’ = #’ pob = T s = 1= 2t|'.

om
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In the calculations we can usually take into account the first three

or four harmonics and neglect the others. After determining the values
of the amplitudes of the emf harmonlcs, we can then calculate,
according to well-known formulas, the effective values of the current
harmonics and the voltage at the terminals of the stator, respectively,
as,

Ev' Eon
I.‘ = V§ z‘ [
ot Y, = bo2g, j

(35)

where 2y and 2z are the total resistances of the stator and load
circuits, respectively, for the k-th current harmonic. The effective
values of the stator current and the voltage at its terminals are

determined according to the formulas:

L=/ She (36)

Lj

and U. = ]/ }E(‘xzdy .

After calculating, according to the above formulas, a seriles
of values of the current and voltage for fixed values of the load
parameters, which are varied according to a definite law, 1t 1s then
posslble to plot the external characteristic from the points.

Similarly, other statistical characteristics may also be
calculated. It is first necessary to determine the shape and magni-
tude of the open-circult emf for a given excltation current. It
must be kept in mind that, depending on the magnitude of the excita-
tion current, not only the maximum value, but also the shape of the
emf curve varles as a result of a variation in the saturation of

the magnetic circult, the main influence on the maximum value of the

-18-
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open-circult emf being the saturation of the casings of the stator
and the rotor (and the shields in the single-package design), whereas

the main influence on the emf shape 1s the saturation of the toothed
zone and, in particular, the saturation of the rotor teeth. Reduction
of the emf amplitude as a result of saturation of the casings of the
stator and the rotor (and the shields) may be evaluated by the

usual methods when calculating the magnetlic circuit. The variation

in the shape of the emf as a consequence of saturation of the teeth
may be evaluated approximately by assuming that it has the same

effect as an 1ncrease in the length of the alr gap. Consequently,
when calculating the emf curve with saturation takei into account,

1t is necessary to use the value of the equivalent alr gap (ée)

3= a(|+ —————F":F” ) (37)

where 6 1s the length of the actual alr gap and le, an, and Fg
are the magnetic stresses of the teeth of the stator, rotor, and
alr gap, respectively.

The assumptions underlying the theoretical investigation, as
well as the basic differentlal equation (6) and certain other results
obtalned from a theoretical consideration, were verified experimentally
on a number of machines. @Given below are certain results of an
experimental investigation of a test model of a SPIG with narrow
rotor teeth and of two-package design (nominal frequency of alternating
emf being 1,000 cps at a rotational speed n of 2,400 rpm; the
effective value of the nominal stator current Is equal to 20 amps),
as well as a comparison of the calculated and experimental data.

The inductance of the stator winding was determlned experimentally
with a stationary rotor. For this purpose, the stator winding was

fed a sinusoidal current, and both the voltage drop across it and the
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current were measured. According to differential equation (6),

the average value of the inductance should be used. Therefore,

the limiting values of the inductance, corresponding to two positions
of the rotor, were first determined experimentally. The maximum value
(Ihax) corresponds to the position at which the axis of the coil of
the stator winding colncides with the axls of the rotor tooth, while
the minimum value (Imin) corresponds to the position at which the

axls of the coll of the stator winding coincides with the axis

of the rotor groove. The average value of the inductance was

obtalned from the formula

L, =

Iﬁnax ; Ihin. (38)

For the machine described, the limiting and average values
of the 1nductance, determined at a stator current frequency of 50

cps, were equal to

L = 6.13.10 * h; Liin = 5.01:10"* h
and L, = 5.57°10°* n

Note that the average value of the inductance determined at a frequency
of 500 cps was practlcally the same as at 50 cps.

In order to check differential equation (6a) and certain formulas
obtained from a theoretical conslderation, a comparison of the
calculated and experimental data 1s presented below. Figure 2 shows
the curve of the open-circult emf half-wave obtained experimentally
from an oscillogram (solid line), recorded at an excitation current
1ex'= 0.8 amp. In the same figure the graph of the emf half-wave

obtained by calculating according to formula (8) 1s shown as a broken

line. In this case the following values were taken for the
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approximation constants: o = 3; =0.7; t! + 0,36 and t} = 1 —

g1

- t; = 0.64. (Determined from the experimental curve presented in
Fig. 2).
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f = 1,000 ops). 1,000 cps).

Both graphs were constructed in relative units, where the
relative value of the time t was determined as 3% » While the

relative values of the instantaneous emf's eo(t) were determined as

;2&31. . It can be seen from the figure that the calculated graph
om :

agrees very closely with the experimental graph. A quantitative
comparison indicates that the greatest relative deviation of the
ordinates of the experimental and calculated curves does not exceed

0.03. The ratlo between the average values of the calculated and

experimental emf 18-%?QL35;9 = 0,995, while the ratio between their
av exper)

E
effective values 1s 1@%935215-- 0.99. (The average and effective
o( exper

2]~



values of both emf's were determined by the same method of graph
analysis) . The shape factors for the calculated and experimental
curves are 1.39 and 1.396, respectively.

The above comparison indicates a sufficiently close agreement
between the calculated and experimental emf's. Figure 3 shows
current curves, one of which was obtalned experimentally (from an
oscillogram) and is indicated by a solid line, while the other,
indicated by a broken line, was obtalned by calculation from formula
(11) with the above-given values of the approximation constants.

The above-glven value of the inductance was used in the calculation.
Both curves were plotted 1in relative units with the baslis of the
relative magnitudes of the current being the maximum value of the
current, as determined from the graph.

The magnitude of the active resistance of the stator winding was
determined approximately 1n the assumption that it exceeds the magni-
tude of the ohmic resistance by 20%. The active resistance thus
determined amounted to ry = 0.15 ohms. The measured ohmic reslstance
of the load, R].amounted to 2.5 ohms. It should be noted that the
load rheostat used in the experiments was made of thin manganin tape
applied bifilarly. Therefore its inductance was not taken into
consideration 1n the calculations. Moreover, the skin effect in
such a rheostat is obviously insignificant, and therefore 1t was
assumed that 1ts ohmlc resistance was equal to 1ts active resistance,
The total resistance of the stator circult was taken to be R = 2.7
ohms.

The maximum value of the open-circult emf, measured before
loading, was found to be Eom = 290 volts. The experimental emf
frequency was f = 1,000 cps.

It is apparent from Fig. 3. that the calculated curve 1s in
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sufficlently close agreement with the experimental curve. The
greatest difference between the relative magnitudes (instantaneous)
of current amounts to about 0.05. The ratio between the average

values of the current (calculated to experimental) is ;ﬁﬂiﬁﬁlg) -
sa¥ exper)

= 1,005, whlle the ratio between the effective values 1s
Isgcalc = 1.008. The shape factors of the calculated and experi-

s( exper)
mental curves are 1.15 and 1.149, respectively. A satisfactory
agreement between the calculation and the experiment 1s also obtained
for the absolute values of the current. In accordance with differen-
tial equation (6a), the maximum value of the current may be determined
as

Tsm = i;iml ’ (39)

where tm is the moment of time corresponding to the maximum current
and eo(tm) 1s the open-clrcult value of the emf at the moment of
time t = tm. The relative value of the time tm, determined from the
graphs, amounted to 0.68, while the value eo(tm) determined from
formula (8) for the third interval, was found to be eo( tm) = Ugf tm) -
= 137 volts. The maximum value of the current, determined from

formula (39), was I = 50,7 amp. The maximum measured value

sm( calc)

of the current was I = 49.5 amp., 1.e., with respect to the

sm( exper)
experimental value, the error in the calculation amounts to only
about 2.5%.

Figure 4 shows the external characteristic (solid line),
calculated from formulas (34) - (36), for a purely active generator
load with an excitatlion current iex = 1 amp and a frequency f = 1000

cps. In the calculation of this characteristic the circult parameters,
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L, and r,, obtained experimentally (see above), and also the
measured effective value of the open-circuit emf E = 172.6 volts,

were used.

KA%NL |
[ %o
"ol ~ 1\\\__
20 \ ]
100 D
L&
® :

Fig. 4. External characteristic of a
SPIG (1ex = 1.0 amp; £ = 1,000 cpss

z; = R})). ———————calculation according

to formulas (34%) - (36); — — = — — —

calculation according to formula (18);
X X X Xx X experiment (1ex = 1.0 amp;

f = 1,000 cps).

Since, as 1s hown by experiment, the saturation of the magnetilc
c¢ircuit by a current 1ex = 1 amp 1s relatively small, the values of
the approximation constants were taken to be the same as for a current
1ox = 0.8 amp (see above).

Only the first three harmonics of the open-circult emf were
taken into account in the calculation. The maximum value of the
open-circult emf, which 1s necessary for the calculation, was

E
determined from the ratio Em = E$ » whlle the relative effective
o

value with formula (34) taken into account was taken as

by o BT TR
o = ‘ 2

—_ |3 1
- ‘/ 0,683 + ( 02383) + 0,05 _ 0,524.
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Figure 4 also shows the points of the external characteristic which
were determined by experiment. It can be seen that the calculated
data agree satisfactorily with the experimental data. The broken
line on this same figure shows the external characteristic calculated
by means of approximation formula (18). The data from the approximate
calculation also agree satisfactorily with the experimental data,
thus corroborating the admissibility of using formula (18) for
approximate calculations.

The current shape factor, calculated from approximation
formulas (18) and (20), corresponds to the current in Fig. 3 and
has a value of 1.11.

The experimental results and also the comparison between the
experimental data and the calculations thus corroborate the
admissibility of the assumptions made in deriving equation (6), as
well as the accuracy of the basic calculation equations obtained.

It should be noted that the derived differential equation (6) applies
in full measure to ordinary inductance generators of like-pole

design.
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A MATHEMATICAL ANALOG OF TRANSIENTS OF A SYNCHRONOUS
MACHINE USING EXPERIMENTAL DYNAMIC CHARACTERISTICS

Yu. A, Bakhvalov

As 1s known, the analytic study of transient regimes of electrie
cal machines 1s made difficult by the fact that the equations describ-
ing these regimes are nonlinear, even when saturation of the steel
parts of the machine 1s not taken into account. Therefore, in analy-
81ls of the operatlion of electrical machines, for example, in the study
of statlc and dynamic stability, electronic computers must find wide
application [1, 2, 3, 4, 9].

The applied sclences are constantly striving toward a more accur-
ate expression of physical phenomena, by taking into account all
exlsting factors. Thls has been especlally intensiflied recently, due
to the advent of electronic computers.

However, the practical realizatlion of thls meets wlth obstacles.
Firstly, the absence of prepared algorithms for the solution of problems,
and, secondly, the insufficient capabllity of computers (for analog
machines, the limited number of solving units and the lack of a

"memory" ).

FTD-TT-62-1556/1+2+4
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These obstacles can sometimes be overcome b& the use of experimen-
tal dynamic characteristics. It should be noted that the use of
experimental dynamlic characteristics has shown it s advantageousness
even 1n cases not connected with computer technology. For example, in
the analysis of translents in a-c electrical machines, by the suggestion
of Kazovskly [5], frequency characteristics are used, which allow a
sufficliently complete description of the dynamlc properties of elec-
trical machines to be made, since there the electrical contours of tle
rotor are taken into account, which are determined by the presence in
1t of massive parts.

Thus 1t must be acknowledged that the characteristic of electri-
cal machines wlth static parameters used at the present time 1s ilmcom-
plete, and factorles must also give dynamic characteristics 1in the
catalogs of their machlnes.

The present article shows the use of experlimental dynamlc charac-
teristlics of synchroneus machines in solving a nonlinear problem by
an analog. As will be seen later on, the use of experimental charac=
teristics for an analog on a contilnuous=-action electronic computer
allows the number of solving units to be reduced conslderably, preserv-
ing the essentlal properties of the object to be simudated.

The essence of the proposed method 1s as follows. In the obJect
under study, elements are isolated whose propertiles were obtalned as
experimental dynamic characteristics. These characteristics allow,
by the use of a Laplace-Carson operator transform, the parameters of
electrical circults having simllar characteristics to be obtalned
comparatively simply. The electrical processes 1n these circults are
simulated by using continuous-action electronlc computers. Since

methods of determining operator functions by experimental dynamic

FTD=-TT=62=1556/1+2+4
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characteristics has been covered in detall in the literature [6, T],
main attention 1s now devoted to the problem of synthesis of electrical
circults by glven operator functions, and to the use of the circuits
obtalned for constructing an analog of the obJect under study.

In the present work, a synchronous machine 1s examined from the
point of view of clrcult theory. This means that 1t can be represented
by a system of magnetically coupled colls with steel cores. Therefore,
when making an analog of a synchronous machine, let us use the method
of simulation of é coll with a steel core for aglven translent response

(Appendix 1).

1. An Analog of a Synchronous Salient-Pole Machine

Without Taking Saturation into Account

Let us examlne the symmetric regimes of a machine which operates
In parallel with a system of infinite power without a zero wire. The
upper harmonics of the magnetic fleld of the machine are not taken
Into account. Let us use the system of equations of the symchronous
machine transformed to the axes d and q. This system 1s the most
convenient for an analog, since 1t does not contain periodic coeffi-
clents. Let us assume that along each axils all contours are covered
by the total flux of mutual inductance., In addition, each contour
has 1ts own leakage flux. The initilal regime 1is the motor regime.
All values are expressed 1n relative units. Let the base current of
the rotor be the current of the field coll, which compensates for the
reaction of the starting winding, which conducts a nominal current 1in
the short-circult regime. First of all, let us examine the analog of

a synchronous machine whose magnetic system is unsaturated.
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The stator equatlions:

o dy (1)
Uy=iqr+ -27‘ — gy

l%:%r+%%»ﬂwm (2)
'!Jd“:id.xd ;' (tv"l" idl ‘i‘ PN ‘ 'id/l)xad‘ (18,)

'?q=lquq~'r(l.“—'r Ce iqn)xaq’
y=—U,sind, u,-=U,cost, (22)

BT .
dt (3)
The equations of the fileld coil:

w:w‘,—:—-ij-;, (4)
(;“,:i‘;\'v";'(id“i'im“:’“ NN -’ri‘,,,)xud. ()-I-a)

The equations of the additional rotor contours (artificial damping
contours and natural contours which depend upon the presence of massiye
parts whose number is not established beforehand):

along the d axis

. ‘ d?ll/
O=ujraj= g5 (5)
e L P L Iy PYCE LU 0 Y SN (5a)
Jj=1.2,...,n
along the ¢ axis "
dy
. Yaq/
() "l,”vl‘qu- 7&2—7 (6)
::Jq/:" l'q.'A.qj_:. (iq i0l T e Ti'l -I‘I['iqjvl-l'I' . %“l'w,,)x‘q, (6&)
F=1,2,..., m
The equatlon of motlon
d= o,
Twﬁ "_"I”n_('?dl'qn—'?qld)' (7)

It 1s difficult to make én analog of system of equations (1)
through (7), because calculation of the parameters of the additional
contours is very complicated. Consequently, let us use experimental
dynamic characteristics.

Having transformed linear Eqs. (1a), (2a), (%), (4a), (5), (5a),

(6), and (6a) into operator form and excluded the currents of the rotor
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clrcults, we obtaln the following system of operator equations:

¥4(p) - GP)U, () + %a(2) ] p), (8)
¥o(p) X pMy(p). (9)

Now the transients of the synchronous machine are described by Eqs.
(1), (2), (3), (1), (8) and (9).

Equations (8) and (9) contain unknown operator coefficilents
xd(p), xq(P), G{(p), which are determined by the parameters of the
contours of the machine, Let us establish which characteristics must
be taken at the obJect of study in order to determine these coeffli-
clents.

The functions xd(p) and xq(p) can be obtained most simply 1f we
let Uv(p) = 0 and w = O, Then Egqs. (1) and (2), which become linear
at w = 0, after transformation to operator form and substitution of

Eqs. (8) and (9) (at Uv(p) = 0), take the form

Udp)=Iup)r i-pxd P =1uP)Z4(P), | (10)
Uy p)=1,(p)[r +-pxy(p)) = 14(P)Zo(P).

From (10) and the conditions Uv(p) = 0 and w = O 1t 1s apparent
that the expressions Zd(p) and Zq(p) are the operator impedances along
the d and q axes of the stator windings of a fixed synchronous machine
with short-circulted fleld coll.

Solving Eqs. (10) for the currents at Uy(p) = Uq(p) = 1, we obtain

1 ..

c 1 ..
Liri - —gapr=Yuloyeige). |

In order to obtaln the transient response 1d(t) experimentally,
the rotor must be placed 1n a position in which the rotor axis 4
coinclides with the magnetic axls of the stator winding. To obtain
1q(t), the d axis must be perpendicular to the magnetic axis of the .

X1




stapor winding.

The stator winding 1s fed from a d-c¢c source. The fleld coll 1s
short circuited or has a working resistance across it. The rotor 1s
fixed. The magnetlc system 1s unsaturated.

By making oscillographs of currents 1d(t) and 1q(t) after shunting
the stator winding (t = 0), and reducing the obtained transient

responses to uy = u, = 1, on the basis of (11) we w1l have data for

q
constructing the functions Yd(p) and Yq(p) (Appendices 1 and 3), and,
therefore, x,(p) and xq(p). A detalled description of experiments
for taking the curves of 1d(t) and iq(t) has been given [11, 5].

To determine G(p) by using Eq. (8), 1t is necessary to obtain
the function ¥,(p) > ¥4(t) at I4(p) = 0. The transient response
wd(t) can be found by the following experiment. The machine 1s

disconnected from the power (1; = 1 = 0 ) and turns with a synchronous

speed (v = 1). The fleld coil at t:me t = 0 1s connected to a d-c
source u. The emf of phase a of the stator 1s determined by the
relation
e,=e,cos wt+e, sinwl,
Using Eqs. (1) and (2) at 14=1
| A,

T ———

ed" dt ’

q= Q0 and w = 1, we have

eqz-—'{)‘.

dy
The magnitude of EEQ in our experiment 1s less than one per cent.of

‘Vd: since the time constant of the fleld coll is high. Therefore,
it can be assumed that

€g=—1,8in wl,
Thus the envelope of the curve of ea(t) glyes the function wd(t). In
order to eliminate the effect of the source u,, the experlment is
better performed with shunting at time t = O of the field coll, which

3



v
= 1 and using the Laplace-Carson transform, we obtain ¥,(p) = a(p)

is fed fram source u_. Reducing the curve obtained ¥q(t) to u,(-0) =

(Appendices 1 and 3).

Fig. 1. Dilagram of analog of synchronous
machine constructed from parameters obtained
from transient responses.

From functions xd(p), xq(p) and G(p) obtained, let us construct
equivalent circuits which realize these functions. ‘Then, 1n accordance
with Eqs. (1), (2), (3), (7), (8) and (9), let us set up the circuit
of the analog of the synchronous machine (Fig. 1). The circuit

. obtalned contains 9 computer amplifiers, independent of the number of
additional rotor contours, while the analog circuit for system of
equations (1) through (7) at n = m = 1 will contain 17 amplifiers;
at n = m = 2 there will be 23 amplifiers.

The analog of an actual synchronous motor by circuit (Fig. 1)

showed good agreement between results of the calculation with the

analog of the experiment (Appendix 3).
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2. An Analog Taking Saturation into Account

This method makes it possible to take saturation of the steel
into account by introduclng certain complexities into the circuit.

Let us examlne the construction of the analog of a synchronous
machine taking saturation of the steel into account only along the d
axls. Let us assume that the leakage fluxes are linear functions of
the currents in the contours, and only the inductive reactance of the
mutual 1nductance x

a

saturation 1s easlly taken 1lnto account in those cases when Xa4 is 180~

lated by a separate branch. To construct an analog takling saturation

d is a function of the regime. In thls case

iInto account on a fixed unsaturated machline, osclllographs are made
of the curves of 1d(t) and iq(t), and also the curve of current loss
;n the fleld coil 1v(t) when 1t 1s shunted at time t = 0. At t < O
the field coll 1s fed from a d-c source. In addition, the character-
istic of the no~lcad condition of the machine 1s taken; the emf of
the stator in the function of the excitation current e = f(iv)’ which,
in relative units, represents the function ¥, 4 = f(iv) (since e =
- wad, where wad 1s the inter-linkage of the mutual inductance).
If the inductive reactance of the stator winding X5 1s known
from an additional experiment [11]), then, by using the transient
responses 1d(t) and 1q(t), Wwe can construct equivalent circuits of
the machine for the d and g axes, the structure of which 1s chosen
from physical considerations (Appendix 1). In these circuits, reactances
Xgqq ard Xaq (unsaturated values) are isolated 1n separate branches.

7Let us represent the saturated value xadH = w(w‘d) in the form

x,"'-s-x“,

3¢



ee k. T where s is a function of the
" Goafad 2 %'—'
' 0,;» interlinkage Vaq+ For the unsatu-~

rated part of the characteristic

NS

\Y

s g//’ wad = f(iv), s = 1., The value of
/5 8 1n the saturated part is found
o

|

}_._

Ty by the relations

0

ol ; tan

03 : 7 ] Lv:; sl=t:,,".£l v 5 -
Fig. 2. Characteristic of

no-load conditions of T-kva ete. (Fig. 2).
synchronous machine (base

current of rotor i s = 1.1 a) Having transformed Eqs. (1a),

(%a), (5) and (5a) into operator

form and excluded the currents of the additionel contours, we obtain

the following equations:

¥ (p)=14(p)x.+Y 4(p), (12)
% (P)=14P)Xgs + Vol ), (13)
Vo p)= [1(p) +1,(p)) %ad (), (14)

where Xy is the inductive reactance of the leakage of the fleld coll;
and xad'(p) the inductive operator reactance of mutual inductance along
the d axis when the fleld coll 1s open.

Translent response 1d(t) 1s taken when the field coil 1s closed,
which makes 1t possible to determine the equivalent parameters of the
additional contours under conditions of actual distribution of the mag-
netic field in the rotor. Therefore, we obtain a circuit for xad'(p)
from the circuit of xd(p), constructed using the curve of 1d(t), by
discarding the element R g X4 aﬁd disconnecting the circuit correspond=-
ing to the fleld coll. 1In order to determine this current it 1s
necessary to know the time constant of the field coill. The latter
can be found by using the curve of 1v(t). For this, Zv(p) 1s found on

the curve of 1v(t) (Appendix 1). Then the time constant
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The value of Tv allows the parameters of the fleld coil x_, and r_,

\4 v
reduced to the stator winding, to be esatablished from the circult

obtained for xd(p).

Fig. 3. Circult of analog of synchronous
machine along d axis: R = X 4, R1 = X4,

cesy Rn = X4p? CL = ;3—- are determined

by the method given in Appendix 1.

One possible circult of an analog of a synchronous machine for
the d axis, set up using Egs. (1), (3), (%), (12), (13) and (14), is
shown in Fig. 3.

Circults of an analog for the q axis and the equations of motion
remain as before (Fig. 1).

The function xadH = ¢(¢ad) in the analog can be realized in various
ways.

The first method 1s by using a nonlinear unit, In this we shall
vary not the parameter Xad itself, but the voltage u supplied to
R = Xod* This voltage will be assumed a function of wad of the form

u sqlwad, where s™! 1s a function, the reciprocal of s, set up in

the nenlinear unit. The latter 1s connected in series with R s xad

Jé



(Pig. 4a). In regimes corresponding to saturation of the steel, the

voltage u and the current through R = x

equlvalent to a decrease in xadH'

ad will increase, which is

The second method 1s by using a programmed control circuit. 1In

this case the function xadH

= ¢(¥,4) 1s approximated by a step curve.
In accordance with thls curve, > is varied stepwise by using a
programmed control circult, which 1s a set of amplifiers. A relay is
connected to the output of these amplifiers. The relay contacts are
connected in parallel with R = Xgq DNEW resistances. The relay

operates when u = wad reaches certain values.

&i Tiné c".:'—dn
u&sm c':.i ! . Ron2Zimg & ;.'_;;
er-"’m C‘ii

— He '
- Rs. .
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.'1 - s&’
a) : b)

Fig. 4. Taking saturation of steel into
account in the analog.

The saturation along the q axis is taken into account similarly;
complication of the circuit of the analog consists of adding a non-
linear unit and one solving amplifier (Fig. 4b), or a programmed
control circult,.

Use of the second method allows the effect upon saturation along
one axls of fluxes along the other axis to be taken into account. It
can be assumed approximately that inductive reactances Xad and xaq
are functions of the absolute value of the total interlinkage of the

armatire reaction

H’al = 1/*.‘2 + "!’aq"
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The value Iwal can be obtalned on a separate circult and fed to

the programmed control circuilt.

Conclusions

1. An analog of synchronous machines based on experimental
dynamic characteristics can be made with comparatively few computers.

2. An analog of a synchronous machline based on Park-Gorev equa-
tions with the use of experimental dynamic characteristics gives results
which agree with experiments with a sufficient degree of accuracy.

3. In addition to the static parameters, 1t is necessary to

include dynamic characteristics in the catalogs of synchronous machines,

Aggendix 1

An Analog of a Coll with an Unsaturated Steel Core

Let us make the following assumptions: 1) the core is unsaturated;
2) the action of the eddy currents is equivalent to the action of a
system of contours (the number of contours 1s not established before-
hand); and 3) all contours are covered by a single total flux passing
through the steel. In addition, each contour has a leakage flux which
i3 connected only with that contour,

On the basis of these assumptions, the processes 1n a coll with

& core are described by the following system of equations:

di,  dy
ay=lr,+ L1 — + =,
=hnt b 20 + %

dl-) d"do
O=iry'-}-L1g" =— 4 -
3 rg’ -+Lse ot + at’

......... R (15)

O0=:ly'rn’+Lao at + '
bomM(i, 44 4 . . +iy'),
M‘L“—LIG. *
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Where
u,, 1, are the voltage and current of the coll;

12', ..., in' the currents of the secondary contours, reduced to
the number of turns of the coll;

Lyi, r1 the total inductance and resistance of the coil;
L, 0 the leakage 1nductance of the coil;

Lzo', covs Lo Ta'y, ceuy rn' the leakage inductances and resistances

of the secondary contours, reduced to the number of
turns of the coil.

Transforming system (15) into operator form and excluding the
currents of the secondary contours, we obtain an equation of a coil

with a core, which 1s replaced by a system of contours in the following

form:
Up)=1(p)r,+Liopl, L -
(P)=1i(p) ;—:( ; )pz | l((l;}):ﬂ (P)L(p) _ (16)
where
Z,,(p)ewri+pLastpL(P)=r\+pLu(p). (17)
From Eq. (16) 1t follows that
I(p)= %% =Uy(p)Yulp)ir(0). (18)

Here L{p) 1s a rational operator function whose coefficlents are
expressed 1n terms of the parameters. Since the parameters of the
secondary contours are very difficult to calculate, a coll with a
core will be characterized by an experimental translent response.

The translent response l1ls found as follows. A d-c voltage with
a magnitude such that the core i1s unsaturated is passed through the
coil., Then the coill 1s short-circulted and an osclllograph of the
current in it 1;(t) is made. The curve of 1,(t), as 1s apparent from
relation (18), contains information about all contours. Transition
from 1;(t) to the tramsient conductivity, and then to the Laplace-

Carson transform gives the function Y;;(p). The value of Y;,(p)
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makes it possible to determine 1,(t) analytically for various laws
of application of the voltage u,(t). If a circuit with a given
conductivity 1s constructed, then, by supplying a voltage ul(t)
varying by any law to thils circult, we can observe the curve of 11(t)
on an oscllloscope screen, This circuit will be an analog of a coil
with core,

Let us examine the construction of this analog.

Assuming that the curve of 1,(t) is obtained at u;(-0) = 1 and
u; (0) = 0, let us break it down into a sum of exponential curves
(Appendix 2).

After this we find the transient conductivity

yu(t)=C, — Z Cielt, (19)

l=1
where 4

“ 1
C0=zcl=;'o
{=1 !

since y;.(0) = O,

Using the Laplace-Carson transform on expression (19), we obtain

the operator conductivity in the form of a rational function

n
O C
Yuip)=Co— 3 2.
P—Pi
i=
- faml 1t taptay
P +by— 0"+ ... +bp+b,’

(20)

The realizability of function (20) by an eleetrical circult does
not require proof, since 1t is obtalned as a representation of a sum of
exponential curves, and this 1is characterized by electrical circuits.

The structure of the circuit which realizes function (20) can be
chosen arbitrarily.

Let us take the circult 1n accordance with physical considerations,
i.e., in accordance with system of equations (15) (Fig. 5a). In this,
the parameter M, which stipulates the flux in the steel, will be 1isolated
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by a separate branch. This allows, when necessary, the varilation in
M to be taken into account easily when the steel is saturated. The
number of contours must be equal to the exponent of the denominator

of expression (20), It is easily verified that in this case we obtain
for the circult (Fig. 5a) an expression for the operator conductivity
¥1:.%(p) of the form of (20)

o 8p-yph=14 . . +a'ptay’
i e (21)
- =P . . tepta
PP 4dp—p '+ ... +dip+dy
a;’ b

Cpm= Py dp= b
n n

where

The coefficlents of p in expression (21) are a combination of the
parameters of the circuit,

Our problem 1s to determine these parameters. By equating (20)
and (21), we obtain 2n equations. The circuilt (Fig. 5a) has 2n + 1
unknowns. In order to determine the parameters uniquely, one of them
must be given or determined indirectly. The parameters are determined
most simply if Ly s known. By knowing ry = %1 and L, we find,
according to (17),

PLPY=Z,p)=r—pLia. (22)

In accordance with this circult (Filg. 5a), the remaining parameters

can be found by decomposing the expression Bf%57 into simple fractions.

an o . .

? L"‘ ’ : Rn C,, . R" Cn
Py | Ot
Ry O

. - u)
. e 8/ ’
Fig. 5. Equivalent circuit Fig. 6. Circuits of analog of
of coll with core (a) and coll with core

circult for realization of
operator function Ly;(p) =
« Ing + L(p) (b)
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In fact, since

Where Ai = ﬁ-&}-} s Py is the root of the equation M(p) = O, where
Py = O, then the circult parameters are determined by the followlng

relations:

Now let us examine the structure of the analog of a coll with
core when a computer with solving amplifiers 1s used.
The equation of the coll was gilven above (16). Since in this case
&t 1s necessary to move from circuits with L and r elements to circuits
with R and C elements, let us rewrite Eq. (16) in the form
Uko)=I(pIri-HLp)-plLrot Lip)). (23)
Let us transform Eq. (23) to a form which is convenient for set-

ting up an analog

1 _ )
mm-p.{ UAP—~hepIrl) (24)

1
Lie+Lip)
The operator expression in the denominator of (24) is realized

by a circuit (Fig. 5b) where
R=M, Rizlie. o Ry Lo,

C= e o o, Cyp= —,
r. n .
] : Iy

The values of the parameters of the circult (Fig. 5b) im a concrete

case are also functions of the scales selected. In accordance with

Eq. (24) let us set up analog circuits of a coil with core (Fig. 6).
Note that an electrical circult which realizes operator expression

(20) can be obtained directly by decomposition of (20) into simple

fractions. This circult will represent a parallel connectlion of n

branches with L and r. The number of parameters of this circuit
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equals 2n; therefore, the problem of determining the parameters in
this case has a unlque solutlion., In this circult, however, it is
difficult to take saturation into account.
Saturation is taken into account in the circuits (Fig. 6) by
the methods described in the examination of the analog of a synchronous

machine.

A endix 2

Decomposlition of an Experimental Transient Response Curve

Into a Sum of Exponential Curves

Curves of stable processes having a monotonlc character can be
represented as a sum of exponential curves with real, negative exponents.
There are several methods for determining the i1nitial ordlnates and
exponents of the exponential curves. The graphlc method has long
been known. It consists of replotting the curve on a semi-logarithmic
scale [6, 5]. The accuracy of this method is determined by the accuracy
with which the graph 1s constructed.

The essence of the method is as follows. The exponentlal curves
decrease with time, and after a definlte time t, 1t can be assumed
that one of them will remain with the lowest exponent 1n absolute
value, If the exponential curve x; = Cleplt 1s plotted in a semi-~
logarithmic scale, then a straight line 1s obtalned

lnx; = InCy + p1 * t.
The intercept of the stralght line on the ordinate axis gives 1n C,,
and the slope of the line gives p;.

if the curve of x(t) under study is plotted in the scale of

In x = @3(t), then after a time it will be a straight line. Having
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found C; and p;, let us find the first exponential eurve. Then,
subtracting the exponential curve obtained from x(t), let us again
Plot the function obtained in semi-logarithmic scale
In(x—C.e?)= (1),

Having determined C- and pz, let us find the third exponential curve,
ete.

There is still another method for decomposition of a curve into
a sum of exponential curves [10]. This accurate analytic method
requires that the number of ‘exponential curves be given beforehand,
and 1s more difficult.

The first method can be used for most practical problems.

Appendix 3
An Experimental Check of Analog Based on Experimental Dynamic

Characteristics

In order to check the method described above, an analog of a
sallient-pole synchronous motor (SM) was made with a power of Tkva,
Unom =220 v, I
with massive poles, and fed from line voltage. The load on the SM

= 18,5 a, n

nom ™ 1000 rpm, Tm = 1035 relative units,

nom

was a d-c generator (DCG) with a power of 19 kw, Upom = 220 v, I =
= 87 a, Noom = 1050 rpm. Translents were studied with a sharply

variable load of the DCG. The results of the study on the experimental
apparatus were compared with the calculation by the analog. Oscillo-
graphs were made of the current of the DCG, the stator current of the
SM, and the angle & with a load on the experimental apparatus. The
momentum of the shaft of the SM was determined by the surrent of the
DC@. Then the characteristics 1,(t) and 1q(t) (Fig. Ta) were read

4



from the SM, which, with decomposition into a sum of exponential
curves (Appendix 2), have the following expressions (reduced to uy =

= uq= 1):

lg(t)==1,15¢—1.5¢43,73¢-0.6¢ 1 1,15¢- 0.3 4
40,1¢=0.054¢,
Cog=LC;q=6,13,
14(1)=8.4¢-0.242 1. | 6o 1,061,
Cog=ECjq=10.

Here the coefficlents and exponents are expressed 1in relative units,

Therefore,  Yap)m6,13 1P _ 3%
. ) p+15  p+06
L15p Olp
- P03 m =
— — $:28p346,32p1--1,66p +1,00895
P+24p1+1,54p240,278p40,00146

Then let us proceed as in Appendix 1. Let us find pxad(p)
pxaa({’)=2 a(p)- ry—pxe=

[ -
= —— —0,163—0,1 p=
Ya(p) ?
- 0,572p¢+l.07p’+3.44p1‘+0.006p_ ’
" 4,28p34-6,32p2--1,66p4-0,00895 '

where x = 0.1 is determined by an additional experiment [11]; and

T, = 0.163 1s the resistance of the contour when reading the character-
1stic 14(t).

Let us decompose Ff"j;('ﬁ')' into simple fractions
ad
1 14 4,3
Pxadlp) ~ p T pro0iss T
" 1,77 0.83

p+1,468 7 piro402

Having proceeded similarly with the curve of iq(t) » We obtaln

C}:rcuits for x;(p) = x, + xad(p) and xq(p) = Xg + xaq(p) are given in
Figs. 8a and b. The oscillogram of e(t) for the machine under no-load
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Fig. 8. Circuits for realization
740 of the functions x4(p), xq(P),

T ; @(p) of a T-kva synchronouds motor,

MMM LTI hu:t:(md:;h::fi;d cotl
IV ;.

function wd(t) to be constructed,

L

: and then (at u, = 1) G(p). The
Fig. 7. .a) Curves of 1,(t)

and 1_(t) in stator of rixed function G(p), by decomposition
machifle when the stator wind-
ing 1s shunted; b) curves of into simple fractions, glves the
e(t) and 1,(t) in machine
runnl unaer no-load condi- parameters of the equivalent
tions (w = 1) when the fileld
coll is shunted. circuit (Fig. 8¢ and d):
V()= 130(0,861 ¢ -0,00475¢ 1 0,1 30¢~0.08821),
C°= 130,
1.5p4-0,0325
W= (» + 0.00475)(p + 0,0532)
- A, A, - 0524 +
- = - .
P=p: +{Jﬁh§i+.anu
p+0,0832°

The values of the parameters are determined by the formulas:

for the circuit in Fig. 8c

for the circuit in Fig. 8d




The,gircuit (Fig. 1) with the obtained equivalent circuits for
realization of xd(p), xq(p) and G(p) was set up on a type-MNM analog,
and the same regimes were studied as on the experimental apparatus,
Flg. 9 shows osclllograms obtained from the actual machine and from
the analog. The nature of the curves is the same, The slight devia-
tion between the experimental and calculated curves can be explained
as follows:

1. Saturation of the steel was not taken into account in the ana-
log. At great departures of the angle 6 owing to thm strong demagne-
tizing force of the armature, the flux wd decreases, and, therefore,
the effect of saturatlion at these times 1s small, and the correspond -

ence of the curves 1is better.

dega

0

et

"\ ] ‘ oy \

Y / |\ W\ 3 4
\/ o5 NS0 N/ 1S 2 sec

y

Fig. 9. Oscillograms of tramsient of synchronous
motor with a sharply variable load (——————experi-
ment, — . — , — calculation by analog). &) curves
of 6(t); b) envelope of current of phase g and

curve of current obtalned with analog by the relation

l= Vgt g c) moment of load and electromagnetic
moment from the relation Dep = wdiq - *qid'
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2. On the analog the moment of the load was set manually, and,
therefore, there was no complete correspondence with the curve of the
moment on the experlimental apparatus. Owlng to this, a shift of the
curves along the time axls 1s noted.

3. The MNM analog glves a considerable error, due to the poor
operation of the multiplier units. In individual cases this error
reached 5%.

The maximum error in the calculation is 8%, which 1s sufficient
for practlcal purposes,

Various laws of control of excitation (by current, voltage,
reactive power, etc.) can be studied on the analog. Thus it is possible
to synthesize an excitatlon regulator and determine 1ts parameters,
If 1t 1s necessary to take the 1lnertia of the exciter into account,
it can be simulated by a separate clrcult, or the transient response
from the field coil of the exciter to the stator winding G{(p) can
be obtained experimentally. Then Eq. (8) takes the form

¥4(p) = a,(p)U, (p) + I4(p)x4(p),
where U . (p) 1s the transform of the voltage on the field coll of the
exclter,

The analog of the synchronous motor can be used to study the effect
of the load on dynamic stability, which 1is of interest, for example,

when choosing a motor for a sharply variable load.

FTD-TT=62-1556/1+2+4 14
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CALCULATING "SINE" WINDINGS OF SINGLE-PHASE
ASYNCHRONOUS MICROMACHINES

K. V. Pavlov and G. S. Somikhina

The baslc theoretical prerequisites for sine windings of single-
phase asynchronous micromachines were enunclated in an article by the
authors [1].

The present article 1s devoted to calculating "sine" windings,

a process with a number of peculiarities in comparison with windings

of the ordinary type. These peculliaritles are connected with calcu-
lating the winding coefficlents, with the cholce of a favorable distri-
bution of the conductors among the slots, with the calculation of
reslistance and inductive reactance, etc.

In order to calculate the sine winding the baslc initlal data
must be known: 1) nominal values (power, voltage, current), 2) number
of slots in the stator (rotor) z, 3) number of poles 2p, 4) dimensions

and shapes of the slots.

Calculating Winding Coefficlernts

While the calculation of winding coefficlents for windings of the

usual distribution 1s done from rather simple known formulas, that of

FTD-TT-62-1556/1+2+4
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windings composed of colls of an uneven number of turns is considerably
more complex.

In its general form the winding coefficient may be defined as the
ratlo of the amplitude of the v-th harmonic of the magnetlizing force
at the chosen wire distribution 1n the slots Fmv to the amplitude of the
same harmonic in the so-called "concentrated" wire distribution Foov
[1]. By "concentrated" distribution we should understand that pro-
visory distribution in which all the wires comprising part of the
winding in two polar divisions are connected in one "diametrical"
winding in two slots at a distance of a pole division 7.

The winding coefficient for the v-th harmonic is

F
kOv = F’mz P (1)

mcv

where me and ch are determined by integrating the curves of the

v
magnetizing force constructed for the chosen and for the "concentrated"

distribution of wires 1n the slots
4;' St
-g f(x) sin vxdx (2)
P S
4 ']
;—é'f,(x) sin vxdx,

where f(x) 1s the curve of the magnetizing force for the chosen wire
distribution and fc(x), that for the "concentrated" wire distribution.
The transformed expression ko, [1] has the form:
fis0) + L bf(x,) cos s, (3)
Roy= Xa .
. o)

where

In this formula the value of f(xp) and of the incremental function
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Af(xn) 1s determined from the spatial curve of the magnetizing force
for the corresponding abscissa x (Figs. 1 and 2). Abscissa X may be

determined from the formulas:

with an uneven number of slots per pole T, (Fig. 1),

Xn = 222 m= %I ’ (4)
z

where n = 1, 2, 3..., a Xg = 0

with even T, (Fig. 2),

x, = (.2n ; 1) pr _ (22%— 1)v (55

Whel"e n = 1, 2’ 30--, and XO = O_o
In these formulas T, = %3 ‘18 the number of slots in a pole
division; z 1s the total number of stator slots; and 2p 1s the number

of poles.

[ T
. sty Fofi)
aftxy)
fix, o0 Lokl afix)
! T } T ~
4 ! ) 4 000.1%‘\000...‘.0" oo e b
.l;:.:’ao.eoe..l’.f:.u::u:. Urem m e e -
Fig. 1. For determining kovy Fig. 2. For determing Koy
when T, is odd. when T, 1s even.

As a starting point for the computation (xg = 0) a point is

selected where the magnetizing force curve passes through 0 (Figs. 1

and 2) .

If the magnetlizing force curve 1s symmetrical, then abscilssa xn'

1s chosen within the limits O to g

T
O x, < 3

FTD-TT-62-1556/1+2+4
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In "concentrated" distribution the magnetizing force curve will have
a rectangvlar shape (Fig. 3) and fc(x) represents the height of the
rectangle.

The number of conductors in the slot occupled by the provisory
"diametrical" coil, u .s Will equal the total number of conductors

in the slots of one pole divislon

unc = funx: (6)

and the magnetizing force of fc(x) is composed of the ordinate of f(xo)

and the sum of the increments Af(xn) (Figs. 1,2)

£,(x) = £(x0) + 3Af(x ), (7)

*n

where
0< xn <

(VE|

=L
44;';'«".4._:_1-“::—1“* |

frgio

Fig. 3. "Concentrated" placement of
conductors in two pole divisions in a
"diametrical" coil.

Consequently the winding coefflcient formula for the v-th

harmonic may be presented in the form

o i EA ( L] VXp
fu:)—,—"r f{x,)c08 vx, (8)

£ix0) + Zafie,

ko.‘

®
where 0< X, <5
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Selecting Favorable Winding Conductor

Distribution Among the Slots

"~

The law for dlstributing the conductors among the slots must be
selected 1n such a way as to secure the greatest approximation‘of the
three~-dimensional curve of the magnetizing force to the sinusoid. In
addition the actual performing of the winding should not be made too
compllcated.. ‘

- It 1s a practical impossibility to suppress all the higher
harmonics in the curve of the magnetizing force in the case of windings
distributed among slots, Therefore it 1s desirable to suppress the
third .-harmonic and weaken the fifth and seventh harmonics in o
approximating the curve of the magnetlizing force of single-phase
asynchronous machines to the sinusoid.

The general conditlon for suppressing the v-th harmonic is
setting 1ts winding coefficient equal to zero

_ f(xo) + 2 Af(xn)cos VX,

- koy
TZ(if
Hence
f(xo) + = Af(xn)cosvxn =0 (9)
for w v #£ 1.

The condition for suppressing the third and weakening the fifth and
seventh harmonic will be written thus:

f(xo0) + ZAf(xn)COSBXn =0 (10)

when kos = 0 and ko7 — O.



It 1s possible 1n practice to choose a law for conductor distri-
bution among the slots (at given numbers of slots and poles) such
that the above indicated Conditlons 9 or 10 are satisfied. One of the
most favorable distribution laws is the "curvilinear trapezoid" law,
in which one third of the slots in a pole division 1s filled with the
maximum number of conductors of a glven phase of the winding and in
the remaining slots of the pole division the number of conductors
gradually decreases to a certain minimum value.

The condition for fulfilling this law 1is

Tz = a whole number, (11)

where T, is the number of slots per pole division.

”ﬂ'

=l '
1
[
4,

[y "00~[——.
N

®  tolapmae
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- u, . .

T P n
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Fig. 4. Distribution of Flg. 5. Variant in con-
conductors among slots ductor distribution among
according to the "curvilinear slots when 7, = 3.

trapezoid" law with maximum
fi1lling of T, slots.

-5

Figure 4 shows an example of the U, = ¥(x) distribution. At
the minimum number of slots 7, = 3 the "trapezold" conductor distribu-
tion degenerates into the "triangular." In this the higher harmonic
content of the curve of the magnetizing force remains considerable

(see Table 1 and Fig. 5).
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The larger the number of slots per pole, the more possibilities
there are of approximating the spatial curve of the magnetizing force
to the sinusoid,

Filling one third of the slots in a pole division with the maxi-
mum number of conductors 1s not in itself enough to produce a favorable
shape 1n the curve of magnetlzing force. Doing this also depends on
the distribution of the conductors in the remaining slots of the pole
division.

The sultability of this or that law of conductor distribution
among the slots is estimated from the value of the winding coefficients
of the higher harmonics.

TABLE 1
Winding Coefficients Of Single-Phase Sine Winding For

_Certaln Favorable Variants.

Canductor Numerical values of
distribution mm coefficients
+# | anong slots and] Winding coefficient forwmila 3 —
shape of curve
‘g d |of magnetizing : &y ko by, kg
£ ;g force _
R L
. 1 [3%|Pig, Moo 5 Rov = z+5 cosv ¢ 075 ] 0 Jo7s jo75
! 3 r 1 cos x
T - e Y — .
BL Row= g cosv pbg cosv o+ :
2 rige Moo +1 cos 5_“ 0,78 0 ‘0,0145 0145
F 12
11 g 5 2=
kocab—, {~§ cos-ag--!-m cosv_§+

3| 9{Fige Neo 7 . 0785 0 0,025 *o.ola
D cosn ® o ) os 4% , .
g sy gty

ROy = .._l 08 * +—l C.OSY =+
4 cos 'i4 4 8

4 (12 8 7 5 3 7 0,787 0 1009 Po‘”

! . -+ b -4 " 4 "

Figs No, . . +. CQSV ,_2COSV2 |

3 9n+l cosv“x
R R TRE TR T3

*When T = 3 the trepezoid law degenerates into the triangular,
z

Table 1 lists the formulas and values of the winding coefficients
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for several favorable variants of the "trapezoid" di: tribution of the

conductors presented in Figs. 5-8,

Distribution of Number of Winding Turns Ariong the <

Coils \

Tn windings of the "sine" type the conductors of both windings
are iistributéd among all the slots in conformity with the chosen law.
In this typg there‘appear in each slot (or in the majority of‘them)
condﬁgfors bélonging to both the maiﬁ and auxiliary windirg. Thus,
when the main winding is arranged in the slots room must be set aside
for the auxiliary one, too.

As indicated above, the colls of the sine winding have various:
dimensions and various numbers of turns. The number of colls of the
same slze depends on the number of poles and slots.

There are two colls of the came slze for each palr of poles.
Besides that, when T, is odd there are supplementary colls: elther
one large coil ‘with Wieo turns or (when 2p > 2) two half coils with

W -
turns 1in each. The schematics of sine windings with even and odd

2
T_ are shown in Figs. 9 and 10.
z fox s
-h:”x)
o bit!
')

2
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Fig.‘6;- Favorable variant of . Fig. 7. *Favorable variant of -
conductor distribution among conductor distribution among
~the slots when 1, = 6. the slots when 1, = 9.
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Fig. 8. Favorable variant of con-
ductor distribution among the slots
when T, = 12.

The number of colls for main winding Nkn and their number of
turns Wy may be found if we calculate the winding coefficlent of the
first harmonic for the selected distribution and find the number of
winding turns

. U, .
b el WYY A7 T (12)

The total number of colls in the winding when T, 1s even 1s

and when T, is odd,

Npep = Nko + Nkl + Nk2 + Nk3 ot No= Nko + p(Tz - 1) (1%)

Here ka i1s the number of colls of maximum size with maximum
number of turns wkl = Wy’ ng’ Nka’ etc. are the numbers of coils of
lesser dimensions corresponding to winding numbers wkz, wka, etc.

Nko

1s odd; Nko

of turns in any coil 1is

= p 1s the number of supplementary colls with wko turns when T,

= 2p, 1f half-colls with 2%2 turns are made. The number
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Wiy = wxwkm’ (15)

u

g

where ¥_ = is the relative filling of a slot with turns of a

X unxm

given coll and Wim 1s the number of turns in the largest coil.

The entire number of turns in the main coil 1s;

" when t, 1s odd

Waa = Nkowowkm + Nk;p 2 "km + Nkaw lwkm Fooot NkankaJ (16)
when T, 1s even

From these expressions Wiem 1s determined and then the numbers
of turns in all the colls, taking wx into conslideration.

The relative fllling of a slot with conductors of the auxiliary
winding wa should also be expressed in fractlons of the number
of conductors in a slot filled to the maximum by the malin winding
UoemA® The total filling of the slots wlth conductors of the maln and
auxiliary windings waB in relative units may be determined from the

formula

u +u
A nxB
Vun = Vyn + Vg = — (18)
XA XA xB u A

waB iIn all slots must be as nearly the same as possible and satisfy

the condition kfan.g 0.7.

At the admissible coefficient of slot filling (k = 0.65 to 0.7)

fan
we may determine the relative numbers of conductors of the auxiliary

coll in the different slots wa.

The coefficlent of slot filling by conductors of both windings

may be expressed as

k'fan

2 2
dp" W ea + 957Unxp
A

n

£ 0.7, (19)
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where dA’ db are the dlameters of the insulated wire of the main and

auxiliary windings chosen in conformity with the given current density
in the windings

d,2 AB
A
s = t, (20)
B %

SA is the area of the slot not considering insulation and taper.

From Formula 19 (takling Formula 20 into consideration) we find
u__. k. S!
nx3 _ “fan ' n

u T T 74, (21)

+

nxA

In relative units this express;on takes the form

q’xﬂ kfaasn; o
. ¥ra + t dattinima . ( 22)

Hence the relative number of auxiliary winding conductors in any slot
will be

km(s'./ . .
'PX’ = ( d‘ ”u.‘ - “‘P:A)t.

(23)
The computation of the number of colls and turns in the colls of the

auxiliary winding should be made from the discovered values of wa,

Just as in the main winding.
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Fig. 9. Diagram of sine winding
with T, even.
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Fig. 10. Diagram of sine winding

wlth T, odd.
)
& |
b
- -~ . .~t~ Oy ]
o : (/
T

Fig. '11. To determine length Fig. 12. To determine
of end of coll,. coefficlent of permeance
of slot leakage.

Calculating Winding Reslstance

The calculation of the resistance and inductive reactance of the
maln and'auxiiiéry Windings also has a number of peculiarities.

Tﬁe total length of the conductor in all the colls of the
wlndings may be defined as



ZIkx'Ik1+Ik2+I‘ka toot Loy (24)

where the length of the conductor in a coil of a definite size 1s
- .10 2 (25)
ka 2(1 + lex)wkx 1072 m

Here 1 1s the length of the stator pack 1n centimeters;,;ex is the
length of the end part of a coil of a definite slze

1., = 0.5mb,  + 2B, (26)

where bkx 1s the width of a coll of a definlite size and B 1s the
"straight" region of the end part (Fig. 11).

The resistance of the main (or auxiliary) winding is

I’_,=p——-‘. . (27)

Here a 1s the number of parallel arms and S is the cross section
of the wire (mm2).

The inductlve reactance of the leakage of the sine windings
must not be computed from the formulas used for windings of the ordinary
type because the flilling in of the individual slots is not the same,
but the colls have different slzes and shapes.

An exact calculation of the leakage of the sine windlings 1s very
complicated. The following formulas may be used for practical compu-
tations of the inductive reactance of the leakage of the sine windings.

The 1nductance of the coil caused by slot leakage 1s
Loep= 2wx.t2|"olnl . ( 28)

When all colls are sequentlally connected the inductance of the

slot leakage of the winding is

Lop = ELyun = 205N, 0y (29)
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The coefficient of permeance of slot leakage knx is determined
for each of the coils from the known formulas, taking the shape of the
slot into consideration.

When computing knx in sine windings we must allow for the rela-
tive filling of the slot wlth the conductors of the maln or auxlliary
winding.

It 1s also necessary to allow for the fact that the maln winding
1s usually placed nearer the bottom of the slot and the auxiliary
winding nearer 1its top.

We determine A _ 1in trapezoidal slots (Fig. 12) from these

formulas for the main winding,

= D 2hp 3hga hy
anA T 3ap! + az + 8.2'+ az + 2as + as (30)

for the auxiliary winding,

_ _h2 3hs hy
MxB = %az * @2+ 7ar *ac (31)

In these formulas the helghts of the part of the slot occupled
by the main winding and the auxiliary winding are h; and hp respec-
tively and are determined from the relative filling of the slot with
the conductors of one or the other winding. The dimenslons h;, hz, and
az' may be discovered by graphically representing the slot to scale

and dividing 1ts area in the ratilo

S w

nA XA

T =3— b (32)
nB  "xB

where SnA is the area of the slot occupled by the conductors of the
main winding and SnB is its area occupled by auxiliary winding con-
ductors,

The inductive reactance of slot leakage for the whole winding
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(main or auxiliary) is

Xen = 4Rpﬂfl};~~.v'wxxnnx =1 ,6“210 -aflsz.rw A ( 33)

xxave

The inductance of the coil caused by end leakage 1is

e = 20 L. (W)

_The total inductance of end leakage of all the coils of a
winding 1is

110 —_ EL 'm-: .QPOIENKxu'K,'zl‘ X ( 35)

Here Xex'is the coefficient of permeance cf the end leakage of thé
coll referred to the length of the stator pack.

The coefficlent of permeance of the leakage of the end parts
xex depends on the shape and geometrical dimensions of the end parts
of the winding? on the mutual disposition of the coils, etc. Accurate
determination of>coefficient Xex is complex and coupled with laborious
computation.

Inasmuch as the inductive reactance of the end parts 1s a rela-
tively small part of the total inductive reactance of the winding it 1s
usually calculated from approximate formulas.

(3

We may, for example, introduce some average coefficient xeav

computed for a coll of average size. This coefficlient may be

approximately calculated from the formula for the single-phase winding

Moy ™ o,39< 1 — o,e?- )Slz(tm— 0,645 ) (36)

where Q is the number of slots per pole occupied by a winding (main or

auxiiiary); T, the number of slots per pole; ;eav’ the length of the

end part of a coil of average size (cm); b the wldth of a coll of

kav’
average size (cm); and 1, the calculated length of the stator (cm).

Thé inductive reactance of the end leakage in this case will be

6 #




x = 1,68710-fD, EN 0,2 (37)

The inductive reactance of the differential leakage is

Xy | 58f"’" )y-10=7 (o), (38)
where
m__< (A} (39)
b= T TRER Z(-‘_)
v=23,5,7,9 11 ...

In these formulas xa is the coefficient of the magnetic conductance
of the differential leakage; m = 2, the number of phases for single-
phase machines; T = gg , the pole divisien; 6, the air gap; k&’
coefflicient of the air gap allowlng for the slots in the stator com-
puted from generally known formulas; kz, coefflclent of saturation of
the magnetic circult determined from the calculation of the magnetic
circult; v, the order of the harmonic; kov’ winding coefficlent for
the higher harmonics calculated for a number of odd harmonics by the
above described method.

Thus we may recommend the following order in computing a single-
phase sine wlnding.

1. First, we choose the distribution of the conductors of the
main winding among the slots in relative units U xaA = ¥(x). In this,
one third of the slots of a pole division is filled with the maximum
number of maln winding conductors U mA* In the remaining slots the
law of decreasing the number of conductors may at first be assumed to
be linear.

The law of the distribution of the conductors of the auxiliary
winding u ,p = ¥(x) may be the same as in the main winding, but the

displacement of the axes of the windings by'§£ is allowed for.

PTD-TT-62-1556/1+2+4
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2. The winding coefficlents are calculated for the preliminarily
chosen law of distribution of conductors among the slots for the mailn
and auxiliary winding in order to estimate the favorabllity of the
selected law.

3. The optimum distribution is found according to the optimum
condition

kos = 0; kos— 0; ko7 — O.

When choosing the optimum variant we may use Table 1 which lists
some examples of favorable distribution among the slots for different
T, and numerical values of windilng coefficlents 1n these cases.

4, After having calculated the winding coefficient of the first
harmonlc kg; for the adopted law of conductor distribution we deter-
mine the entlre number of turns for the maln phase.

5. Since in the same laws of conductor distribution among the
slots in the main and auxilliary winding the winding coefficients are
the same (koip = koiB) s the number of turns in the auxiliary winding

is determined from the glven coefficlent of transformation

wsB = kw

sA°

6. The schematlcs of the main and auxiliary winding are drawn
up.

7. The number of coils of different sizes kaA and the number
of turns in each coil WixA of the mailn winding are determined.

8. The relative number of conductors in the auxiliary winding
wa 1s discovered.
9. The total filling of all slots by conductors of the main and
auxilliary coils waB is verifiled.

10. The number of colls kaB and the number of turns in these

colls Wy xB of the auxiliary winding are calculated.

FTD-TT-62-1556/1+2+4
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11. The resistance and 1nductive reactance of the main and

auxiliary winding are determined.
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A SINGLE-ARMATURE CONVERTER WITH
SUPERIMPOSED MAGNETIZATTION |

I. S. Kopylov

A reliable and economical frequency converter 1s necessary in
electric drives with frequency control in use 1in high-speed tech-
nological processes of the metal working, textlle, and other branches
of i1ndustry and also in slow-=speed drives with high-frequency sources
of supply [1].

The most successful converter for ffequency control of a-c motors
is, in our opinion, the circult proposed by Academician V. S. Kulebakin
(2, 31. |

In the Kulebakin circuit a rectified voltage regulated by a
saturatlion choke coll 1s led from the commutator to the single-armature
converter (Fig. 1). A single-armature converter supplied with d-c
functions as a d&-cmotor and as a synchronous generator viewed from the
slip-rings. The frequency when it leaves the single-armature con-
verter 1is proportional to the speed of rotation and the number of
poles,. but in Independent excltation the effectlive value of the volt-
age on the slip-rings 1s proportional to the frequency. Meantime the
ratio %L = const., which is also necessary for the optimum law of

frequency control of asynchronous motors.

FTD-TT-62+1556/1+2+4
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The single-armature converter

X U=const
f=const SAC with superimposed magnetization 1is
0 a development of the Kulebakin
R
*__%jf’ circuit.* In such a converter a
fa r

magnetic amplifier is combined with
Flg, 1. Academician V. S.

Kulebakin!s frequency con- the converter and this ensures a
verter circult: CC) satura-

tion choke coll; R))power decrease in welght and makes possible
rectifier; SAC) single-

armature converter; U;, f,) internal feedback without speclal

clrcult voltage and frequency;
Us, f£2) voltage and frequency
leaving the converter.

windings.

In the single~armature con-
verter wilth superimposed magnetization (Fig. 2 and 8) the back of the
stator 1s lamlnated and divided 1nto two toroids on which are wound
the a=¢ windings of the magnetic amplifier (w;); and the control wind-
ings (wc), shift windings (ws), and feedback windings (wf) encompass
both torolds while first harmonic induction from the alternating
current 1s lacklng in them. On the poles there 1s the concentrated
excitation winding (We) and the regulating winding (wr).

A simple loop windlng soldered to the slip-rings, the number of
which 1s determined by the number of phases 1in the a-c system, 1s
placed on an armature with an even number of poles,

The magnetic amplifier 1n a single-armature converter may be
single-phase or three-~phase, The schematlc in Flg. 2 shows the mage=
netlc amplifler mounted wilth internal feedback as an open-circuit
bridge. The external feedback winding 1s small and designed to
regulate the amplification factor of the magnetic amplifier,

* I, P. Kopylov., Certificate of Authorship No. 118103 of April 25,
1958.
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Flg. 2. Single-amature converter with superimposed .
magnetization., Ue’ Uc’ Us are the excitation, con-

trol, and shift voltages respectively.

The excltation currents are imposed in the back of the stator
on the magnetic amplifier currents and are distributed unevenly along
the statpr, since where the amplifier and excitation direct currents
add together the saturation 1s greater and where the currents Subtract
from each other the saturation 1s less. The effect of the excltation
current on the magnetic state of the core 1s equivalent to a certain
shift of the worklng current and the basic curve of magnetization.
The efféct of the excitation fleld én the characteristics i1s found
to be‘insignificaht,'since the magnétizing force of the excifation
winding compared to the magnetizing force of the control winding turns
out to be small,

The effect on the magnetic amplifierts fields is like the same
effect 1n the motor of a direct current amplifier [4].

When the converter has a constant excitation current the input-
output curve of the magnetic amplifier, plotted agalnst speed, expresses
the convertert!s speed of rotation and consequently the frequency on

the slip-rings.

FTD-TT-62-1556/1+2+4 .
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The ratio of the emf from the a-c (Ez) side and that from the dc
(Ey) side is

E_,"u (1)

where ky 1s the coefficlent of field distribution (for the sinusoid
kb = 1); and m, the phase number.

In the single-armature converter

Ey=U,—Una, (2)
where ﬁh 1s the voltage of the network; and ﬁma’ the voltage on the
magnetic amplifier (perhaps discovered from a vectorial dlagram of the
single-armature converter),

The current ratio 1s the same as in an ordinary converter

k‘_i_{;;‘-:ka_?l/g_(l—p) ’ (3)
' mcos ¢
where Ipj 1s the line current from the slip-ring side; and Iy, the

current from commutator side,

m

-

P is the steel and frictioh losses of ﬁpe single-armature con-
verter,

The current in the power windings of the magnetic amplifier (I )
may be found from known relationships, starting from current I,., For
a two-stage layout the effective value of current I = f11 (for the
sinusold ko = 1.11).

In a change of signal in the control winding of the magnetic
ampliflier the voltage on the sllp-rings and the frequency change

proportionally and this guarantees the constancy of ratio«g.
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Fig. 3. Experimental single~armature converter
wilth superimposed magnetization.

The current in the sections of the armature winding 1s equal to
the difference between the d-c and the a-c and depends on cos ¢ of the )
load, If we assume that losses 1n the converter armature may be
allowed to be the same as when 1t 1s functioning as a d-c machine,
the power of the converter may be increased by 20 to 30% depending on
number of phases and cos ¢,

When being fed from the d-c side commutatlion under transients and
on starting is smooth, In another work by the author [5] he points
out the feasibllity of constructing single-armature converters without
additional poles when belng powered from the d-c side up to 20-30 kw,

When the converter 1s working into an asynchronous motor the
latter wlll requilre reactive power as well as actlve, Therefore there
appears a longitudinal component of the magnetlzing force in the a-c of
the amature reaction and this component demagnetizes the more, the
lower cos ¢ 1s, Weakening the excltation field leads to increasing

the convertert!s rotatlional speed and consequently the frequency on
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the slip-rings. Spontaneous feedback 18 Increased by the regulating
winding which 1s consequently cut into the load and has a small
number of turns,

We begin the calculation of a single-armature converter with that
of the output stage of such a converter figured by known methods and
choose only an induction in the stator back on the linear portion of
the magnetization curve. Glven the geometry of the steel for the con-
verter and the voltage of the power-supply, the amplifier 1s computeqd,
selecting a number of a=c winding turns so as to secure the minimum
distance between the toroids.

In the Moscow Institute of Energetics (MEI) in the electric
machine department there was computed and tested a single-armature
converter with superimposed magnetization P2 =1 kw, U, = 127 v,

f = 50 cps, output voltage 110 v, and range of change of 10.1.% The
single-armature converter was made on the base of the motor-dc ampli-
fier described in a previously cited work [4] by conducting three
leads from its armature winding to the slip-rings (Fig. 3).

Figure 4 shows the relationship of Uz and fz = ¢(Ic) when U_ =
= 127 v. With a decrease 1n cos @ of the load the size of the linear
zone increases, expllicable by the demagnetizing action of the longil-
tundinal reaction of thea-c armature. When the single-armature con-
verter and the choke are bullt separately this lncrease does not
occur,

The relationships of Uy, f2, and also current I to current Ic
are congruent with the input-output characteristics of the magnetic

amplifier. The current on the constant frequency side (I,) 1s an

¥ Engineer V. A. Poteyenko took part in the work, defending his
graduating project on this theme.

73




exception, the change in which is influenced by the change in both

the choke coll and the frequency.

The regulating winding, connected up opposite to the excitation

winding, broadens the linear zone somewhat, but this coil must be weak

(approximately 15%) of the magnetizing force of the excitation winding,

since a powerful regulating winding destroys the stability of the

converter's functioning,

Figure 5 gives the relationships of %ﬁ and n of the motor to

current IC when an asynchronous motor 1s connected to the output

of the converter.

f:| Y i

1
A
\\
A
\"
INNY

Fig. 4. Uz and f2 = q>(Ic)

when U = const. The dashed
line give the change 1n volt-
age Uz — L with an inductive and
R with an active 1load.

%i remalns almost constant owing
to spontaneous feedback between the
asynchronous motor load current
and the voltage at the choke coll
output (feedback between the mag-
netic amplifier's saturated steel
and the current of the armature's
longitudinal reaction).

The external characteristics
of the single-armature converter
with superimposed magnetization
Uz, f2 = ¢(I2) when U. = 127 v are
shown in Fig. 6. The nature of the

load 1nfluences the form of the

external characteristics and the differing effects of the armature

reaction explain this. In thils process, the frequency noticeably

changes as a result of the change in speed, but U, alters little

because the voltage applied to the armature is almost unchanged.
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Flg. 7. I, = £(I ) when Uz and
Uy = const.

Figure 7 represents the regulating characteristics of Ic = £(Iz).
The characteristics were noted when the network was under constant
voltage, and the output voltage U- was kept constant because of the

change 1n the control current.

In frequency regulation the presence of spontaneous feedback
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along the load current provides a more favorable course of the tran-
slent when this converter 1s used. When the load 1s 1ncreased on the
drive motor the load current increases and the longitudinal reaction
of the armature also increases,leading to an increase in the frequency
and speed of motor rotation, guaranteeing rigid mechanical character-
istiecs.

The experimental converter guarantees a smooth change in the
frequency from 10-12 to 100-120 cps. It 18 necessary to increase the
dimenslons of the choke coll and calculate the converter for higher
speeds 1n order to broaden the limits of regulation.

In the normal geometry of the machine we may obtaln a frequency
change to 400-500 cps. For this the converter, when 2P = 4, must
have a rotational speed of 8000-9000 rpm.

Putting a single-armature converter with superimposed magnetlza-
tion and an asynchronous frequency converter in the same unilt we may
obtained a doubled frequency (Fig. 8). In this case, the solder
couplings from the armature winding are made to the leads of the
phase winding of the rotor and the doubled frequency 1s taken off
the stator. Such a converter has no slip-rings and enables us to
derive a frequency of up to 1000 cps. In thils variant the converter
1s convenlent for transforming frequencies of 50 c¢ps to higher ones.

The transformation of high frequencles into lower ones also has
a certaln interest. Single-armature converters with superimposed
magnetization may find application for obtaining and smoothly changing
low frequency in units with a network frequency of 400 cps. In this
cagse the converter is compact, thanks to the small dimensions of the
choke coill.

The single-armature converter with superimposed magnetization

cannot guarantee individual frequency regulation or voltage regulation
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and can be successfully used only where it 1s necessary to have con-

stancy in the current, 1l.e., %-- const.

Uy=const, f§=const
y 1

¢ W, We
ﬂhv_‘ We ——1‘"
We
Wo wf .\S

Fig. 8. Schematic of single-armature
converter with superimposed magnetiza-
tion together with asynchronous frequency
converter.

Concluslons

The single-armature converter with superimposed magnetization,

a single-unit frequency converter, may find successful application in
frequency regulation of a-c machilnes.

Combined construction of the choke coll and the single-armature
converter secures a certain decrease in weight because of the decrease
in weight of the construction materials and better cooling of the
choke-coil windings.

Spontaneous feedback along the current makes 1t possible to attain

better static and dynamic characteristics.
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