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1. Introduction

Transformation from any polyphase to the other different polyphase is
easily accomplished by means of the transformer connections. In the statical
transformation, however, from the single-phase to the polyphase, the suitable
method has not yet been established, in particular some papers are published
for single-phase to three-phase conversion concerning with ac electrification
of railwa;.)s)

The three-phase motors offer distinct advantages over dc and single-phase
ac motors. The dc motors have commutators which get dirty and short,
brushes which wear and sometimes make poor contact, and mechanical
contacts which constantly make and break during the process of speed
regulation. All of these mechanical features are quite undesirable in view of
their reliability.  Single—phase ac motors, in addition to coming up to rated
speed rather slowly, require starting circuitry.7)

Parametric oscillation is not an unfamiliar phenomenon, a playground
swing and Melde’s experiment are the examples of parametric oscillations in
mechanical systems. In an electrical system, inductance and capacitance are
the parameters which determine the resonant frequency. Parametric oscillation
therefore can be produced in a resonant circuit periodically varying one of
the reactive elements composing the resonant circuit.8 >

A three-phase converter, described in this paper, is essentially circuit
with a reactive element varying periodically at frequency 2/ which generates
a parametric oscillation at the subharmonic frequency f. In practice, the
periodical variation is accomplished by applying an exciting current of
frequency 2f to a balanced pair of nonlinear reactors.

A parametric oscillation could be accomplished by the cut-type core
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made of the oriented silicon steel sheets instead of the ferrite core‘fm If the
primary circuit of the two oscillating circuits with the same magnetic
properties is excited with the two phase currents which differ by = radians
each other, the oscillating voltages at their secondaries have a phase difference
of /2 radians. The theoretical analysis and its experimental results of the
single-phase to three-phase converter which utilizes parametric oscillation
are described in this paper.

2. Theoretical Analysis

Basic principle. The parametric oscillating circuit is essentially a resonant
circuit in which either the inductance or the capacitance is made to vary
periodically. The parametric oscillating circuit diagram is shown in Fig. 1.
The parametric oscillating circuit in Fig. 1 consists of coils wound around
two magnetic toroidal cores M, and M,, a capacitor C. Each of the cores has
two windings and these are connected together in a balanced configuration,
one winding forming a resonant circuit with the capacitor C and being tuned
to frequncy f. An exciting current, which is a superposition of a dc bias
current [, and a commercial frequency current of frequency 2/, l,r, is applied
to the other winding, causing periodic variation in the inductance L(f) of
the resonant circuit at frequency 2f (see Fig. 3). The oscillating circuit using
the cut-type magnetic core with three-legs made of the oriented silicon steel
sheets is shown similarly in Fig. 2.
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Fig. 1. Circuit diagram of Fig. 2. Circuit diagram
parametric oscillation. of parametric oscilla-
tion used cut- type Fig., 3. Wave shapes of
with three legs. : exciting current, Ly, in-

ductance, L't), and oscillat-
ing current, Ir.
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i When the exciting circuits, which have

L+L ,((ﬁ

l T two magnetic cores of three legs with the

]Lu c Va same magnetic properties and geometrical
i configuration, are excited by the exciting
currents f,7(0) and lor(¢;) which differ by
¢, radians with respect to each other (Fig. 4),
the inductances L, (f) and L,(f) of the

M resonant circuits are varied as
Fig.4, Circuit diagram of two- L) = Ly (1 + 21" sin 2wt), (1)
phase transformable converter
which utilizes parametric Lty = Ly {1 4 2" sin (2wt + ¢;) }, (2)

oscillation.
where @ =2zf, I' is modulus of parametric

excitation. Let us assume the presence of a sinusoidal ac current, Ir, in the
resonant circuit at frequency f, which can be broken down into two compo-
nents as follows:

lr = [ sin wt + I, cos ot. (3)
Then, assume that the rate of the variation of amplitudes of the sine and
cosine components, [/, and I, are small compared with o, the induced
voltages, V,, and, V,, in the magnetic cores M, and M, will he given by

respectively

d
V,=—(L
a dt(lalf)

= wly (I, cos wf — I, sin o)
+ 30" wLy (I sin wt + I, cos wt)

— ["wLy (I;8in of — I, cos wt), (4)

V=21
= wly (I, cos wf — I, sin ot)
+ 3" wLy { L, sin (3wt + ¢y) + I. cos (3wt + ¢,)}
~I"wLy{I,sin (ot + ¢;) — I, cos (et + ¢,)%. - (5)

In (4) and (5), the first terms show the voltages due to a constant inductance
L,, and the second terms or the third harmonic terms may be neglected in
our approximation, since they are off resonance. The third terms, which are
essential for the generation of the second subharmonic, show that the variable
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parts of the inductances behave like a negative resistance for the sine compo-
nent I,, but behave like a positive resistance for the cosine component /..

Therefore, provided that the circuit (see Fig.4) is nearly tuned to freque-
ncy f, the sine component I, of any small oscillation will build up expo-
nentially, while its cosine component will damp out rapidly. If the circuit were
exactly linear, the amplitude would continue to grow indefinitely. Actually,
the nonlinear B-H curve of the cores causes detuning of the resonance circuit
and hysteresis loss also increases with increasing amplitude, so that a
stationary state will rapidly be established, as in vacuun-tube oscillators.

The phase difference between the induced voltages, V, and V,, from (5)
is given bys)

third term = — I" wLy~/ (1, sin ¢, — 1. cos ¢;)% - (I, sin ¢;)%sin (wf -+ 0), (6)

where

0 = tan™! 5_15?1—:(}0_8,951’ 72 L < m 7)
sin ¢,

When the phase difference ¢, between these exciting currents, I,r(0) and
Lis(¢,), is equal to = radians, ¢, =, we can obtain that the phase difference,
0, between the two oscillating voltages is equal to z/2 radians at their secon-
daries. Therefore the three-phase power conversion from the single-phase
power could be obtained with the two single-phase converters (parametric
oscillating circuits) by connecting them open 4, which is also called 7. Both
these connections are unsymmetrical and give slightly unbalanced voltages
under load. The amount of this unbalancing is small and it’s neglegible
under ordinary conditions, especially with 7 connections.

Oscillating out put power in single-phase conver-

ter. A single-phase converter is a resonant circuit B

cally at frequency 2f which generates a parametric
oscillation at the subharmonic frequency f.

If a dc bias field, H,, and a ac field of fre-
quency 2f, H,s, are impressed on the two cores L

with a nonlinear inductance L (f) varying periodi- e

&
A
(aed

(see Fig. 1), then B-H loop becomes asymetrical
10

RV

minor loop with respect to the origin, Fig.5.

The induced magnetic fiux @ by current ¢ on Fig. 5. B-H loop under
. . . excitation. H, is dc bias
the core with winding number of turns, #, will field, H, is ac field at

be given by frequency 2f.
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P = g(H)= g(n) (8)
Total flux @, and @, in the each cores, M, and M,, are given by

D, = gny Iy -+ nytyr + naiy) } ()

Dy = g(n, Iy + nyisr — nyif)

Let us assume that i,y = n,ir is smaller than #n [, flux @, and @, are
derived as follows:

O, = g(mdy) + g (ndo) (nytar + naiy)

1 . . 1 . .
+ éTg” (nydy) (idar + 15ir)* + ’B'Tg”’ (dy) (mytar + naiy)>+ - (10)

O, = g(ndy) + g (ndy) (Ndar — naly)
1 . . 1, . .
+ Eg// (nydy) (mytar — Matf)? + ’},Tg (Lo} (Myfa s — Nglp)ot o (11)
Because of #n,ly > ndsr 2= myiy, until the fourth term of the expansion only

needs to be considered. The secondary induced voltages, V, and V,, are
expressed following:

o,

b= =gy
(12)

ao,

Uy = — Mgy 7

Oscillating voltage of frequency f, vr, in the terminals 2-2' (Fig. 1), can
be expressed as

d
Uf =0V, — Up = — ”Z‘CE((I)lz"‘(pb)

d . ..
= —onz o {e L) is+ g ol missis

1 T | .
+*2‘gm (1) (14 %1o f" +~§7122 Zfa)}- (13)
Putting
. 1 . .
tof = ]2fCOS 2wt :*‘2“‘]2f<€72“’l + 6_]2”)[), (14)

: 1 . .
iy = Ircos (ot + (/)2) = —Z—If{g.’l(wl-l'flz) -+ 51(¢DI+;'2)}’ . (15)
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and then substitution of (14) and (15) into (13) yields
o 1 , .
o= —joly et {2 ¢! (m 1)+ nond Iy g (m 1) =20
l o
e g () (16)

(16) represents the oscillating voltage in resonant circuit with capacitor C
and neglects the harmonic terms, which are off resonance.
For the relation, in general, between the magnetic field, H, and the

magnetic density, B, on the core, we obtain
H = Usinh uB. (17)

Equation (17) will be rewritten as:

S ni

¢ = —sinh™ — 18
" sinh ur (18)

where # is the winding number of turns on the core, # and U are constants

for the core that depends upon the magnetic saturation characteristics and

the material dimension, [/ is the length of the magnetic path.

Therefore, if (n,[,/Ul)? > 1

' -5
g (mly) = o,
" (1) = ’(n[)wl— 19
g o) = — & (Mo A . (19)
ndy) =g (n 1),”72
g 1do) = & (Rl (n, L)

Substituting (19) for (16), the oscillating voltage, vr, is given by

vf = — jwlfei(et+i) {7122 g’ (ndy) — —;- (%) ng? g' (nydy) e= 72k
Lo oy L(RsN o
+4]02<n1> ny® g (nidy) Ir* + 2 (10 ) ny g (n1[o)J (20)

The terms in the parenthese, in (20), are inductance of the exciting
circuit, (20) will be rewritten as

vy = = joly Sty Ly —— AL e it BLy I, (21)
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where
2 ol Ly 2 o
Ly =n g (ml)+ (5 ) nst ' (1), (22)
(4]
I
L= (" )ns g (), (23)
1}
L' () = 1(’12)2712 'y dy) I = Ly I (24)
T2\, o 8 ydo) Lr® = [l 117,
1 nl)z ‘
= e [, 25
# 212 (712 (25)
An oscillating circuit consisting tuning capacitor C,
—I: inductance L (!) and effective resistance # connected in
T c series is shown in Fig. 6.
i Let Ireiot+4)  be the oscillating current of frequency
L{#) . .
v, f, the loop emf, v, is given by
Fig. 6. Secondary vu=r[1+ ]Q (20 + BIs% — Fg—jzlz) I eiwl+g2) (26)
tuning circuit
diagram. where
wlL,
Q= 7 )
AL
r==-==,
2L,
. 1 1
0= iy (= o)

The absolute value of the oscillating voltage of frequency f, Vy, becomes

Ve=rlra/1+ Q¥ (20 F fir —T)& _ (27

Losses tn a single-phase converter. The losses in a converter are the
iron loss, the primary and secondary copper losses.  The iron loss is nearly
constant and nearly independent of the load. The primary and secondary
copper losses vary as the squares of the primary and secondary currents.
The iron loss is caused by the variation of the flux in the iron core and
depends upon the frequency, the maximum value of the flux density in the
core, the quality of the iron, the wave form of the time variation of the flux
in the core, the thickness of the laminations and the volume or weight of
the core.  The iron loss can be seperated into the loss due to eddy currents
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and the loss due to hysteresis. These components follow different laws.
Hysteresis loss. ——Let B, be the maximum flux density of a converter
and let 2f be the frequency, the hysteresis loss, P, is

Ph = 2fgh 31)12 w'10*2) Bm > 1 Wb/mzy (28)

where w is the weight of a converter core and ¢, is a constant for used
material.

Let #&f be the wave form factor and let 4 be the
thickness of the laminations, eddy-current loss, P,, is

Eddy-current loss.

P,=0,2f 4k B,,)* w1072, (29)
where ¢, is a constant determined by used material.
The expression for the iron loss, P,.,, can be written

Ph+e = ‘?“Bm2 (”/1f+ 20'5 Azkf2 f2.10~2)w '10—2- <29)

Copper loss.—— Let #, be the primary
winding resistance and let 7, and 7', are the
secondary winding resistance in the tuning

3 ° Lo
L e

’ ==

and the load circuits respectively, in Fig. 7.

The copper loss, P, in a single-phase con-
Fig.7. Circuit diagram of
single-phase (2f-f) con-

P,.=y I+ k7, Lyt verter.

+ kg (1 I P47 Ir%), (30)

verter is

where £k, is the ratio of the ac resistance for the dc reistance, in general,
ky=1.1~1. 25,
Conversion efficiency of a single-phase converter. The conversion efficiency

of a single-phase converter, », is given by

Vi' I cos ¢,

= — S R ar T 31
7 Vit Iy’ cos g +Pppe + 7118 A By Lf*ry + koo (ry I 41, Ir%) (1)

If the iron loss, P,:+., and the secondary oscillating voltage, Vy, are assumed
constant, the maximum conversion efficiency occurs for that value of the
secondary oscillating current, Ir, which make the differential coefficient of
the efficiency with respect to the secondary oscillating current, If', zero. The
maximum conversion efficiency is to be obtained under the following

condition:

Poyo + 103 ki 0, Ls® o Bg 7 I1% = koo vy IR, (32)
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c
Ak
tlr TEASER
ny s naz
SN
g 131, e oa
by 5 e N Iy
(2f~) ‘ ¢
ny

it
MAIN
Wi
HH
C
Fig. 8. Complete schematic of three-phase
converter.
Vi
g Vie=VitVia
E
i
a t
Ui Vie |
e : Vs
Vo= Vi Vi, 1\0+30°=60
) :‘ I
¢ d M
V0=V +
(A) (B) ab ad de
Fig.9. Vector diagram for the T connection.

Three-phase conversion. If
the primary circuit of the two
oscillating circuits (converters)
with the same current ratings
but with differnt voltage ratings
is excited with respect to the
two phases which difier by =
radians with each other, their
secondary oscillating voltages
has a phase differnce of =z/2
radians. The complete schematic
of the three-phase converter is
shown in Fig. 8.

The secondary winding of
the converter, which is called
a teaser, is connected to the
middle of the other, which is
called a main, Fig.9 (A) serves
either for the diagram of con-
nections or for the vector dia-
gram of voltages. The teaser
converter is indicated by ad and
the main converter by ¢b. The
three-phase voltages are impre-
ssed across the terminals a, b,

¢. If the secondaries are similarly connected, they supply three-phase power

at a voltage which, except for the impedance drops, is equal to the impre-

ssed voltage divided by the ratio of transformation.

If the impressed primary voltages are balanced, the secondary voltages

V.

Ve Vay are in quadrature.

f/ca = I./da + I}cd'

The angle acd is 60 degrees and

Vd a

%

ca

= sin 60° = 0. 866.

w0 Vie and V., are each equal to 2V.,. The voltages V,, V, and also

(33)

(34)

The teaser converter, therefore, should be wound for a voltage which is
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86.6 percent of the voltage of the main converter.

A vector diagram for the 7 connection is shown in Fig. 9 (B). The load
is assumed to be balanced with respect to the secondary voltage. The angle
of lag ¢ is assumed to be 30 degrees with respect to the secondary voltage.
All vectors are referred to the secondary. The voltage V', is in phase with
the Y voltage of the system. The converter da carries line current. Therefore
the power factor cosg, for the teaser converter is the same as the power
factor of the three—phase load. The capacity of the T system for the three-
phase conversion is somewhat less than the sum of the capacities of the two
converters.

Consider a load at power factor cos ¢, and assume that the teaser conver-
ter da is wound the correct voltage. Let the line current and line voltage
of the three-phase system be [y and Vy the output power of the teaser
converter, P,, is given by

P, = V¢ Iy cos ¢,. (35)

Because there is the transformable operation between the resonant circuit
and the secondary load circuit, the three-phase output power, P,,, becomes
Po.=V3ar, I Iy A/1+ Q% (26 + GBI — 1) (36)

where « is the turn ratio between the resonant circuit and the oscillating

circuit.

3. Experimental Results

The cores used in the three-phase conver-
ter are of cut-type with silicon steel sheets.
These magnetization characteristics have flux
density B = 1.74 wb/m? at magnetic strength
H = 2-10"% ampere-turns/m. The chemical

conponents and geometrical dimension of | L; 1 L L

i ) {156 -30-115{15-30 15 +-30-]
the core are shown in Table-1 and Fig. 10. Fig. 10. Dimension of core.
The winding number of turns and its resis-

tances are shown in Table-2.

Table-1. Chemical components Oscillation diagram. Fig. 11 shows

of core typical examples of the oscillation diagram
Si 2.5~3.5% (main converter) of an actual single-phase
C,0,N, Al, Mn | extremely small converter. In the figure, the abscissa
Fe all of the rest

represents the exciting current of frequency

2f, Ly, and the ordinate represents the
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Table-2. Winding number of turns and
o
its resistance on the converter T o V/
£
Teaser Main gz |7t stable
B 100f——t S Coe I, 15 Al
7y 300 turns 300 turns k-] ’! !
S 80— -
Ny 500 turns 500 turns M = L\}i_‘*m\
5 so]—F o J} ——
5 2
7! 433 turns 500 turns g | |unsteoleag
g Wy G
v 0.9 ohms 0.9 ohms ““ 0306090
1 g 20 iV/ )
7y 4.7 ohms 4.7 ohms T O 00 0 L0 T e
”o! 4.6. ohms 5.7 ohms y Exciting cur‘rent,AIgf, in‘amperes
Fig.11. Oscillation diagram.

tuning capacitor C.  The single-phase converter certainly begins to oscillate
by the all exciting current of frequency 2f in these stable regions.

From the oscillation diagram in Fig. 11, we can obtain the quantity /'
as follows:

r,= G~ Cl, (37)
C, + G

where C, and C, are the upper and the lower limit tuning capacitor in the

binary oscillation region respectively, which are naturally changed by the dc

bias I, and the exciting current I,r. In practice, if @ of the tuning circuit is

large, and make an exception of the influence of febrility, /. corresponding

to modulus of parametric excitation, [

[’, characteristics dependence the exciting current f,r, dc bias /[, as
parameters, is shown in Fig. 12. When the dc bias [, is equal to 1.5 amperes,
I',=0.35 for I,;=0.5 amperes.

Single-phase conversion charateristics. Fig. 13 shows the resistive load
characteristics of the oscillating load volta-

‘ ge, Vs and the oscillating current of fre-

0. e _ Al =15 amp. quency f(30 c¢/s), Ir, the. exciting current
of frequency 21 (60 c/s), Ly, and the reso-
UO'B """""" /T =2 5am nant current, Ir, in the main converter
S0 under the experimental conditions of Vyr=
80 volts, I,=1.5 amperes and C=60 micro-

0.1

farads.

The figure shows that the oscillating

0 0.2 0.4 0.6 08 10
Exciting current, [z, in amperes load voltage, V,r, has the constant-voltage

Fig.12. I, Characteristics characteristics in the high resistive load
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experimental

2.5 100 i
msmblel'Lsiable
1
1
w 2.0 80 ! . 100 @
g ' | 3
< t H -
g ‘ E ‘Pi" 80 B
E 1.5 = 6ol ; S
= S ; b
= L) i 60 =]
’i 1.0 = 10 losses | - =
st ! ~ S 2
= & ; i & 03
EE : Ply 2
0-5—/= :“"t“ ; T“— 207 V,;=80 volts : 20 ©
! ’ Iy I, =15 amperes
! } [ ‘ C =60 microfarads
i) ' L
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 - 0.8 1.0
Load, Ry, in kiloohms Load, Ry, in kiloohms
Fig.13. Load characteristics of a Fig.14. P;,, P,, and efficiency, n.

single-phase converter.

region above 250 ohms.  As the resistive load of the single-phase converter
increases, the oscillating load current of frequency f, Ir, decreases expone-
ntially. All these characteristics in Fig. 13 gives rise to the unstable
phenomenon in the lower resistive load region less than 250 ohms.

The exciting input power, P,,, and the oscillating output power, P,,, of
the single-phase converter (main) are shown in Fig. 14. The comparison of
the experimental and the theoretical value, from (27), is also shown in the
same figure. The derived single-phase conversion efficiency, 7, from the
figure is ahout 50 percent in the higher load region.  The descent of the
conversion efficiency is caused by the losses in a converter, which consist of

100 T
250 ; 7 b
| V21=80V I dron loss
1 |
i I, =1.5A 80— unstable’ istable
) - -

200 /l\ p, € T60xF 60 § i copper loss in
B4 [ 5 ' output circuit
s unsiable! stable = 60 v
; [ | £ 1
= \’ @ |
qu 0 ! 50 g :

e : ’ 2 40 2
< 1 = icopper loss in
[y t ® i tuning circuit
N = o
100 : 40 20 ] :
i
|| \copper loss in
1 I | input circuil
|
L 30 ' vl
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
Load, Ry, in kiloohms Load, Ry, in kiloohms
Fig.15. Loss distribution in a single- Fig.16. P;,, P,, and efficiency in a

phase converter. three-phase converter.
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VZJI /\\//\ NN w the primary copper loss, 2r, ([,2+
t

By Ior%), the iron loss, P,., and the
be  ac  ab secondary copper loss, k., (Ir'%,+

t(“) Fig. 15 shows the rate of each
WW copper losses and the iron loss for the

be  ac  ab total losses. It is obvious that the
Vi W\ copper losses, which consist of the

-;(C) losses in the primary, the tuning and
W the secondary circuits, account for

v be ac  ab about 50 percent of all losses.

/ W Three—phase conversion characteri-
- (D) stics. The characteristic of the exciting

W input power of frequency 2f, P,

Fig.17. Oscillograms of exciting the oscillating output power of frequ-
voltage, V,r,-(A) and oscil- ency f, P,., and the conversion
lating load voltages, Vy/, no

load-{B), resistive load-(C) and . .
inductive load-(D). three-phase converter is shown in

efficiency, 7, in the single-phase to

Fig.16. In this case, the ohmic loss
also occupies about half of all losses, the three-phase conversion efficiency,
», 1s nearly 50 percent.  The performance of the three-phase converter is
stabilized in the higher resistive load more than 300 ohms, because of
detuning effect by the lower resistive load, the oscillation becomes unstable
at less than the load of 300 ohms.

Fig. 17 shows the oscillograms of the exciting voltage of frequency 2f,
Vor (A), and the oscillating load voltage of frequency f, Vy, of the no load(B),
the resistive load (C), and the inductive load (D). The resistive load is
connected with 4 connection, the value of resistance is equal to 500 ohms
respectively, and the inductive load is the three-phase induction motor,
which has the synchronous speed of 400 revolutions per minute.

4. Conclusion

This paper presents the basic principle and the experimental results
of the single-phase to three-phase power conversion which utilizes parametric
excitation. Though the obtained conversion efficiency of the three-phase
converter is yet nearly 50 percent, it is possible to obtain the more higher
conversion efficiency by means of the economy-sized.
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