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NUMERICAL ANALYSIS OF A NEW MAGNETIC FREQUENCY TRIPLER WITH SERIES-CONNECTED REACTORS

T. Sudani

Kanazawa Institute of Technology

Kanazawa, Japan

ABSTRACT

The authors propose a new magnecic freguency cri-
pler with series-connected reacrors, and present a
numerical analysis of the tripler. In the analysis,
¢-1 characteriscic of saturable reactor Is approximated
by fifth-order plynominal, and nonlinear ordinary dif-
Ferencial equations for flux linkage are derived from
an equivalenr circuit. The nonlinear simultanecus
equations, which are obtained by using the method of
Harmonic Balance, are solved by an improved Newton's
mecthod. The improved numerical method enables to de-
termine oprimum gap lengrh and coil turns of the re-
actors. Experimental results, which are cbtained by
using the reactors with the numerically detecmined gap
length and ¢oil turns, show a constant voltage charac-
teristic up tn a certain load and a drooping character-
istic above that load.

INTRODUCTION

In general J-phase magneric frequency triplers are
utilized 2s triple frequancy power sources for sup-
plying induction heating loads', and single-phase tri-
plers are utilized as small-sized power sources for
supplying luminous sources, Regarding the single-phase
tripler, the authors previously reported a magnetic
frequency tripler with bridge-connected reactor cir-
cuit, and reported some experimencs and consider-
ations: but, cthe design of this tripler was largely
empirical%'] The authors afterwards proposed a tri-
pler with series-connected reactors which was equiva-
lent to the tripler with bridge-connected reactor clir-
cuit and was simple in structure. We also reported
numerical analysis; but, the numerical results were
insufficlent to be used as a basis for the design
machod, "™

The purpose of this paper is to abtain numerical
results, which can be used as a basis for the computer-
aided design, by analyzing an equivalent circuic con-
taining conductance, ohmic resistance and leakage re-
actance. This paper describes the numerical analysis
and the experimental results of the tripler composed of
the reactors with pumerically determined gap length and
coil curas.
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Fig. 1 A magnecic frequency tripler
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Fig. 2 Equivalent circuit
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CIRCUIT EQUATION

As shown in Fig.), this tripler 1is composed of an
inpur filrer nectwork with a linear reactor Ljn, a
capacitor Cip and the basic tripler circuit, The basic
tripler circuit consists of a saturable reactor SR, a
linear vreactor L and a ferro-resonance circuit Lo-Cg.
Figure 2 shows an equivalent circuit used for the numer-
ical analysis. In this figure, R; and R; are the ohmic
resistance, G; and G; the conductance and Ry the equiv-
alent resisctance of the load resistance Ry and the con-
Juctance Gy In parallel; furthermore, Lr is the leakage
cveactance. Referring to Fig, 2, the following non-
linear ordinary differential equations for the instan-
taneous value of the core flux are obtained:

d?¢g  No dp, 1L GiN, d¢,
CoNo +— — + — h(pe) + —— —
de? Ro dt No 2 dt
1 GzNz d¢;  ay
+— £{¢y) - —— - ==y = 0 (L)
2H, 2 dt 2N,
ddo  LIG Ny d%¢, d¢y Ry
No —— = ————— —— = ky — - — ($))
de 2 it de 2,
Lt LrGaNa d%d, dd,
- — f'(¢y) ¥ —— + ky —
2Ny 2 de? dt
Ry
+ — g{¢2) = 0 (2)
2h,
di¢, d'¢y d¢, Ry
LinCinN, kg — + k, — & — £7(§)
de? dc? dr 28, .
d’9; 4%, d4,
+LinCinN; + ks + kg —
dc? dt? dt
By
+ — g(d;) + /2 Vin sin wc = 0 (3)
2N,
wherce
£(¢1) = aidy + B¢yt + idy®
g{tz) = 2292
hida) = agde + Boda’ + Yodo®
RGN,y R:GzNa  ajbr
ky = Ny + ky = Ny + —— +
2 2 2N,
LinG ¥, RGNy
ky = RyCinNp + k, = Ny +
2 2
LinGaN, RaGeM; a;Lin
ks = R CinN, + —— ke = Ny + +
2 2 2

In the above-mentioned equations, the ¢-i character-
istics of saturable reactors are approximated by fifch-~
order polynomials.
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Table 1. Coefficients of polynomial
SR Lo
Ry = 240 cuen -] SRy= 320 turn | Lo, » 200 turn Loy« 250 turn
a 0, 59613 06 3.560272 06 N.15520¢ 07 0. 15466E 07
-0.2767%e 13 =0.25672€ 13 ~0.,31287e 12 -0, 3112882 13
¥ 0.J06672 19 0.28405E 19 0.33631k 19 0.32671k 19
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NUMERICAL ANALYSIS

In the numerical analysis, {t 1s necessary to
determine the coefficients a, B and Y of the poly~
nomial. Figure J(a) shows a measured B-H characteristic
of the wound core. The ¢-{ characteristic is obtained
from the measured B-H characteristic shown in
fig. 3(a). The coefficients of the polynomial are
determined by solving simultaneous equations, which are
derived by subscituting the values of suitably chosen
three points on the ¢-{ characteristics into the fifch
order polynomial. Table 1 shows calculated results of
the coefficients of the fifth-order polynomial,

Figure 3(b), (c),” (d) show the comparison between the
measured cutves and the approximated curves of the SR,
the L and the Lo respectively.

The aforementioned nonlinear ordinary differ-
ential equatiecns are transformed I{nte nonlinear simul-
taneous equations by using the method of Harmonic
Balance’, The nonlinear simultaneous equations for the
unknown coefficients of the Fundamencal and chird-
harmonic core flux are solved by Newton's method.

[n Newcon's method, the authors beforehand derive ap-
proximaced equations which are obtained by eliminating
the high order terms of the nonlinear simulcaneous
equatioas. Initial values are solved by the approxi-
mated equatiens, and the iceracion is done by using the
initial values. By the improved Neuton's mechod, the
number of iterations decreases; furthermore, quanti-
tacive results are obtained. When Newton's mechod con-
vergaes, the steady state performance {s calculated by
the equations in which the instantaneous values of the
core flux are rransformed into the effective values,
Figure 4 shows a [low chart for the entire analysis.

NUMERECAL RESULTS

Let us first considec the basic circuit of the
tripler without an inpuc filter. Regarding load charac-
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teristics, the maximum load current Il max and the
average output power Pg are important for the opCimum
design., As Teimax is alvays less than the short
circuit current Irg and the value of Ies is considered
as a rough guess of Ipipmax , we calculate the value

of Irs for various conditions. The curves of the
short circuit current for several values of turns of
the SR and the L are shown in Flg.5. From Fig.§ it

is seen that the short circuit cucrent taken a minimum
value and increases in the range exceeding the minimum
point,

Next, we analyze ]load characterisics for various
gap length and number of turns of the SR and the L at
the input voltages vhere rhe values of short circuit
current are same. The main calculated results are as
follows,

1} The arrangement of the $R; and the L, {low in-
ductance) is best as regards to the maximum load
current, efficiency and output power.

2) The regulation of the output voltage and the power
facrtor are good, when the Inductance of the linear re-
actor s velatively high such as the L;.

3) The arrangement of the SR, and the L; is good as
ragards to the fundamental component distortion of the
output voltage,

These results can be explained by the following
reasons: the reason vhy the value of maximum load
current increases is that the electromagnetic energy
increases because of the large gap lengch and low in-
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ductance of the linear reactor, and the reason why the
power factor is high and the fundamental component dis-
torcion is low are that ctha inmput curtent and che
third-harmonic component of input current decrease
because of the high inductance.

4s it is desirable that the efficiency and che
output power are high, the calculation of the load
characteristics is performed with the arrangemenc of
the SRy (number of turns of 320) and the L, (number of
turns of 300 and gap length of & mm). Figure & shows
the load characteristics both with and without an input
filter. From Fig.6 ir is clear thac the circuit wich-
out an fnput filter is better as regards to Ip gay and
Pomax but the additioa of an fnpuc filter is better as
regards to the regulation of the output voltage. The
curves of Fig.7, which are the calculated by the load
characteriscics of Fig.6, are the variation of effi-
ciency and input power facror with the output power.
Figure 7 shows that the power factor is Improved by the
conflguration of the tripler with an inpuc filter. It
seems therefore that this triplec is practically useful.

EXPERIMENT

The numerically decermined gap length of the cortes
and the arrangement of the SR; and cthe L, of che tri-
pler with series-connected reactors are used in the
experiment. Figure 8 shows the comparison between the
calculation and the experiment of the voltage charac-
teristics. From Fig. 8 it is clear that the regulation
of the output voltage is good, and the Input current
takes a minimum point at the Input volrage Vin = 250 V,

As the power factor has a maximum value at the
minimum point of the input current, the experiment on
the load characreriscic is performed ac Vin = 250 V.
Figutre 9 shows the curves of the load characreriscic.
In this figure the maximum output power s 290 W, the
maximum efficiency nmax is abouc 60% and the maximum
povwer factor cosfmax is 0.83., From Fig. 9 it s seen
that the tripler with series-connected reactors has the
good ragulacion and the drocping characteristics on
an overload condition. The above-mentiond experimental
results are in agreement with che calculated results.
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CONCLUSION

This paper has presented a numerical snalysis and
comparison betueen the results of analysis and the
experiment of the proposed magnetic frequency tripler
with series-connected reactors. The main results are
as follous.

1) 1t is necessary to take ihteo account the ohmic
resistance, the conductance and the leakage reactance
in order to obtaln quantitative results.

2) In Newton's method, it ls effective to determine
initial values by solving approximared equations of the
nonlinear simultaneous equations.

3) Optimum gap length and number of turns of the re-
actors, of vhich the tripler is composed, can be de-
termined by numerical analysis.

4) Experimental tesults of the load characteristic
shows the constant voltage and drooping character-
istic; moreover, the results agree with the analycical
results.

These results can be used as a basis for the
computer-aided design of triplers. In the near future,
we hope to establish the method of the optimum
computer-aided design by extending the analysis to in=-
clude optimum core dimension,
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