Performance and analysis of an advanced type
magnetic frequency tripler with three
three-legged cores
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PERFORMANCE AND ANALYSIS OF AN ANDVANCED TYPE MAGNETIC FREQUENCY TRIPLER WITH THREE THREE-LEGGED CORES

A. Nafalski, K. Bessho, 8. Yamada, T. Sudani

ABSTRACT

A new magnetic frequency tripler employing three
3-legped transformers connected 1in delta Is proposed.
The device has very little Input currvent distortion and
which only changes very little with the fluctuations of
the input voltage and the load. In addition, the volume
of 1ron and copper is ahout the same as in traditional
star-connected circuit. Properties of a three-legged

transformer and tripler are shown with and without
filters, Fundamental analysis based on single-phase
equivalent circult is conducted. Results of experiments
and analysis show {Improved performance of the new
tripler.
INTROMICTTON
The star-connected magnetic frequency tripler

{Fig.la), prevalent both In industrial applications ~nd
as a research topic [1], has reached an output power of
several MW per uwnit {2). Recently, a new tripler has

been reported {3),14],{5] whieh consists of three
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Fig.l. Basic structures of magnetic frequency triplers
a) star-connected type b) delta-connected type

series-connected reactor circuits coupled In delrta,
(Fig.lb). The advantages of this device include 1ittle
fnput current distortion and a small dependence of {ts
effective wvalue upon fluctuations of the input voltage
and Jload. The disadvantapges include larger amounts of
{ron and copper compared with the scar-connected
tripler (about 50% more). While working on improvement
of the structure (Fig.lb) the authors discovered very

interesting properties of the three-legged transformer,

Fig.2. Three-legped transformer

: a) structure
b} magnecrlzation curves
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TIIREE-LEGGED TRANSFORMER

The core of the three-legged transformer with an
alr-gap 1In the central leg carries two sectlions of the
primary windings N, and N and the secondary winding

N, (Fig.2a). The magnecizdtion curve of the linear L

and the saturable path SR are shown In Fig.2b, Due to
the nonlinearicty, the output  voltage  of the
transformer (Fig.2a) fed from a sine-wave source
contains higher odd harmonics (Fig.3), with the third

E T 150 Open Ccircuit Vh

b

y

"‘_.; + 100 “ﬂili

-

z if

ER ,-‘uil} Vuﬁ]

= \

- (9

U—P'J, i | :
50 1GQ 150 1130 250
Input volcage [V

Fig.3. Harmonies of output voltage of three-legged
transformer In open-circuit condition

largest. The device is well-suited to operate as
efther with single-phase or with

being
a frequency tripler

three-phase input. It should be mentioned, however,
that a proper choice of the output ferroresonant
circuit (indicated 1in Fig.2a with dashed line) or
structure changes can amplify the desired harmonic, so
that a Mhigher ovrder multipller can be obtained
{quintupler etc.). llarmonlce analysis of the input
current of three-legged transformer (Tab.I) shows

Table T Harmonics of the iInput current
3-legged transformer UI-EZU v
Harmonie order k T EE 5 7 -|9 Ti1i 7137115

I](k}fI] Open-cire.|96.0(27.91 2.1(1.9|< 1}1.]1| < 1| <1
| }

(x}  |shocc-ctr. |93.2[32.3[ts.2[3.4 1.9l 1.7) < 1f <

relatively low harmonic distertion with the increased
presence of Lhe flrst and the third harmonics., Because
functlons of the circuit are based on enly one standard
type magnetlc core, the performance qualifies cthe
three-legped transformer as a powerful - harmonic
generator. All  quoted trials were carried out on

three-legped transformer with following parameters of
windings and core: N _=N =N =170T, a=132mm, b=136mm,
c=50mn, d=2Jum, E=§Dmh. ? Strip wound cut cores
silicon-lron laminations Z-11, 0,35mm, with milled gap
O=3mm were caployed.

STRUCTURE OF NEW TRIPLER

The tripler works with the structure of three

equally rated three-lepged transformers (Flg.2a)
connected In delta, The primary side of the filltered
freguency tripler includes reactors Ll and condensers
C,. both provided for fnput power compensation. In
aédltinn, they stabllize the wvoltapge supplyling
tripler and to some extend fflter the input current.

Across the secondary terminals a ferraoresonant filcter
Lucn is placed to stabil{ze the output voltage,

The part of the primary winding on the linear path
of transformer acts as a fllter of phase current
(Tab.1). Further, due to the delta connection, cthe
three-phasc line current 153 devojd of the third
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Fig.4. Filtered magnetic frequency tripler of new Lype

harmonic, so0 the new tripler has

litrle input current
distortion by nature.

The secondaries of the triplec

(Fig.4) connected in series eliminate all harmonic
voltage components but the third and other divisible
be three.

PERFORMANCE OF TRIPLER

The examination of  non-filtered tripler 1in
open~circuit and short=-circuit operation confirmed the

expectations with respect to the small harmonic content
in the input current (Tab.II). The harmonic content,

Table IT Harmonics of the input current

fundamental tripler VI-ZZG v

Pharmnnic order k 1 3 5 7 9 11 113 |15

Il(k)fIl Open-cire.!99.912.0) 1.7 1.8/ < L 1.3} <1li< i
3,7

(2] - [Short-cir.}99.213.2 [10.9 <1l <1l c1l<l

which depends on
least two Lo

conditions, is only 3-12%, and is at

five times less than in case of
traditional star-connected cripler. The short-circuit
occeurs rarely under normal operation, so under normal
load the results are likely to be near the lower
boundary of distortion, making the input filters
unnecessary.,
Table IIT Harmonics of che output voltage; V1=220 v
fundamental tripler in open-clircutlt

.

Harmonic order ﬁ ] 3 '5 7 9 111 13f 15
Vo (K1Y
[%]

E.Q'FS.E 1.7 | <1|14.6]F.21<1jL.9

Results of harmoaic
output voltage (Tab.IIT)
and nineth harmonic

analvsis of the open-circulit
indicate that only the third
are significant, similar to other
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Fig.5. Waveforms of basic tripler in open-circuit
a) input voltage b) line current
c) phase current d) output voltage
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Fig.b6. Load characteristics of the tripler without

input and output filters

triplers [7]. Tripler waveforms are shown in Fig.S.

The input current under resistiveé load scarcely
varies iIn course of loading (Fig.6). Between open- and
short-circuit conditions there is only about 13-}5%
difference in current, which is distinetively different
from the star-connected tripler {8].
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Fig.7. Voltage characteristics of tripler with output

ferroresonant ¢ircuit Lucu (no-load)

The task of rhe output ferroresonant filter ano
is to obtain constant voltage characteristics as shown
in Fig.7. In order to achieve maximum output power the
selection of resonance voltage is similar ro that
discussed in [3}].

The input power factor of the fully-filtered
tripler (Fig.4) is increased. The load characteristics
(Fig.8) show further improved performance of the device.
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Fig.8. Load characteristics of tripler wicth inpuc (LIC)
and output filters (L C }

ANALYTICAL APPROACH

During the
observations has
steady~state

experimental trials the following
been made which created basis for
numer ical analysis: (1) Linear and
saturable paths of the three-legged transformer
(Fig.2a) act relatively independantly from each other.
(2) Three-phases of the tripler (Fig.4) conrribute
equally te  the load. (3) Performance of single
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three-legged transformer decides about the operation of
the whole tripler. (4) All harmonics except for the
fundamental and the third are of little importance in
normal steady-state, Conclusion (l) permicts wus to
separate two paths of transformer into a saturable and
a linear reactor. Relative independence of the phases,
clearly visible in case of open-circuit condition,
authorizes us to analyse in steady-state only one phase
{similar to [9]}, althougbh for star-connectlon it was
less obvious). Taking inco consideration cne phase of
the tripler we can apply a similar model for both
tripler and three-legged transformer with some
modificacion of parameter values and imposing necessary
constraints to the tripler., Finally, in normal
steady-state, consideration of only the first and third

harmonics seems  permissible. The afore-mentioned
assumptions are materialized in form of single-phase
equivalent c¢ircuic of the filtered tripler (Jd-legged

transformer) shown in Fig.9. Beside the symwbols used

Fig.9. Single-phase equivalent circuit of new ctripler

in Fig.&, R, and R, are winding resistances, G, and Gz
are equiualénces of core loss resistances and L is
leakage  Inductance. To analyse the circuit {Fig.g} ve

have chosen the method of Harmonic Balance and
Newton-Raphson (N-R) algorithm applied successfully in
[4]. The method permits to use nonlinear differential
equation system in the form given below: |

diy di-—].}r dy
E(—, —=Fs + - - hy) = 0 (1)
;:1 dl:i | de

Magnectization curves of reactors are aporoximated
as follows:

£(6))=a, 6, 48,42+, 63 (2)
£(¢,)=a,9, (3)
(6, )=a b _+B 4 +y 6> (&)

We expect solution in form of the
with sinus and cosinus terms:

Fourier series

2 2
. (me-1)m
¢n nglmglA(Zn-l,m)Sin{(ZHHIJMt+ 2 } (5)
22
41" E 1818 (20-1 @ #40{ (20~ Dwes 2ZLT) (6)
42 E1nE1C (2001 my S0 { (2n-Dwes BT (1)

System of nonlinear algebraic equarcions was solved
by means of N-R {teration wich evaluacion of i{nicial
guess for the fluxes explained below. We wused
Runge-Kutta integration for simplified circuic (no
filters, losses and leakage flux) to obtain a periodic
solution. Although system was ligtly damped we <c¢ould
get the solucion for fluxes already after sevaral
periods by direcc applicaction of Fourier analysis. It
was possible due o negligence of the aperiodic
component of solution (N-R iteration started from small
lnput voltages so the system was yert linear). Such
reésults verae enough accurate to obtain proper
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Fig.1l0. Total load characteristics of three-legged
transformer Uznf(Iz,vl)

convergence of N-R method. The initial values of fluxes
for each next 1input voltage or load resistance were
taken from the orevious iteration step.

In Fig.10 a "total" leoad characteristic of the
three-legged transformer in a %load space” limited by
boundary conditions: open-circuit and  short-circuit
curves, is given. Point A indicates the minimum in
short-circuit curve which estimates value of the rated
input voltage (securing the best power factor and load
characceristics [11]). In addition, product of the
short-circuit currenc and open-circuit voltage informs
us about the minimum outpuct power. Such results can be
calculated from the magnetization curves of SR and L,
therefore very easily. It was found that the model
Flg.9) 1is very helpful as a design aid.

CONCLUSTONS

The magnetic frequency tripler composed of three
three-legged transformers has been proven Cto be very
promising for high output power applications. This new
device can Dbe favourably compared to exlsting
star-connected tripler, Input current harmonic
distortion 1s up to five times smaller, while copper
and iron volumes are about the same. To other
advantages counts almost constant current consumption
in course of load changes. Simple construction, economy
and very good operational characteristics make the nav

tripler noteworthy in family of frequency multipliers.
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