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OPTIMIZATION OF A THREE PHASE CONVERTER WITH A HIGH POWER
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ABSTRACT:

In this work, the size and weight
of a high power factor three-phase
converter with soft commutation is
optimized with respect to the frequency
of operation.

- As a work strategy, the losses of
the active elements of the converter are
calculated (diodes, switches), with the
intention of determining thes volume of
the heat sink, then th: Volume vs.
Frequency of the passive components
(capacitors, inductors and {ransformers)
is determined. The total volume as a
function of frequency is presented
graphically to determine the minimum
volume and the optimum frequency of
operation.

Minimizing the size end weight of
the converters will allow their use in
places with limited spaces like ships,
airplanes and so on. ’

1 INTRODUCTION
Converters with IGBTs that use

ZVS/ZCS soft commutarioa techniques
could operatz with frequencies as high as.
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200 Khz, with an efficiency of 90% [1].
Since these high frequencies can be used,
the question arises as to which is the
optunum  frequency  that  enables
min mizing the size and/or the weight of the
com erter? It could be said that there is a
conflict between the reactive components
and the heat sink, since the size of the
reaciive components diminishes with an
incrcase in frequency, but the size of the
heat sink increases due to the increment of
the c ommutation losses.

~If the reactive components and the
héat sink are comparable in size the
opti num frequency would be reached and
the volume would be minimal [2].
Naturally, this optimum frequency varies
with power levels, commutation devices
and type of cooling. Therefore, the study
could not be exhaustive, but it is possible to
dete'mine the optimum frequency for a
given number of specifications.

2 C[RCUIT DESCRIPTION
Fig. 1 shows the power circuit for
the converter to be analyzed. It consists of a

thre: phasc diode rectifier (D1..D6), the
mai inductors (Lp), the main transformer
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.. (14, L5), a full-bridge inverter (T1..T4,

‘'D7..D10, C1...C4) modulated at constant
frequency by phase-skift, an output
transformer (L6, L7, L8), an inductor to
aid commutation (Lr), a capacitive filter
for the bus voltage (CS, C6), an output
rectifier (D11, D12), an output filter
(Lo, Co) and the load (R)

The primary side of main and the
output transformer are connected in
parallel, across the point A and B.

The transformaticn ratio between
the main transformer primary and
secondary is equal to 2 two). Thus, the
voltage on its secondary (VH2), is equal
to Vc/2, being Vc the bus voltage CC.

DIt

Fig. 1 Power ci: cuit.

The converter ma;n characteristics
are: it has only one siage for power
processing, which involvas the rectifying
stage and the power factor correction,
soft commutation, operates on fixed
frequency, and allows the load galvanic
isolation.

The main theore.ical waveforms
are shown in Fig. 2.

The Fig. 3 shown the theoretical
waveforms of the line current and the line
to neutral voltage for a low commutation
frequency.
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Fig. 2 The main waveforms.

The stages of operation for this
circuit are shown in detail in reference [3].
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Fig. 3 waveforms of the line current and the line to
neutral voltage.

3 WORK STRATEGY

First of all, the losses of the active
elements will be calculated (switches) to
determine the heat sink volume. Then the
volume vs. frequency relationship of the
passive components (capacitors, inductor,
and transformers) is determined. Is
important to rebound who the average
current in the rectifier diodes does not
depend on the frequency of commutation.

3.1 LOSSES IN THE SWITCHES
The losses in the switches can be

divided in two groups: conduction and
~ commutation losses.
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. 3.1.1 CONDUCTION LOSSES

A typical Icg/Veg  (current/
voltage) curve given by the manufacturer
is shown in Fig. 4. This characteristic can
be approximated by a straight line
(dashed line) which could be calculated
by:

Vcg = Imed Req -+ Vego (1)
Where,
Req = Veen - Veen
Ien )
Vce= Voltage collector-emitter of the
IGBT

Vceo= Voltage threshold of the IGBT
Ien=Reason of Ic

Ic= collector current, and

Imeds= average current ir. the switch

Vio Ve Veeo Voee v

Fig. 4 Voltage vs currert in the IGBT and in the
diode.

The conduction characteristic of
the anti-parallel diode exhibits an
exponential behavior, but in the work
interval it can be approximated by a
straight line with origin at Vgo (Fig. 4),
this voltage inverse has a typical value of
0,7 volt.

VF = —V'LN-—:—YLQ-IIJ+ VFO
Ien 3)
Conduction losses can be

calculated as loses in the switch, plus
loses in the diode.

Conduction losses in the switch

can be calculated by equation (4).

Veen — Vego (Im: ed,)?
8
Ien

]’;:ons = + VCEO Im Cds
4
Losses in the anti-parallel diode can

be calculated by equation (5).

Pcony = -YLNi;\@Q(hn edd)? + Vo Imedd

CN
o (5)
It could easily be shown that the
average current in the anti-parallel diode in
the switch does not depend on the
frequency of commutation, fs.

3.1.2 COMMUTATION LOSSES

The main commutation losses in the
converter under study using IGBTs occur
when the switches are turned off, due
mainly to the tail current on the IGBT. The
losses when the switches are turned on, can
be considered negligible.

It can be seen In Fig. 5 that when
the switch is turned off the current starts
decaying at a fast rate, however, when the
current reaches a certain value the decay
turns  logarithmic (tail current). Energy
losses diminishes when a capacitor is
placed in parallel with the switch, reducing
the voltage stress while the switch is being
turned off.

P VA]
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Fig. 5 Voltage and current in the IGBT when the
switch is turned off.

Another interesting property of the
IGETs when they are being turned off is
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that the tail current occurs under low
conditions of dv/dt, pariicularly at high
temperatures. It is evident that the IGBTs
behave significantly different for
conditions of soft commutation, ZVS,
with regard to the conventional
conditions of hard commutation, since
losses in the turned off region diminish as
the capacitor increases, as can be seen
Fig. 6. 1t could also b: observed that
energy losses increase proportionally to
the increment of the turr. off current and

decrease  hyperbolically with  the
increment of the capacitor [4][5].
hard switching
energy
loss CieC2¢C3 ci
c2

_,-f/"'/-/‘:3
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Fig. 6 Losses for several valucs of turn off
current.

Losses during turn off can be
calculated approximately by equation (6).
Eoff = W (+Br -T) Ic

1+0,03-10°-C (6)
Where W and BT arc calculated as

follows:

W= Eoff,

IC] (7)
Eoff, are the energy losses for T=0°C .
and Ic=Ic,. For T =Ti1 th: losses are Eoff;

(these wvalues are given by the
manufacturer, Fig 7.) Then:
1 ( Eoff; ]
Br=— -1

In order to avoid a very large error, for each
Ic a new W and BT should be calculated.

Eoﬂ1

h:1 > |cz > "'-3

Eoﬂ1

Eoff,

T 1%
Fig. 7 Energy loss vs. Temperature during turn off.

0 T

Finally, total losses in the switch
can be calculated by equation (9).

Ps = Pcong + Pcongy + Eoff *fs

®)

Fig. 8 shows the switch losses as a
function of the frequency of commutation
for several values of capacitors. The point
of intersection with the abscissa axis (fs=0)
represents the conduction losses for the
switch and anti-parallel diode.

w}

fe [H2}

Fig. 8 Switch losses as a function of frequency, for
several values of C.

4 CALCULATION OF THE
VOLUME OF THE PRINCIPAL
TRANSFORMER

The transformer will be

dimensioned according to the following
expression:
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Ae. A = YHZ:ILSel - Dk 10 om]
2-Kp-Kw-J-B-& (10)

Where:

current, Ae is the effective area of the
central branch of the nucleus [cm®], Aw
is the area of the nucleus window [cm?],
Kw is the winding factor, Kp is the
primary utilization factor, B is the
maximum magnetic flux density [T], fs is
the commutation frequency, Dmax is the
maximum duty cycls rate (0.5), J is the
maximum current density [A/cmz] and

VH2 is the transformer secondary
voltage.
VH2 can be calculatd according to (11).
VH?2 = n-Vo
(11

Fig. 9 shows the variation of the
product of the areas Ae*Aw as a function
of the commutation frequency fs, for
n=4.8, J =450 .‘-A‘_m_.;f'_,
cm
The dashed lines irdicate commercially
available values of type E. ferrite nucleus.

and B =0.3Tesla.

& M2
Fig. 9 Area product, Ae*Aw, as a function of fs.

It can be seen in Fig. 9 that
Ae*Aw, increases  abruptly for
frequencies ., lower than 40 Khz
Therefore, the volume of the nucleus also
increases. Knowing the value of the
product Ae*Aw, it is. only necessary to

ILSef is the effective secondary

select a nucleus that has an area product
equal or greater than the calculated value.

5 CALCULATION OF THE VOLUME
OF THE OUTPUT TRANSFORMER

For the output a transformer with a
cen:ral tap in the secondary is utilized.
Taklng Pomax =Po + 0,1Po
The transformer is dimensioned according
to the following expression:

4
Ae- Aw = Po max-10 [cm4]
Fig. 10 shows the variation of the
product of the areas Ae*Aw as a function

of tae commutation frequency fs.

L T T T T

fs [Hz}
Fig. 10 Area products Ae*Aw as a function of
the commutation frequency fs.

6 POWER INDUCTOR AS A
FUNCTION OF FREQUENCY

Fig. 11 shows the inductance of the
power inductor as a function of the
trarsformation ratio, between the output
transformer primary and secondary, n, for
sevzral frequencies of commutation. This
ind ictance is obtained using equation

2
Lp:i.—Y.IP—.Ipl
~ 8.-fs-Po (13)
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The minimum average current :in the
input rectifier diodes is found for the
minimum transformation ratio at which
the converter could operate, but the
inductance of the main irductor is at a
maximum (Fig. 11).

The output transformer should be
greater than 3, since a smeller value of n
would force the converter to operate in a
continuous mode.

fuH} <0

L3
——————
10 .
\.‘f /9.008

e ettt
\&\_____ fs=" 00.000

) & 8 b 12 H 1%
n

Fig. 11 Inductance of Input indu :tor as a function
of n, for different frequencie s of commutation

61 VOLUME OF THE POWER
INDUCTOR

The product of the areas of an
inductor with ferrite nucleus can be
defined by the following expression:

_Lp-Ipk-ILms-1)* (em®)
Kwi-B-J (14)

Ae* Aw

Where: Kwi is the winding factor
of the inductor (typical value 0,7), The
peak current in the inductor can be
calculated according to (1:%).

Tpk = Vmsin(0)-D

fsLp (15) -
Fig. 12 shows the wave shape of

the product of the areas Ac*Aw as a
function of the irequency of
commutation, fs, for several values of n.

fen)
.
1
u
fs [Hz2)
Fig. 12 Product of the areas Ae * Aw as a function

of fs.

Fig. 13 shows the volume of the
transformers plus the power inductors,
using commercially available nucleus.

ts Mz}
Fig. 13 Volume of the Transformers plus power
inductors, using commercially available nucleus.

7 VOLUME OF THE CAPACITORS

Regarding the volume of the
capacitors it could be said that their volume
is small, having very little effect in the
overall volume of the converter. As for the
bus capacitors, C5 and C6, these are
calculated for a frequency of operation of
360 Hz, therefore present a fix volume that
will not be taken into account in the
calculation of the total volume of the
converter.
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8 DETERMINATION * OF THE
VOLUME OF THE HEAT SINKS

It is assumed that all the IGBTs
are mounted on aluminum heat sinks.
The value of the thermal resistance
between the junction and the capsule,
Rjc, and the thermal resistance between

the capsule and the heat sink, Rcd, can be

obtained from manufacturer data.

The thermal resistance of the heat
sinks could be calculated by equation
(16).

Rda = [j-Ta

—— ~Rjc ~ Red
Pdiss (16)

Losses in the input and output rectifier
diodes do not depend on the frequency of
commutation, therefore the heat sinks for
the diodes won't be calculated, leaving
only the heat sinks for the switches to be
calculated.

Placing four switches in a heat
sink equation (16) becomes:

Tj~Ta 1

-Rje-Red|-—
Pc:on,ﬁl’cond-4———W—~-(1+Bt Iv)'[—Efs 4
1+003-C

Rda =

(17)

Fig. 14 shows the variation of

Rda, as a function of the frequency of
commutation, for several values of C.
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Fig 14 Variation of thermal resistance as a
function of the frequency, fs.

From a SEMIKRON catalog of heat
sinks the following data is obtained for a
P14 (Fig. 15):
wg =12 ¢m b=1cm a=6cm
Where wy is the width of the heat sink.

For this heat sink in particular, the
length could be calculated approximately
by equation (18).

1

0,6 06

[= P%j;ﬂ]o’é (18)
a

b B

W
Fig. 15 Heat sink dimensions.

The volume of the heat sink can
then be calculated by (19).

Vol,, = wy-(b+a)-/ (19)

Fig. 16 shows heat sink volume as a
function of frequency, for several values of
C, 1aking Tj=100 °C.
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Fig. 16 Heat sink volume as a function of fs.

As it can be seen from Fig. 16 the

minitoum volume using hard commutation
(C==0) is obtained at 10 Khz. As the size of
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the capacitor increases, the frequency at
which this minimum volume can be
obtained increases, locating itself in the
range of 10 to 30 Khz.

The next step is to add the volume
of the transformers, inductors and heat
sinks. Fig. 17 shows this volume for
C=80 oF and several valu.s of Tj.

The discontinuities shown in Fig.
17 are due to the fact that commercially
available values for the nucleus of the
transformers and inductors were used in
the calculations. It can b.: seen that the
optimum frequency that allows getting
the minimum volume of the converter is
in the order of 20 Khz.

1300 T T T I 4
o) 4

000 - , o

sge=o<

i 1 L 1 L 1
1] .
e 100 e ' 15w et asw en

ts B
Fig. 17 Volume of the transforiaers, inductor and
' the heat sink as a funct on of fs.

9 CONCLUSION

It has been showr. in this paper
that the transformation raitio, n, of the
output transformer should be greater than
3, since a smaller value of n would force
the converter to operate in a continuous
mode, which would bring up as a main
disadvantage the presence of high current
peaks in the input current.

As the size of thz capacitor in
parallel to the switch increases the
commutation losses are -smaller, but it
should be kept in mind that the dead time
(time available for commutation)

increases, diminishing the maximum duty
cycle of operation of the converter.

For the conditions specified for the
converter, it was demonstrated that the
optimum frequency of operation, that
enables getting the minimum volume for
the converter, is in the order of 20 Khz.

The wutilized procedure could be
applied in any other converter.
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