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ABSTRACT: 

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

As a work strategy, the losses of 
the active elements of thl: converter are 
calculated (diodes, switches), with the 
intention of determining th? volume of 
the heat sink, then the Volume vs. 
Frequency of the passive components 
(capacitors, inductor,; and transformers) 
is determined. The total Jrolwrie as a 
function of' fieqwncy is presented 
graphically to determine the minimum 
volume and the optimum Frequency of 
operation. 

Minimizing the size E.nd weight of 
the converters will allow their use in 
places with limited spaces like ships, 
airplanes ancl so on. 

1 INTRODIJCTIOh 

Converters with IGI3Ts that use 
ZVS/ZCS soft comi nutaiio n techniques 
could operate with frcquencjes as high as 
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200 Khz, with an efficiency of 90% [l]. 
Sincs these high frequencies can be used, 
the question arises as to whch is the 
optii n u n  frequency that enables 
min: mizing the size 'andor the weight of the 
conierter? It could be said that there is a 
coni lict between the reactive components 
and the heat sink, since the size of the 
reac .ive components diminishes with an 
incr1:ase in frequency, but the size of the 
heat sink increases due to the increment of 
the ( ommutation losses. 

If the reactive components and the 
heat sink are comparable in size the 
opti n u n  fi-equency would be reached and 
the volume would be minimal [2]. 
Nati rally, this optimum frequency varies 
with power levels, commutation devices 
and type of cooling. Therefore, the study 
coul d not be exhaustive, but it is possible to 
dete-mine the optimum frequency for a 
give n number of specifications. 

2 c RCUJT DESCRIPTION 

Fig. 1 shows the power circuit for 
the :onverter to be analyzed. It consists of a 
thre,: phase diode rectifier (D1 ... D6), the 
mail inductors (Lp), the main transformer 
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(&,4*&$), a full-bddge iiiverter (TI ... T4, 
0 3  ... 010, C1 ... C4) modulated at constant 
frequency by phase-skift, an output 
transformer (L6, L7, L8 I, an inductor to 
aid commutation (Lr), a capacitive filter 
for the bus voltage (CS, C6), an output 
rectifier (D11, D12), .in output filter 
(Lo, CO) and the load (R) 

The primary side of main and the 
output transformer are connected in 
parallel, across the point, 4 and B. 

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

Fig. 1 Power ci! wit. 

The converter ma n characteristics 
are: it has only one smge for power 
processing, which involvl:s the rectifjling 
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 show1 the theoretical 
waveforms of the line CUI rent and the line 
to neutral voltage for a low commu@tion 
frequency. 

Fig. 2 The main waveforms. 

The stages of operation for this 
circuit are shown in detail in reference [3]. 

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 Qodes 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 I C ~ V C E  (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: 

Where, 
(1) VCE = h e d ,  Req I- VCEo 

Req = --- vCEN .- VCE3 

(2) k N  

VCE= Voltage collector- emitter of the 

VCEO= Voltage threshold of the IGBT 
ICN= Reason of IC 

IGBT 

IC= collector current, and 
Imeds= average currmt ir the switch 

I= T 

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

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

V, = --IN:+ - 'vFO V F ~  
ICN (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). 

l'con, = - (Imed,)2 + V C ~ o  Imed, 
ICN 

(4) 
Losses in the anti-parallel diode can 

Pcond = vm - vFo (Im edd)2 + VFo Im edd 

be calculated by equation ( 5 ) .  

ICN 
( 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. 

3.1.12 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 
losscs 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 
tums 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. 

/Ir I" 
-q Ue" . t  

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

Another interesting property of the 
1GE;Ts when they are being tumed off is 
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that the tail current 0c1:urs 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 thc conventional 
conditions of hard commutation, since 
losses in the turned off re @on diminish as 
the capacitor increases, as can be seen 
Fig. 6. It could also b.: observed that 
energy losses increase j,roportionally to 
the increment of the turr off current and 
decrease hyperbolical1 y with the 
increment of the capacitor [4][5]. 

IC w 

Fig. 6 Losses for several valui s of tum off 
current. 

Losses during h m  off can be 
calculated approximately by equation (6). 

W*(I+BT *T)*Ic Eoff = 

(6)  1+o,03.109.c 

Where W and BT arc. calculated as 
follows: 

Eoff, W=- 
IC1 (7) 

Eoff, are the energy 10s 3es for T = 0 O G  

and Ic=Icl. For T = T1 th.: losses areEoff, 
(these values are piven by the 
manufacturer, Fig 7.) The n: 

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

IC _ _  _ _ _ _  ---/ I 

+ 
0 T [ V  

Fig. 7 Energy loss vs. Temperature during turn off. 

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

(9) 
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=O) 
represents the conduction losses for the 
switch and anti-parallel diode. 

Ps = Pcon, + Pcond + Eoff * fs 

2.W' ..ID' WO' ..IO' 

fs [Hz] 

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

4 CALCULATION OF THE 
VOLUME OF THE PRINCIPAL 
TRANSFORMER 

The transformer will be 
Qmensioned according to the following 
expression: 
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1732. m i .  D ~ ~ .  io4 
cm41 Ae. Aw = - - ~  --- 

(10) 
Where: 

IL5ef is the effective secondary 
current, Ae is the c:ffective area of the 
central branch of thl: nucleus [cm'], Aw 
is the area of the nucleus window [cm2], 
Kw is the winding factor, Kp is the 
primary utilization factor, B is the 
maximum magnetic flux density [TI, fs is 
the commutation frequency, Dmax is the 
maximum duty cycll: rate (OS), J is the 
maximum current density [A/cm2] and 
VH2 is the transformer secondary 
voltage. 
VH2 can be calculated according to (1 1). 

~ * K ~ - K N - J .  B e &  

n - V o  v H 2 = -  
2 (1 1) 

Fig. 9 shows the variation of the 
product of the areas Ae*Aw as a function 
of the conmutatioa frequency fs, for 

and B = 0.3 Tesla . ~ 4 . 8 ,  
2 7  

The dashed lines iridicate commercially 
available values of type E femte nucleus. 

J = 450-- Amt 1 

cm 

A 9 ~ A ~ ~ ~ ~ ~ !  m _ _ _ _ _ _  _.__.______.___ ___________.______________ 

10 ~ _ _ _ _ _  ~ -.-_.___-_- -_--._-__ -.--4 

0 3 " *,- ,.LO 

6 M 
Fig. 9 Area product, Ae * Aw, as a hnction of fs. 

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

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

5 CALCGLATION OF THE VOLUME 
OF THE OUTPUT TRANSFORMER 

For the output a transformer with a 
cen xal tap in the secondary is utilized. 

Taking PO = Po + OJPO 
Thc transfimner is dimensioned according 
to tile folbwing expression: 

Fig. 10 shows the variation of the 
product of' the areas Ae*Aw as a function 
of t  ie commutation frequency fs. 

.......-........... _..._._ ........-..... 

fs l i l t  
Fig. 10 Area products Ae*Aw as a hnction of 

the commutation fiequency fs. 

6 POWICR INDUCTOR AS A 
FUNCTION OF FREQUENCY 

Fig. 11 shows the inductance of the 
power inductor as a function of the 
trax sformation ratio, between the output 
transformer primary and secondary, n, for 
sev xal frequencies of commutation. Ths 
ind xtance is obtained using equation 

3 . v m 2  
Lp=- IPl 

8 .  fs . Po 
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The minimum average current :in the 
input rectifier lodes is Found for the 
minimum transformation ratio ai which 
the converter could opwate, but the 
inductance of the main irlductor is at a 
maximum (Fig. 11). 

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

d l  

V 

O 
I 

m 
U 

6 0 10 -' 
n 

Fig. 1 1 Inductance of Input indu tor as a knction 
of n, for different fiequencie s of commutation 

W O - - -  

y m - - -  

w - - -  

m - - -  

6.1VOLUME OF T I E  POWER 
INDUCTOR 

The product of the areas of an 
inductor with femte nucleus can be 
defined by the following e upression: 

Lp-Ipk-1Lrms.l l4 
Ae*Aw= - (") 

Kwi-B. J (14) 

Where: Kwi is the winding factor 
of the inductor (typical ~ a l u e  0,7), The 
peak current in the inductor can be 
calculated according to (1 5). 

Vm SU( 0)*D Ipk = 
(15) 

Fig. 12 shows the wave shape of 
the product of the arez Ae*Aw as a 
h c t i o n  of the jrequency of 
commutation, fs, for seveId values of n. 

fs Lp 

ma 1 I I 

I I ,  I 

I I I I II QW' 1'10 ?.IO' 4." 110' 

fs IHZI 

mil I 

Fig. 12 Product of the areas Ae * Aw as a hnction 
of fs. 

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

0 I I I I 
2.10' 4%' V I 8  VlO' 

ts Iml 
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 DETERMIN4TION OF THE 
VOLUME: OF THE BEAT 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 manufkcturer data. 

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

'rj - Ta 
Pdiss 

Rda =-- Rjc - :Rcd 
(16) 

Losses in the input and output rectifier 
&odes do not depend on the frequency of 
commutation, therefore the heat sirlks 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 (1 6) becomes: 

RJC -Rcd .- I: Tj - Ta ~ - - - _ - _  
W . ( l + B t  T).IcfS Pmn, + I'colld + 

1 +0.03 C 
(17) 

Fig. 14 shows the variation 
Rda, as a function of the frequency 
commutation, for several values of C. 

of 
of 

fa w 1  

Fig 14 Variation of thermal resistance as a 
fUnction of the fi-equency, fs. 

From a SEMIKRON catalog of heat 
sinl.s the following data is obtained for a 
P14 (Fig. I 5):  
WB =: 12 cm b = l c m  a = 6 c m  

Whew wB is the width of the heat sink. 
For this heat sink in particular, the 

lenl$h could be calculated approximately 
by quation (1 8). 

1 

L J 

(1  8:) 

%l 

Fig. 15 Heat sink dimensions. 

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

(19) Vol,,, = w,.(b+a).I 

Fig. 16 shows heat sink volume as it 
funclion of fiequency, for several values of 
C, 1 aking 'rj = 100 "C , 

v r-e' L 
I i! L.IO* i 

I +-- 
e -= .- - -_----- ~ * - 

fs ltl4 
Fig. 16 Heat sink volume as a hnction of fs. 

As it can be seen from Fig. 16 the 
minimurn volume using hard commutatioii 
(C= -0:) is obtained at 10 Khz. As the size of 
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the capacitor increaes, d e  frequency at 
which this minimum volume can be 
obtained increases, locati ig 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 nF and several valui.:s of Tj . 

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

J-- 5m ,i ,;la+ 2.4 * w 
* Pzl 

Fig. 17 Volume of the transfon aers, inductor and 
the heat sink as a fitnct on of fs. 

9 CONCLUSION 

It has been show, in this paper 
that the transformation ritio, n, of the 
output transformer should be greater than 
3, since a smaller value 01 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 th: capacitor in 
parallel to the switch increases the 
commutation losses are %;maller, but it 
should be kept in mind that the dead time 
(time available for comutation) 

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

For the condltions 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 utilized procedure could be 
applied in any other converter. 
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