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ABSTRACT: This paper presénts an in-depth analytical and expenimental mvestigation ol an indireel DE-DC converter. The DE-AC
conversion & o full biidge based on IGBT power modules, snd the AC-1C conversion s done vz d high frequency AC link and 4
fast diode bridge. The AC link, which consists of snubbing capaenors and-a vanable air-gap transformer, is analviicallv designed
tor fulfill Fere Velage Compusiation regrumement. The proposed converter ts ssmulated using PSPICE and a profotype is designed.,

fuilt and tested in the lebortory, PSPICE sunulation and expenmental results are presented and compared.

lndjrcct DC-DC converiers are increasingly becoming a
viable option as Switched Mode Power Supplics (SMP5)
for a varietv of mdustnial applications (Bhat, 1991, Lo et
al, 1992 Jan, 1992), Ther mportant advantages of low
losses. reduced EMI and Jow noise, make them very suitable
for high frequency. low 1o medium power de-de conversion
as well as low to medum power supplics of ¢leetric drives
(Stesgerwald, 1984, Kazimerczuk ef af, 1992).

I 15 known that classical power supplics offer the
advantages of simplicity, sturdiness and high reliability,
Hewever, for obvious reasons, they present major
drawbacks whenaver the size and weieht of & power supply
ig critical. In the last decade, SMPS have offercd clean
solutions to these drawbacks. However, a further reduction
of weight and size of SMPS calls for higher operaling
frequency. This means that the power swiitches are severely
stressed  and  commutation  losses are  tremendously
increased. Recently, it 1s believed that the exploitation of
LT resonance at commutalion 15 offering an adequate
solution to the above mentioned limitations of SMPS
{Sevemns, 1992 Bosc, 1992), These new generations of DC-
DC converters have gained a widespread interest and use in
spectalized  laboratorics, universities and  industnial
appheations, (Bhat, 1993, Ninomiva er al, 1991, Morrison,
1992 Bose, 1992 and Akherraz, 1993),

This paper presents an in-depth analytical and
expenmental investigation of an indirect de-de converter
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The technical charactenistics of the proposed converter arce:
i} DC input voltage 300% 1) Adjustable de output voltage
(via the switching duty cvele ), i) Switching frequency
24K Hz, and v) Commutation time less than 3% of tha
operating period

The main features of this converter are fourfold: 1)
Low switching lesses due to commutation at resonance 11}
Clean AC link voltage and current waveforms due to the
design of an air-gaped transformer in the ac link, 11) High
efficicney, and iv) Fast IGBT power modules as main
switches.

This paper s arganized in three parts. In the first part.
the state variables of the switching commutation intervals
are deflined and solved in closed form fashion. The second
part outlines the PSPICE simulation results of the
investipated converter.  The third part presents the
expermmental results with discussion and comments on the
performances obtamed.

Switching commutation intervals

The proposed converter 1s shovnin fipure 1. T, T., T,
and T." are |GBT power modules with anti-parallel diodes,
C,,C,, C, and C. are snubbing capacitors. L;1s transformer
primary leakadee inductance, L, and C, are the output Nilter
compaonents and B is the load. The AC link transformer is a
mid-point tvpe with a variable air-gap and a unily turn-ratio
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Figure 1. PSPICE simulation results of DC/DC resonant commutation converter
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Figure 2. Summary of salient experimental results of the proposed DC/DIC conversion,

The analysis of the commutation intervals is carried out
under the following assumptions: 1) IGBTs and diodes are
ideal switches 1) The snubbing capacitors C,, C,, C," and
C; are identical. Their capacitance is equal to C,, i), All
circuit resistances are neglected, and 1v) Negligible
primary and sccondary leakage mductances.

"The ebtained simplified converter’s equivalent circuit.
referred to the transformers primary is shown in figure 2
L, 1s the magnetizing inductance. kI, svmbolizes the
bridge and the load (k=21

The iitial commutation interval is assumed to be { T,.
T, On}and k=1 Then, starting at the time when T, and
T, are tumed ofT and until T,' and T.' arc turned on and k=
-1, the commutation goes through two operating intervals.

INTERVAL A! T, T, are off and k=1, The equivalent
circuit of the investigated converter, during this interval, is
shown n figure 3. The corresponding voltage and current
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ecquations are as follows:

=L dl_/dt (1)
L=dirl; @)
Ly +1, >=0 (3)
Wy tVe=E )

where Vep is the transformer primary voltage, 1, is the AC
link current (or transformer primary current) and I, 15 the
transformer magnetizing current. Since the commutation
cnergy 1s provided by the LC resonance, the mput line
current 15 equal to zero during commutation. Combining
equations (1) to (4), the following second order differential
equation is obtained:

FLd o =0l

()
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Figure 3, Equivalent circuit of the converter during commutatien mterval A
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Figure 4. Equivalent eirowt of the converter during commutation interval B

where w,u: = I/(LC,). The imtial conditions of equation
(SyareV,=V,=0, V', =V, =Eandl =1, The
mmitial magnetizing current 1 1s determined later in this
paragraph. With these mitial conditions, selving for
cquation {5) leads to the following:

I, = EALw,) sin (gt ) + (1, +1) cos (gt ) -1, (6)
Vy=Ecos(wt)-Lw, (I, sn{wt) {7
1, = Ef{L g ) sin (gt )+ (F. + L) cos (w,t) (8)
Vo =E(l-cos () + Lo, (L, +1)sin(wt) (9)

This interval ends when Vo crosses zero, ie 1, is at
maximum, This occurs at 1=t,, given by
Tan I:h}DT_I“'I:I =] }-_:-l'rlzl.rI'n'lmﬂ}“nm. + lg}} {1[}}

At t= t,,;, all capacitor voltages are equal to E/2, the
transformer voltage is null and the AC link current is

surpassing [

INTERVAL B: T,, T, are off and k=-1. The converters
equivalent circuit, during this interval, i1s shown n figure
4. Similarly to interval A, the magnetizing current [ s
given by the following differential equation:

R I TR B (11
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The initial conditions arc obtained by setting t=ty, in
equations {6} 1o (%), The obtained solutions are as

follows

L = (L, (t4y) - 1) cos (w, ) + I (12)
Vo == Ly, (T (1) - 1) sin (w,t ) (13)
Iy = (1 {14y} - Ly cos (w,t ) (14)
Vo =ER2+L /2 (1 (ty)-L)sin(w,t) (15)

In order to achieve the appropriatc operation, i¢
commutation at zero voltage, C, ought to be charged to E
prior to [, reaching zero. This condition can be obtained
from equation (15) by setting the magnitude of the
sinusoidal term to a value greater than E/2, ig,
me¢ ﬁm“d]] = 15:] o 'J" J:' {15}
where A 15 a coefficient greater than unity. Using this
coefficient as a parameter, the initial magnetizing current
[, 18 given by the following equation:

mo

I, = SQRT{AE + 2L 0" - E ML @) - I, (17)

]
The maximum magnetizing current takes place at the end
of interval A, 1.e. at t=t,,. and is given by
L = AEAL65,) + 1,

mmax

(18)
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The second mterval ends when C, is charged to E. This
ooeurs at t= 4, given by,
sin(w,ty) = 1A {19)
AL L, O 18 comipletely discharged. T,"and T, can be
smoothly trggered. Thus, with T, and T,' conducting and
k=-1, the commutation 15 over. It appears that L and C,
play a crucial role in providing adequate commutation
Therefore, they are particularly dimensioned to satisfy the
following conditions: 1) Appropriate commutation, 1.¢.
A== 1, i) Commutation time (1¢ L+ Ly ) <= 5%
switching period; and iii) Imposed maximum magnetizing
current during commutation  The design of L_ and C, 1s
presented in the next paragraph.

m

PSPICE Simulation

PspicE MODELING: The investigated converter 1s sumulated
using PSPICE. Each 1IGBT power module 15 represented
by an n-channel cnhancement tvpe MOSFET supplving
hase current, through a vanable resistanee R, to a PNP-
NPN transistors connected moa gate-less thynstor tvpe
crreuil, as shown m Npure 3. The n-channel MOSFET 15
modeled as an intrinsic MOSFET with zeries resistances
with the drain and source, and shunt resistance with the
dramn source channel The PNP-NPN transistors are
represented by the enhanced Gummel-Pool models
(Rashid, 1993}, The air-gap transformer is represented by
a wartable magnetizing inductance and an  ideal
transformer. The diodes are modeled with the appropriate
parasitic reststance and capacitance (R,_and C,.,) (Rashid,
19937,

DEsiin oF L, anp C, o The investigated converter is
PSPICE smmulated for the followmg operating point
conditions:

E=300V.L =05A, 1 ..~ L5 A, switching frequency
[ = 24kHz, switching period T = 41.6 psec, and

commutation ime = 3% T The key equationg usad for

Fipure 5, Eguivalent cireut of 8 power IGBRT module:

designing L and C, are derived from the equations given
in the previous paragraph, in the following fashion.
Givena valueof A (= 1), @, I_, t;. . L, and C, are
calculated, respectively, as follows:

(YO -1) (A0 223 ) =sm(0.05 T w, ) (20}
I, = V@AV -1, 21)
sin(e, 4 J=2A{1+3(1__+LY) (22)
cos(w, b)) =2( +LIA/(1+1(_+LY) (23
L. =AiE/w, (24)
G, =171, 2 (25)

PspICE SIMULATION RESULTS: The investigated converter
15 stmulated using PSPICE for the following eperating
point conditions:

E=300V.1 =035A 1= 1.3 A Lswitching
frequency [ = 24kHz, switching period T = 41.6 psec.
Commutation time = 5% of the period T. Variety of values
of A are emploved in order (o simulate the behavior of the
mvestigated converter during commutation. The obtained
waveforms are m good agreement with the analvtical
predictions, especially for values of A = 1225 To
illustrate this concordance as well as the conformity of the
proposed PSPICE model, the cases of A = 1.5 and A
| 225 are presented in this paragraph Figures 6 and
show the capacitor veltage V| the capacitor eurrent 1, |
the transformer primary current 1 and the transformer
magnetizing current I, for  A=1.5 and A=1225,
respectively. The main comments about these wavelonms
are threefold: 1) The peak-to-peak primary current and
magnetizing current are 4 4A and 3 4A, respectively, and
4.6A and 3.6\, respectively. for A=1.5 and A=1 225, ii) [,
current spikes are less than 1A (e 201025 % the ppk
AC currents ), and 1) Commutation time 15 within the
range of 7 peec. The obtained quantitative results are
summarized in table 1,

7

TABLE |

PSPICE Simulation results of DODC resonant conumutarion
converfer

A ke C,inF} Lo A Ly fig
(mk) {1E5e0) [psee)
1.6 (.3 332 1232 G322 1566
1114 (1446 396 289 R 1471
12225 (.536 412 1,326 0.638 14a%
| 5 (1876 433 | 3HA (1662 1.421
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Figure 6. PSPICE generated current und veltage wave-forms
moease ol A=1.3

Figure 7. PEPICE generated current and voltage wave-forms
nedse ol A=1.225

Experimental results - Presentation and discussion

The proposcd converter 15 designed. buill and tested
in the laboratory. The mput voltage and switching
frequency are set to 300V and 24 kHz, respectively. The
characteristics ol the IGBT power modules are as follows;
V.= 1200V, 1= 25A, V__, = 3V. L, = 400ns, 1, = 500ns
and 1= 200ns.  The 1GBT s triggering circuit synoplic
diagram 15 deseribed in figure 8. The performances of the
investigated converter are tested under vanable loadig
conditions and wvariable air-gap.  Salient resulls are
presented in this paragraph. Figures % and 10 show the
capacitor voltage V. its corresponding current |, and the
T, transistor current 1,;. They are obtained with an air gap
of 0.3 nun, From [gure 9. it can be seen that C, is mdeed
discharged. prior to the switching of T, 1., spikes are
drastically reduced and the commutation is improved.
Figure 10 shows the commutation in more details.
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Figure 8. Synoptiec disgram of the IGET s mggenng cireott,

The obtamed commutation time 15 about 2usec. which
represents 4. 8% of the operating penied, A further increase
of the air-pap to [.3 mm has lead to the results shown in
figures 11 and 12 The commutation time is increased to
2.3 us (5.6% of the period) and shght commutation spikes
re-appear at the capacitor current [ ;.

The obtained waveforms are as predicted theoretically,
through the slate variable cquations derived in the second
paragraph of this paper, and by PSPICE simulation.  Prior
to reaching E, V_, crosses E/2 at 1, and changes slope to
gel to E att,, Also, the AC-link current drops from a
maximum value at . and oscillates in a damped fashion
until t,,, after which it continues to decrease (or increase)
linearly until the next commutation

A minor difference is observed between PSPICE and
expenmental results.  For instance, for a switching
frequency of 24kHz and a load of 1.2Kw, PSPICE predicts
a commutation time of 2.06usec with a theoretical
magnetizing inductance of 0.3 mH. The corresponding
experimental commutation time 15 about 2 3psec with an

air-gap of 1.3mm and a measured magnetizing inductance
of 0. 47mH.
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Figure 9. Voltage and current waveforms obtained with an air gap of 0.3 mm.
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Figure 10. Voltage and current wave-forms durmg commutation with a transformer air gap of 0.3 mm.

The efficiency of the propoesed DC/DC converter is
experimentally investigated under different air-gaps and
under different loading conditions. A summary of the most
relevant experimental results is presented in table 2. The

column efficiency, mncluded n this table, indicates the
maximum value observed for cach air-gap and under the
tested loading range.
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Compromising among commutation lime, switching
spikes and efficiency. an empirical optimum 15 observed
with an ar-gap of about 0.9mm, The closed form
theoretical and numerical mvestigation of the transformer

air-gap effect on the proposed converter’s performance

(1.2 commutation time, switching spikes and efficiency),
as well as-the mathematical link between A and the air-gap
width are under imvestigation

J

Figure 11. Vollage and current waveforms obtamed with an-air gap of | 3 mm
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Figure 12. Voliage and current waveforms dunng commutation with a transformer air gap of 1.5 mm.
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TABLE 2

Summary of salient experimental results of the proposed DCDC converter.

Adrpap Lim | Lz 1 Inpul voltage  Input current Chatput {hutput
{ mm ) (mH} (pseeh {Lsee) {90 (W (A voltage current
{¥) (A)
(k3 154 L H ] 1.5 G2 300 125 278 12
(1.6 155 04 14 %3 300 .75 289 172
05 (1,80 03 I:3 943 300 2:3 287 A8
1.5 a7 uh 1.7 90 300 3.5 T2 345
Conclusion BOSE, B. K., 1992 "Fecent Advances i Power Eleetromes, ! JERT-

The analysis and design of an mdirect DC-DC
converter are presented in this paper.  IGBT power
modules are used in the DC-AC conversion, and a vaniable
air-gap transtormer is emploved m the resenant ac link.
The proposed converter is built and tested m the
laboratory. The obtained experimental results are in good
apreement with theoretical and PSPICE simulated results,
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