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A Three-Phase ZVS PWM DC-DC Converter
Associated With a Double-Wye Connected
Rectifier, Delta Primary

Demercil S. Oliveira Jr., Fernando L. M. Antunes, Member, IEEE, and Carlos E. A. Silva

Abstract—This paper presents the theoretical analysis of the
three-phase zero voltage switching pulsewidth modulation dc—dc
converter associated with a double Wye connected rectifier, delta
primary, using a special switching scheme in order to maintain
equilibrium among the currents through the output filters. The
operating stages are described and the simulation and experi-
mental results of a 6-kW prototype are presented.

Index Terms—DC-DC converter, three-phase, zero voltage
switching (ZVS) commutation.

1. INTRODUCTION

HE main topology used in high power dc—dc conversion
Tis the zero voltage switching (ZVS) pulsewidth modula-
tion (PWM) full bridge converter with phase-shift control [1],
[2]. However, at higher power levels, the components face sev-
eral stresses. An interesting alternative was proposed by Ziogas
[3]. It uses a three-phase inverter coupled to a three-phase high
frequency transformer and to a three-phase high frequency recti-
fier. The resulting advantages consist of the increase of the input
and output current frequency by a factor of three compared to
the full-bridge converter, lower rms current through power com-
ponents, and reduction of the cores. Although it presents sat-
isfactory advantages, soft commutation has not been achieved,
which limits the switching frequency and the power density.

Divan [4] has proposed a circuit in which soft commuta-
tion can be achieved for a wide load range. Nevertheless, it is
only viable in applications where bidirectional power flow is
needed, because six additional switches are included. Bhat [5]
and Ziogas [6] applied the resonance concept in three phase
dc—dc converters, reaching soft commutation. However, the re-
sulting topologies suffer high voltage and current stresses, and
also a considerable increase in the volume of reactive power
elements.

Then, the use of asymmetrical duty cycle [7] in the three-
phase dc—dc converter was proposed in [8], in order to pro-
vide ZVS commutation of all switches for a wide load range,
as shown in Fig. 1.
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Fig. 2. Association with the hybridge rectifier [9], [10].

—

Association with the three-phase full-bridge rectifier [8].

Nevertheless, analogously to the full-bridge converter, the re-
sulting topology suffers higher conduction losses in the rec-
tifier stage, since two series diodes conduct the load current.
Therefore, the association of a three-phase dc—dc converter and
a three-phase high efficiency rectifier seems to be an optimal
arrangement for applications that demand high current levels
and low output voltages. In [9] and [10] (see Fig. 2), the use
of a three-phase version of the hybridge rectifier improved ef-
ficiency in about 2%. However, there is a natural increase in
the output inductors volume. Besides, disequilibrium among the
currents through the output inductors causes the output induc-
tors to be over designed, implying even more increased volume.
In [11], the use of a zig-zag connection in the output filters is
proposed in order to mitigate disequilibrium, but at cost of in-
creased volume. Within this context this paper introduces the
use of the double-Wye connected rectifier with the interphase
inductors acting as output inductor filter.

II. PROPOSED THREE-PHASE RECTIFIER

A. Proposed Topology

In order to overcome the efficiency limit imposed by the full-
bridge rectifier used in [8], without causing the increase of the
output inductors [10], this paper proposes the use of double-Wye
connection in the transformer [12]. This rectifier is formed by
six diodes (D1, Ds, ..., Dg) and two output inductors Lg; and

0885-8993/$20.00 © 2006 IEEE
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Fig. 3. Three-phase ZVS dc—dc converter associated with the hybridge recti-
fier.
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Fig. 4. First stage in Region 1.

TABLE I
OPERATING STAGES OF REGION 1

First Stage Second Stage | Third Stage | Fourth Stage
. 1, 1V, 1V )i i
-ty -1, +——1 —L L
irdc(t) 2731, 6L, 2 2
. 17, A ] 1,
iran(t) I 73?]’ 2 3 [ﬂ’ 77’ 7?’
. 1, 27, 1L, 17,
irdalt) 3! R 1 I
. 1V,
irpalt) 1 Iy E' 0 0
. 17, 17,
ipn(t) I T oL -1, -1
. 1V,
irpe(t) T I I I
At ,il %l, DT, ~ At~ A, (1-p)1
V[] 0 Vi Vi 0
v, ,
Vﬂ 0 - Vi 0

L2, as shown in Fig. 3. The output inductors act as an interphase
inductor as well as an output filter. The use of two inductors does
not increase volume if compared to the full-bridge rectifier.

B. Operating Stages

The sequences regarding the operating stages depend on the
duty cycle and the input peak current. There are three possible
distinct sequences that are defined as Regions 1, 2, and 3, as
it can be seen clearly in the static gain curve of the converter
(Fig. 21).

The line currents are defined by 4144, %1.db, ?Ldc, the phase
currents are izpq,iLpb, ¢Lpe and the voltages across the output
filters are given by V¢ and Vo, according to Fig. 3. Time inter-
vals for stage i are designated by At;. Besides, duty cycle D is
applied to switches S1, Ss, and S5 and D’ is equal to (1 — D).
The gating signals for switches S1,Ss, ..., S¢ are defined by
Vi1, Vg2, and V6. The operating stages are described consid-
ering ideal transformer and semiconductors.

Region I: The expressions representing line and phase cur-
rents, voltages applied to the output filters, and time intervals of
each operating stage for Region 1 are presented in Table 1.

First Stage[to,t1]: This stage begins when switch S5 is
turned on (Fig. 4). All line and phase currents have linear be-
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Fig. 7. Fourth stage in Region 1.

havior, according to Fig. 8. At the end of this stage, diode D3 is
reverse biased and diode Dg is forward biased.

Second Stage [t1,t2]: As iL,, reaches its maximum value,
trpb and ip,. vary linearly, causing the linear transition in the
line currents, as in Fig. 8. At the end of this stage, diode Ds is
reverse biased and diode Dg conducts %12 (Fig. 5). This addi-
tional transition stage is responsible for disequilibrium between
output currents ¢01 and ¢zp2.

Third Stage [t2,t3]: When the linear transitions finish, en-
ergy transference begins, until switch Sj is turned off (Fig. 6).

Fourth Stage [t3,t4]: This stage begins when the PWM
controller determines the end of the duty cycle (Fig. 7). The
behavior of the circuit is shown in Fig. 8, representing a free-
wheeling stage.

From the aforementioned analysis, one can obtain the average
voltage applied to each output filter in Region 1 (R = 1) as

L
R=1 d
= Vi, |3D — 4. 1 1
VAT =V, [3 5 T L} (1)
VA =V, 3D -9 La I )
fo+ Vi T

where I, is the peak value of the line currents (or the peak value
of the input current).

The difference between the average voltages, verified in the
second stage, causes disequilibrium in the currents through in-
ductors Lg; and Lgs. Then, according to [13], conventional
switching schemes can not provide output voltage control of this
converter [14].

Region 1I: Region 2 occurs when duty cycle is slightly greater
than 0.33, i.e., when turning off occurs before the end of a linear
stage, as shown in Fig. 13.
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First Stage [to,t1]: This stage begins when switch S5 is :
turned on (Fig. 9). All line and phase currents have linear be- TR
havior. The time interval for this stage is defined by the differ- Vol fet|le,
ence between the duty cycle and 0.33. -

Second Stage [t1,t2]: Switch Ss is turned on at instant
to (Fig. 10). The currents present a linear transition until 77,
reaches its minimum value. There is no energy transference
during this stage.

Third Stage [t2,t3]: Partial energy transference begins,
until the end of the linear transitions of line currents (Fig. 11).

Fourth Stage [ts,ts]: When all linear transitions finish,
there is full energy transference, what occurs until the next
switching cycle (Fig. 12).

From the aforementioned analysis, one can obtain the average

voltage applied to each output filter in Region 2 (R = 2) as

L

R=2 d

Vaz =W {1—4.5VH1TSIL] 3)
3 1 L

R=2 _ v, |2 L d

Vf2+ =V {2D+ 5 9VinTSIL] 4)

Fig. 14. First stage in Region 3.

where I}, is the peak value of the line currents (or the peak value
of the input current).

Region III: Region 3 occurs when duty cycle is near 0.5, and
is characterized by a constant and maximum static gain.

First Stage [to,t1]: This stage begins when switch S5 is
turned on (Fig. 14). All line and phase currents have linear be-
havior, according to Fig. 18. There is full energy transference
through L9 and partial energy transference through Lgq.

Second Stage [t1,t2]: When the linear transitions finish,
the second stage and full energy transference begin (Fig. 15).
All line currents remain constant.
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Fig. 18. Main waveforms for Region 3.

Third Stage [t2,t3]: This stage is similar to the first one, but
full energy transference occurs through L9 instead (Fig. 16).
Fourth Stage [t3, t4]: As inthe second stage, it begins when
the linear transitions of the previous stage finish (Fig. 17).
From the aforementioned analysis, one can obtain the average
voltage applied to each output filter in Region 3 (R = 3) as

B _ L
foﬁ?’ - Vfgf’ =V [1 —4.5 (} IL] (5

m+s

where I, is the peak value of the line currents (or the peak value
of the input current).

C. PN Modulation

From (1)—(4), one can see a average voltage difference be-
tween the voltages applied to each output filter. Then, there is a
natural disequilibrium between the output inductors currents. A

Fig. 20. Gating signals for D =0.33.

new switching scheme is then proposed in order to mitigate the
average voltage difference between the output filters.

According to the aforementioned analysis, for D <0.33 (Re-
gion 1), the possible vectors are shown in Fig. 19, where “1”
and “0” correspond to the ON and OFF states of switch S;, re-
spectively. The expressions in Table I are obtained using clock-
wise sequence (100—000—010—000—001), that is represented
by the sign “+.” However, for anticlockwise sequence, that is
represented by the sign “—,” Vi1 = Vip/2 and Vs = Vi,
in the second stage (see Fig. 20). As a result, the average volt-
ages applied to each output filter, for anticlockwise sequence,
are given by

L

R=1 __ d _ 1/R=1

ViiZ" = Vi {D' - 9mIL] = Vi (6)

VES =V, D —as Bl = visL )
f2— n Vi T fl+

Then, a new switching scheme, named ‘“PN Modula-
tion” is proposed, which consists of the use of clock-
wise and anticlockwise sequences in an alternate way
(100—-010—001—100—001—-010). Therefore, the average
voltage applied to each output filter for two switching periods
became equal and are given by (8), as the disequilibrium be-
tween the currents through the output inductors is minimized,
enabling output voltage control with pulse width modulation

Lq

R=1 __ R=1 __ R=1 __
VT = VIR = VAT =V | D - 6T

Ir|. ®

D. Static Gain

From the theoretical analysis shown in Table I and expression
(8), one can obtain the static gain curve represented in Fig. 21,
which corresponds to the operating modes (Regions 1, 2, and
3). However, operation in Region 3 must be avoided if output
voltage regulation is required.
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| Region3 TABLE II
; VOLUME COMPARISON (NORMALIZED QUANTITIES)
0.8 Inductor ANALYSIS
Number of Total
Energy 4, Volume Inductors Volume
0.6 Proposed
Rectifier 0.75 0.72 0.8 2 1.6
(YY)
04 Hybridge
Rectifier 1 1 1 3 3
(HY)
02 [/ TRANSFORMER ANALYSIS
, Power A Volume Number of Total
' Region 1 Handling r Transformers Volume
0 A5 e? N Proposed
0 0.2 0.4 0.6 0.8 Rectifier 1.21 1.24 1.16 3 3.47
Duty Cycle (D (YY)
iy Cyde ) Hybridge
. . . Rectifier 1 1 1 3 3
Fig. 21. Static gain.
. . TABLE III
E. Unbalance Considerations MAIN SPECIFICATIONS
Disequilibrium between the currents through the output in-
ductors causes dc unbalance and consequently core saturation, 4;’)“{/ 61(;21 656\/ 7 6Il§Hz
if three uncoupled transformers are used. Therefore an optimum
equilibrium is a must, as obtained in the PN modulation.
In a secondary double-Wye connection without interphase in- TABLE IV
. . . . COMPONENTS DESCRIPTION
ductors, there is ac unbalance, which is not acceptable, since
it promotes an ac flux path outside of the core. The presence S, S5 S5, - EE42/21/15 — 4400 — IP12
. . . PR IRG4PC50UD La=Las=Lac N=12
of interphase inductors mitigates such unbalance and reduces St T g
. . , Do, D3, _ X -
rms currents through the secondary windings, as well as through | " " " | HFA30PAGOC Lor=Lo: N=7
outputdiodes D1, D», . .., Dg, because it increases the conduc- EE65/33/39 —
. 10800 — IP12
tion angle. Transformer N,=20 Co 4x470uF/100V
Ny=4

FE. Volume Analysis

In this section, a comparison between the volumes of output
inductors in the proposed rectifier and in the hybridge rectifier
will be presented. The same specifications for the design of both
converters are assumed.

From the equations developed above, inductances Lg; and
L2 can be obtained by

Vi

L -
> Tonf.ALL

€))
and the energy stored in each inductor is given by
Byy = %LOIIgl = %Lozfgg
2

Then, the ratio between the amounts of energy stored in the
inductors using the proposed rectifier and the hybridge one is
given by

E _ 3% AILhy (IO+AILyy)2

vy

Ehy o Ny AILyy (2]0 + 3AILhy)2-

(1)

Assuming an accurate transformer design, the relationship
between the transformer ratio n,, in the proposed rectifier and
the transformer ratio nyy in the hybridge rectifier is given by

’thy

=1,5. (12)

Nyy

Also, in order to maintain the same current ripple in the
switches of both converters, the current ripple is assumed as ten
percent of the inductor current

I

Alpp, = 0.130 (13)
I

Alpy, = 0.150. (14)

Substituting (12)—(14) in (11), the following energy ratio for
one inductor is obtained:
FE

Y = 0.75.
by

5)

From the developed equations and considering that the in-
ductor volume is given by 5.7Ag'68, Table II was obtained. It
can be seen that the total output inductor volume is almost half
of that in the hybridge rectifier. Even considering that there is
about 15% step up in the transformers volume and that there is
no disequilibrium among the inductors currents in the hybridge
rectifier, one can see a considerable reduction in the total mag-
netic volumes.

III. EXPERIMENTAL RESULTS

In order to validate the theoretical assumptions, an experi-
mental prototype was designed according the specifications and
components presented in Tables III and IV.
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Fig. 22. Efficiency of the proposed converter compared to the hybridge and
full-bridge topologies.
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Fig. 22 shows the efficiency obtained for the proposed con-
verter compared with other rectifier topologies [8], [10], as data
were obtained in open loop situation. From this graph, it can
be said that this is an intermediary solution, since efficiency is
better than that in the full-bridge rectifier [8] but the increase
in the global volume is not as large as in the hybridge recti-
fier [10]. In Fig. 23, currents through primary windings are de-
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Fig. 26. Voltages across switches Sz, Sy and Sg (500 V/div, 10 gs/div).

picted, where a satisfactory equilibrium among them is verified
(Ipa = 6.3A,Irp, = 595A,I1p. = 6.6 A). Fig. 24 shows
the line currents (14 = 10.7,Ip = 104 A, Ic = 10.3 A).

Fig. 25 corresponds to the voltages across rectifier diodes
Dy, D5, and Dg, using RCD snubbers. Fig. 26 shows the volt-
ages across switches So, Sy, and Sg.

The aforementioned results demonstrate the functionality of
the converter for D =0.5. However, the worst condition for dis-
equilibrium in the output inductors currents 779; and 2702 Oc-
curs when D <0.33. Fig. 27 shows the currents through output
inductors for D =0.21. This important result demonstrates the
ability of this converter to operate in Region 2, since the equilib-
rium between the inductors currents is maintained. Then, output
voltage variation and control is possible.

IV. CONCLUSION

This paper has shown that the use of a three-phase dc—dc con-
verter associated with a delta double-Wye connected rectifier
with interphase inductors is able to control the output voltage,
since the equilibrium between the output inductors currents is
maintained within the complete operation range.

The operating stages and main waveforms were presented and
analyzed. From the theoretical analysis, the cause of the disequi-
librium between the output inductors current was elucidated. A
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new modulation technique was then proposed and analyzed in
order to mitigate such disequilibrium.

Experimental results and theoretical analysis showed that the
proposed topology is an alternative for the three-phase dc—dc
converter, since efficiency is better than that in full-bridge rec-
tifier but the increase in the global volume is not as large as in
hybridge rectifier.

All theoretical considerations were validated by simulation
and the experimental results, obtained from a laboratory proto-
type of 6 kW.
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