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Three-Phase Weinberg Isolated DC–DC Converter:
Analysis, Design, and Experimentation
Hugo R. E. Larico and Ivo Barbi, Fellow, IEEE

Abstract—This paper presents the three-phase version of the
isolated dc–dc Weinberg converter. The main characteristics of
the proposed converter are as follows: small volume, low weight,
reduced number of components, buck operation for a duty cycle
of less than 1/3, and input and output current ripple cancellation for a duty cycle of 1/3 or 2/3. Typical applications include
telecommunication, electric vehicles, renewable energy conversion
systems, and batteries. This paper gives theoretical analysis, design example, and experimental data on a 735-W 120-Vdc-input
75-Vdc-output 42-kHz switching frequency laboratory prototype.
The prototype performance shows good agreement with the theoretical predictions.
Index Terms—Current fed, push–pull, three-phase dc–dc converter, Weinberg.

I. I NTRODUCTION

Fig. 1.

Weinberg dc–dc converter.

Fig. 2.

Three-phase Weinberg dc–dc converter.

T

HE association of high efficiency and high current is the
major problem related to low-voltage high-power applications, particularly when they require isolation at high frequency,
resulting in high conduction losses. The family of push–pull
converters [1]–[12], which presents a reduced number of components, allows low conduction losses, increasing the efficiency
of the converter.
Push–pull converters can be classified as voltage fed or current fed. The voltage-fed type is a step-down converter which
is employed for low and medium current levels, whereas the
current-fed push–pull converter is preferable for high current
levels since its high-frequency transformer does not present
the saturation problem. However, the latter is a step-up converter, and if the application requires a step-down (buck-type)
converter without the transformer saturation problem, then the
Weinberg converter, shown in Fig. 1, represents a suitable
option.
This paper presents the three-phase Weinberg isolated dc–dc
converter, which is shown in Fig. 2. This proposed converter
merges the main characteristics of the three-phase topologies
[13]–[22] and the Weinberg circuit, resulting in the following
advantages:
1) low conduction losses, since there is only a single device
voltage drop at the input and the output sides;
2) reduced number of components: three transistors
(S1–S3), four diodes (D1–D4), a three-phase transformer
(T), a coupled inductor (Lf ), and a filter capacitor (Co );
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3) good transformer copper and core utilization;
4) connection of the transistors to the same reference point,
thus allowing them to be directly driven;
5) small filter sizes (Lf and Co ) since the frequencies of
voltage and current waves are three times the switching
frequency;
6) fast response times;
7) absence of flux-imbalance problem in the high-frequency
three-phase transformer, because there is a high impedance (inductor Lf ) between the input and the transformer;
8) high-power processing, since the three-phase system allows a decrease in the current stresses in power devices.
The proposed topology can be operated with overlapping
and nonoverlapping conduction of transistors. For NL = 2NT
(inductor and transformer turn ratios) and a duty cycle ranging
from 0 to 1/3, the converter operates as a step-down converter.
In this case, the output current is continuous, and the theoretical
static gain is Vo /Ei = 3D/2NT .
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In applications where output voltage regulation is not required, the operation with a duty cycle of 1/3 allows the
reactive energy minimization in the converter; therefore, a high
efficiency can be obtained.
II. T HEORETICAL O PERATION
The following assumptions are made to simplify the theoretical description of the operating principle.
1) The operation is in steady state.
2) The magnetic flux in the inductor core is continuous.
3) All switching elements are ideal.
4) The capacitance of capacitor Co is large enough for the
output voltage ripple to be neglected.
5) The windings of the inductor Lf (or flyback transformer)
and of the three-phase transformer T are tightly coupled
and have a negligible resistance.
6) The three-phase transformer is symmetrical, and its magnetization current is negligible.
7) The power transistors are symmetrically driven using the
three-phase gating signals, as shown in Fig. 5.
The output voltage Vo is regulated employing pulsewidth
modulation in order to control the duty cycle (D = ton /Ts ),
which is defined as the ratio between on time (ton ) and switching period (Ts ). The duty cycle of each transistor can be varied
from 0% to 100%.
This paper addresses the operation in continuous conduction
mode (CCM) for a duty cycle varying from 0 to 1/3, where
the transistors operate in the nonoverlapping conduction mode
(ton < Ts /3).
A. Principle of Operation
In CCM, the input current is discontinuous, but the output
current is continuous, since the electrical power is always
transferred to the output load from the inductor or from the
input source through the three-phase transformer.
There are six stages in a duty cycle. In the first, third, and
fifth stages, the input source provides energy to the circuit, and
some of this is stored in the inductor. In the second, fourth,
and sixth stages, the energy stored in the inductor is transferred
to the load, and no energy is supplied from the input source.
Analysis of the first and second stages is sufficient to describe
the complete operation of the three-phase Weinberg converter,
since the transistors are sequentially gated.
1) First Stage [t0 , t1 ]: The equivalent circuit of this stage
is shown in Fig. 3, where Lm is the magnetizing inductance
of the inductor. This stage starts at instant t0 , when the transistor S1 is turned on and D4 is reverse biased. The inductor
magnetizing current (im ) flows through the primary winding
of phase 1 which results in D2 and D3 being forward biased.
The output voltage is then applied to the secondary windings
of phases 2 and 3 (VTs2 = VTs3 = −Vo ), and therefore, the
voltage across the active primary winding is 2NT Vo . Thus,
the inductor stores energy through its primary winding with a
voltage of vLp = Ei − 2NT Vo . The voltage across transistors
S2 and S3 is 3NT Vo . The reverse voltage across D1 is 3Vo . The
current across D2 and D3 is iD2 = iD3 = NT ii .

Fig. 3. Equivalent circuit of first stage [t0 , t1 ].

Fig. 4. Equivalent circuit of second stage [t1 , t2 ].

2) Second Stage [t1 , t2 ]: The equivalent circuit of this stage
is shown in Fig. 4. This stage starts at instant t1 , when the
transistor S1 is turned off and D4 is forward biased. The output
voltage is applied across the secondary winding of the inductor,
and consequently, the induced voltage on the primary winding
is VLp = −NL Vo . The magnetizing current of the inductor
flows through D4 (iD4 = NL im ).
Fig. 5 shows the main waveforms in CCM for NL = 2NT ,
where the output current has the same shape as the magnetizing
current of inductor im , since this relationship guarantees the
same current amplitude at the output.
B. Static Gain
The expression for the static gain, for a continuous inductor
magnetic flux, can be obtained from the analysis of the average
voltage across the inductor primary winding
VLp

1
=
Ts

t0+Ts


(Ei − 2NT Vo )ton − NL Vo

vLp dt = 0
t0

Ts
− ton
3

(1)


= 0.

(2)

Rearranging (2), it is possible to obtain
3D
Vo
.
=
Ei
NL + 3(2NT − NL )D

(3)

According to (3), the static gain of the proposed converter
is a function of the turn ratios of the inductor and the transformer and the duty cycle D. With NL and NT being invariant
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D. RMS Currents of Lf
From Fig. 5, the relationship between the average values for
the magnetizing and the output currents can be obtained
Im =

Io
.
NL

(8)

Neglecting the high-frequency current ripple in the inductor
and using only its average value (8), the primary and secondary
rms currents are given by
√
(9)
ILprms = Im 3D
√
ILsrms = NL Im 1 − 3D.
(10)

E. Voltage Ripple of Co
The output voltage ripple due to the capacitor current wave,
shown in Fig. 5, is determined by
ΔQ+
NL ΔIm Ts
=
.
Co
24Co

ΔVo =

(11)

The per-unit voltage ripple for NL = 2NT is
ΔVo =

1 − 3D
ΔVo Lm Co fs2
NT ΔIm
= NT
.
=
Vo
12
36

(12)

Fig. 5. Main waveforms of the three-phase Weinberg converter for
NL = 2NT .

F. RMS Current of Co
parameters, the output voltage can be regulated through the
duty cycle. However, the static gain is a nonlinear function of
it. Thus, by using the relationship NL = 2NT , it is possible to
eliminate the variable D at the denominator of (3)
Vo
3D
3D
=
=
.
Ei
NL
2NT

(4)

Equation (4) shows that the proposed converter presents the
static gain of a buck-type converter for NL = 2NT .
C. Ripple in Magnetizing Current of Lf
The current ripple (ΔIm ) in the magnetizing inductance of
the inductor Lf can be obtained from the second stage
ΔIm =

1
Lm

t1
vLp dt =
t0

Vo
Lm



Ei
− 2NT
Vo


ton .

The per-unit magnetizing current ripple is given by


Ei
ΔIm Lm
ΔIm =
=
− 2NT D.
Vo Ts
Vo

(5)

(6)

Substituting the static gain (4) in (6) and solving the result,
(7) is found, referring to the per-unit magnetizing current ripple
for NL = 2NT
ΔIm =

2NT
NL
(1 − 3D) =
(1 − 3D).
3
3

(7)

The output capacitor rms current can be calculated by
ICrms =

NT ΔIm
NL ΔIm
√
= √
.
2 3
3

(13)

G. RMS Current of T
The rms currents through the primary and secondary windings are computed through
√
ITprms = Im D
(14)
√
(15)
ITsrms = NT Im 2D.
III. E FFECTS OF PARASITIC E LEMENTS
This section describes the modification of the ideal performance of the proposed converter due to parasitic elements of
the magnetic devices; however, to simplify the analysis, the
winding resistance values are not included.
The physical representation of the three-phase transformer
and its assumed magnetic flux distribution are shown in Fig. 6,
where Φc is the magnetic flux through the magnetic core, Φa is
the magnetic flux that links the primary and secondary windings
of the same phase but does not link different phase windings,
and Φl is the leakage flux of one winding.
The mathematical model of the three-phase transformer referred to the primary side is given by
[VT ] = [L][I˙T ]

(16)
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Three-phase transformer.

 and L =
Fig. 7. Equivalent circuit of substage 1a where lL = lLp + lLs
e
 + 3L
lTp + 2lTs
ma .

where
[VT ]T = [ vTp1

vTp2

vTp3

[IT ]T = [ iTp1

iTp2

iTp3

iTs1

iTs2

iTs3 ]

Lpp
⎢ −1/2
⎢
⎢ −1/2
[L] = Lmc ⎢
⎢ Lsp
⎣
−1/2
−1/2

−1/2
Lpp
−1/2
−1/2
Lsp
−1/2

−1/2
−1/2
Lpp
−1/2
−1/2
Lsp

Lps
−1/2
−1/2
Lss
−1/2
−1/2

−1/2
Lps
−1/2
−1/2
Lss
−1/2

⎡


vTs1


vTs2


vTs3
]

⎤
−1/2
−1/2 ⎥
⎥
Lps ⎥
⎥
−1/2 ⎥
⎦
−1/2
Lss

Lpp = (lTp + Lma + Lmc )/Lmc

Lss = (lTs
+ Lma + Lmc ) /Lmc

Lps = Lsp = (Lma + Lmc )/Lmc .
The inductances l, Lma , and Lmc relate the transformer
currents to the flux linkages λl , λa , and λc (λ = N Φ). Thus,
l is the leakage inductance of a magnetic device winding. The
values of l and Lma are lower than that of Lmc .
A. Operation With Parasitic Elements
In order to provide a description of the operating principle,
the clamp circuit shown in Fig. 7 was included, since it is
necessary to guarantee a suitable voltage across the transistors.
1) First Stage: The first stage of ideal operation, as shown in
Fig. 5, is divided into two substages: 1a and 1b. The equivalent


Fig. 8. Equivalent circuits of substages 2a, 2b, and 2c, where lT = lTp + lTs


and Le = lTs + Lma . (a) Substage 2a. (b) Substage 2b. (c) Substage 2c.

circuit for substage 1a is shown in Fig. 7, while substage 1b is
the same equivalent circuit as Fig. 3 shows.
In substage 1a, the commutation of semiconductors occurs,
and this starts when S1 is turned on at instant t0 . All diodes
except D1 are forward biased. The voltage Ei + NL Vo is
applied across the primary winding of phase 1. The inductor
magnetizing current commutes from D4 to S1. The current
increase across S1 is given by
diS1
Ei + (NL − 2NT )Vo
=
.
 +l

dt
lLp + lLs
Tp + 2lTs + 3Lma

(17)

2) Second Stage: The second stage, as shown in Fig. 5, is
divided into three substages: 2a, 2b, and 2c. The equivalent
circuits are shown in Fig. 8.
In substage 2a, the commutation of semiconductors occurs,
and this starts when S1 is turned off at instant t1 . The currents
of D2 and D3 remain approximately constant. The input current
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+ lTp + 2lTs
+
a large equivalent inductance Leq = lLp + lLs
3Lma present during this transition, as can be seen in (17).
Moreover, the demagnetizing of inductance Le in substage
2b causes a spike in the output current with an amplitude
and a time interval given, approximately, in (21) and (22),
respectively, where Imp is the peak magnetizing current in Lm

Δispike ≈ 3NT Imp
Δtspike ≈

Imp 
L .
NT V o e

(21)
(22)

B. Static Gain
Fig. 9 shows that the energy storage time of the inductor
is affected by the time of transition from off to on when a
transistor is switched. Thus, the static gain for NL = 2NT is
defined by
Vo
3D
3Δtt
=
−
Ei
NL
NL T s

(23)

where Δtt is the time interval in which the current becomes
zero across D4 and it can be obtained from (17)
Δtt =

Im
Leq .
Ei

(24)

The substitution of (24) in (23) gives (25) which is the static
gain in CCM for NL = 2NT . This equation shows that static
gain decreases as a function of the output current
Vo
3D
3Io Leq
=
−
.
Ei
NL
N L 2 Ei T s

(25)

Fig. 9. Main waveforms of the three-phase Weinberg converter, including the
effects of parasitic elements of magnetic devices for NL = 2NT .

falls to zero while the currents of D1 and D4 increase. The input
current decrease is determined by
VCL − Ei − NL Vo
dii
=−
 +l
 .
dt
lLp + lLs
Tp + lTs

(18)

In substage 2b, the input current is zero, and the magnetizing
current of the inductor flows completely through D4. The
energies of the fluxes Φa1 , Φa2 , and Φa3 are transferred to
the output side through diodes D1, D2, and D3 whose currents
decrease at a rate of
diD1

diD2

diD3

NT V o
.
 +L
lTs
ma

C. Transistor and Transformer Voltages
The voltage waveforms of the transistor and primary winding
of the three-phase transformer are shown in Fig. 9. The voltage
across transistors is affected by the transference of the energy
stored in the three-phase transformer. Thus, the maximum
voltage VSmx across the transistors occurs when all transistors
are turned off
VSmx = Ei + (NL + NT )Vo .
For NL = 2NT , this voltage is

(19)

VSmx = Ei + 3NT Vo .

Substage 2c starts when flux Φa2 becomes null. D1 and D3
continue to be forward biased because fluxes Φa1 and Φa3 are
positive. The rate of these currents is calculated through

IV. D ESIGN E XAMPLE

dt

diD1
dt

=

=

dt

diD3
dt

=

dt

=−

=−

NT V o
.
 +L
lTs
ma + Lmc

(20)

The waveforms of the currents for a switching cycle are
obtained by extending the aforementioned analysis to other
stages, and these are shown in Fig. 9. The transistor current
shows that the transition from off to on is slow. This is due to

(26)

(27)

In this section, a simplified design example of the threephase Weinberg isolated dc–dc converter is presented using the
specifications summarized in Table I. The laboratory prototype
is designed to operate as a buck circuit, i.e., for the case of
NL = 2NT , and its purpose is to verify the operation of the
converter according to the theoretical description. Therefore,
the aim of this design is not to obtain a high-efficiency laboratory prototype. The equations developed for ideal operation are
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TABLE I
S PECIFICATIONS OF P ROTOTYPE

TABLE II
L IST OF P OWER D EVICES

used to compute the voltage and current stresses. The gate drive
signals are generated by Kit DSP TMS320LF2407. Nonisolated
drive circuits are employed to control the switching transistors.
A. Inductor Lf
A duty cycle of 25% is assumed in order to minimize the
input current ripple; thus, the turn ratio for nominal conditions
is obtained from (4)
Ei
120
= 1.2.
= 3 · 0.25
NL = 3D
Vo
75

(28)

The average magnetizing current considering a converter
efficiency of 95% is computed as
Im =

Po
750
= 8.8 A.
=
ηNL Vo
0.95 · 1.2 · 75

(29)

The magnetizing inductance for the specifications given in
Table I is obtained through (5) as follows
Lm =

75 · 1.2 · (1 − 3 · 0.25)
= 81 μH.
3 · 0.25 · 8.8 · 42 000

(30)

The primary and secondary rms currents are computed using
(9) and (10)
√
ILprms = 8.8 3 · 0.25 = 7.6 A
(31)
√
(32)
ILsrms = 8.8 · 1.2 1 − 3 · 0.25 = 5.28 A.
The inductor area product is achieved using the following
expression:
Ae Aw =
=

Lm Imp (ILprms + ILsrms /NL )
Jmax Bmax kw

C. Filter Capacitor
Electrolytic capacitors are used as the output filter capacitor.
The values for the capacitance and rms current are computed
using (11) and (13), respectively
1.2 · 0.25 · 8.8
= 7.0 μF
24 · 42 000 · 0.005 · 75
1.2 · 0.25 · 8.8
√
= 0.76 A.
=
2 3

Co =

(38)
(39)

D. List of Power Devices
(33)

where Imp = Im (1+0.5 · %ΔIL ) = 9.9 A, Jmax = 300 A/cm2 ,
Bmax = 0.25 T, and kw = 0.4 (occupation factor of core
window).
B. Three-Phase Transformer T

Table II lists the prototype power devices. The resistance
values for the inductor and transformer are calculated while
their inductance values are measured. The schematic circuit of
the laboratory prototype of the three-phase Weinberg isolated
dc–dc converter is shown in Fig. 10.
E. Power Losses

The turn ratio NT is determined as
1.2
NL
=
= 0.6.
NT =
2
2

The transformer area product is obtained using the following
expression:


2NT Vo
ITsrms
2ITprms + 2
Ae Aw =
3fs Jmax 2Bmax kw
NT


2 · 0.6 · 75 · 10
3.7
=
2 · 4.4 + 2
3 · 42 · 300 · 0.50 · 0.3
0.6
(37)
= 3.35 cm4 .

ICrms

81 · 10−6 · 9.9 · (7.6 + 4.4)
300 · 0.25 · 10−4 · 0.4

= 3.2 cm4

The primary and secondary rms currents are calculated
through (14) and (15), respectively
√
(35)
ILprms = 8.8 0.25 = 4.4 A
√
ILsrms = 0.6 · 8.8 2 · 0.25 = 3.7 A.
(36)

(34)

The power losses due to resistances and voltage drops in the
circuit are listed in Table III. The transistor turn-off losses are
also included, where a clamp voltage VCL of 400 V and a fall
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Fig. 10. Schematic circuit of the implemented laboratory prototype.
TABLE III
P OWER L OSSES

time tf of 30 ns were considered. The turn-on losses are not
included due to soft switching. Thus, the expected efficiency is
computed as
η=

Po
750
= 95.2%.
=
Pi
750 + 38

(40)

Fig. 11. Input and transistor S1 currents and transistor S1 voltage for D =
0.292, Ei = 120 V, Vo = 75 V, and Po = 735 W.

V. E XPERIMENTAL R ESULTS
Figs. 11 and 12 show the input, transistor, output, and diode
currents for an input voltage of 120 Vdc, an output voltage
of 75 Vdc, an output load of 735 W, and a duty cycle of
29.2%. The figures show that the input and output currents
are evenly distributed through the transistors and diodes and
that the frequency of these currents is three times the switching
frequency. Fig. 11 also shows that the switching of the transistor
at turn-on is soft and at turn-off is hard. The output current
shape of the measured waveform is similar to that of the
theoretical waveform shown in Fig. 9; therefore, the amplitude
and the time interval of the spike current can be calculated
by (21) and (22), respectively, where Le ≈ Le /3 is assumed.
These values match closely the experimental results
Δispike ≈ 3NT Imp = 3 · 0.6 · 9.9 = 17.8 A
Δtspike

Imp 
9.9
3.7 · 10−6 = 0.81 μs.
≈
L =
NT V o e
0.6 · 75

Fig. 12. Output, diode D1, and diode D4 currents for D = 0.292, Ei =
120 V, Vo = 75 V, and Po = 735 W.

Fig. 13 shows the output voltage and voltage waveforms
across the primary windings of the transformer and the
inductor.
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Fig. 13. Output voltage, primary voltage of Lf , and primary voltage of T for
D = 0.292, Ei = 120 V, Vo = 75 V, and Po = 735 W.

Fig. 15. Static gain in CCM of the laboratory prototype for input voltage of
120 V and duty cycle of 25%.

Fig. 14. Step load response in open-loop control.

Fig. 16. Measured efficiency of the laboratory prototype.

Fig. 14 shows the output voltage response for a step load
change in open-loop control. This response was obtained for an
input voltage of 120 V and a duty cycle of 26.1%. The step load
was achieved by changing the load resistance from 17 to 9.2 Ω,
and it represents an increase of 112% in the initial load power.
The performance shows that the converter has a first-order
response, and thus, a simple proportional–integral controller
can be used when a regulated output voltage is required.
Fig. 15 shows the static gain of the laboratory prototype
with the ideal curve and that which considers parasitic elements
given in (25), where the equivalent inductance Leq is 11.7 μH,
which is obtained from Table II.
The measured efficiency of the laboratory prototype is shown
in Fig. 16. The curve was obtained keeping the input and
output voltages constant (120-V input and 75-V output). The
curve shows that the laboratory prototype does not have a good
efficiency; however, it can be considered suitable since the
components are not optimized. For example, further reduction
in the forward voltage drop of the diode can bring higher
efficiency but with increased costs.
VI. C ONCLUSION
A three-phase Weinberg isolated dc–dc converter, which
combines the main characteristics of the Weinberg and the

three-phase dc–dc converters, has been presented herein. The
proposed converter allows an increase in the operation frequency of the filters to three times the switching frequency,
resulting in small and lightweight filters. Furthermore, the use
of a nonisolated gate drive is allowed since the transistors are
connected to the same reference point. The current-fed sourcing
provides high impedance at the input side, and thus, the threephase transformer does not present the flux-imbalance problem
due to asymmetry in the volt–second product applied between
its phases. The input and output current ripples are cancelled
for a duty cycle of 1/3 or 2/3. These characteristics make the
proposed converter suitable for applications such as in power
conversion systems for telecommunication, electric vehicles,
renewable energy systems, and battery chargers.
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