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Steady-State Analysis of a ZVS Bidirectional
Isolated Three-Phase DC-DC Converter Using Dual
Phase-Shift Control With Variable Duty Cycle
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and Paulo Peixoto Praca, Member, IEEE

Abstract—This study presents the steady-state analysis and ex-
perimental results on a soft-switching bidirectional isolated three-
phase dc—dc converter using DPS control with variable duty cycle.
The topology uses three single H-bridges in the primary side and
a three-phase inverter in the secondary side. High-frequency isola-
tion is ensured by using three single-phase transformers connected
in open delta-wye configuration. The variation of both phase-shift
angles between the H-bridge legs and/or primary and secondary
sides allows controlling the power flow, while reduced reactive
power flow is possible. The variable duty cycle is used to ensure
a constant voltage bus and/or zero voltage switching operation. A
detailed analysis is presented considering a model based on the fun-
damental components for the voltages and currents in the trans-
former. A comparison between the fundamental and the actual
models is carried out to validate the proposed model. Experimen-
tal results on a 96 V/350-400 V, 3.5 kW prototype are presented
and discussed to validate the proposed approach.

Index Terms—Bidirectional power flow, dual phase-shift control,
phase-shift (PS), soft-switching, three-phase dc—dc converter.

1. INTRODUCTION

ESEARCH works regarding dc—dc converters have sub-
R stantially increased in the last few years due to applica-
tions in hybrid electric vehicles, standalone renewable energy
systems, dc distribution, smart-grids, and solid-state transform-
ers. One of the most popular topologies is the zero voltage
switching, phase-shift, pulse width modulation (ZVS-PS-PWM)
full-bridge converter. However, the components may present ap-
preciable stresses at high power levels [1].

Troubleshooting of the previous converter was presented in
1988 by Prasad [2], who introduced the “three-phase dc—dc con-
version” concept that uses a three-phase inverter, a three-phase
rectifier, and a high-frequency isolation transformer. Thus, it is
possible to reduce the components stress and also the trans-
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Fig. 1. Proposed topology.

former volume by increasing the current and voltage ripple
frequency in both input and output sides. Three-phase dc—dc
converters using the resonance concept were developed aim-
ing to improve the performance of the converter presented in
[2], e.g., [3]-[5] and [6], where soft-switching is achieved at
the cost of high voltage and current stresses. The converters
presented in [1], [7], and [8] apply asymmetrical duty modula-
tion to obtain soft-switching, while the rms current through the
semiconductors is minimized if compared to resonant convert-
ers. The optimum characteristics of the three previous converters
are obtained in [9] by applying PS modulation. Solutions using
current-fed converters e.g., [10]-[12] and [13] were developed
resulting in low input current ripple. Topologies with buck char-
acteristics using three-level structures in the primary side were
also proposed in [14]-[16] to achieve high voltage levels.

In 1991, De Donker [17] presented the first bidirectional
three-phase dc—dc converter known as dual active bridge (DAB),
which uses the leakage inductance and PS concept to control
the power flow. Modulation [18] and control [19] techniques
were performed to improve efficiency in the DAB converter.
Other bidirectional solutions have been developed using PS,
e.g., [20]-[22], and the use of resonant converters associated
with the aforementioned technique is also possible [23]. The
work described in [24] shows that the power flow is controlled
by adequately driving the switches. Asymmetrical PWM dc—dc
three-phase topology in [25] proposes a bidirectional version
based on [1], but using a Y-A transformer to naturally double
the conversion ratio.

This study presents a bidirectional version of the topology
introduced in [9] without output inductor filter, which is shown
in Fig. 1. The converter allows increasing the involved power
ratings by paralleling phases and not multiple devices. Besides,
the turns ratio can be decreased in this case due to the double
output voltage obtained by using an open delta-wye transformer,
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Fig. 2. Per-phase model of the dc—dc converter topology.

thus minimizing the effects of parasitic elements and improving
the transformer performance. The possibility of direct and in-
direct power flow is achieved with DPS [26], [27]. Considering
appropriate phase angles, it is possible to reduce the reactive
content and also the transformer volume. The duty cycle of the
input bridge in association with PS can be varied to regulate the
input bus voltage [20], also ensuring ZVS over the entire load
range [29].

Since there are three possible control variables, the operation
of the proposed topology is very complex, as an alternative
theoretical analysis first presented in [30] and [31] is developed
considering a model based on fundamental components. Besides
the detailed study, a comparison between the fundamental and
actual models is carried out to validate proposed model, and
experimental results are also presented and discussed in this

paper.

II. ANALYSIS OF THE FUNDAMENTAL MODEL

Conceptually, each phase of the converter can be seen as an
inductor Ly, (i.e., the transformer leakage inductance) connected
at either terminal by a controlled square-wave voltage source.
In order to simplify the analysis, the square-wave sources are
replaced by their respective fundamental components and the
output voltage is referred to the primary side. This model is
identified as the synchronous-machine equivalent circuit and
may present similar properties. Since all quantities are sinu-
soidal at a single frequency, a vector analysis can be carried
out [17]. The per-phase model of the proposed topology is pre-
sented in Fig. 2 and DPS strategy is developed to control the
power flow and provide the proper operation of the converter.
The voltage sources use control angles « and 6, which corre-
spond to the phase displacements of the secondary bridge and
the primary bridge leg A2 with regard to the primary bridge leg
A1, respectively.

A. Power Flow

Both the input voltage magnitudes V4 and V49 vary in mag-
nitude and phase with the duty cycle d, according to (1) and (2).
Upper input switch S4; duty cycle is used as reference angle

Var = Vaa =V (d) - €7 (D
v = 7(0.5-d) 2)

where V;(d) is obtained from the fundamental component of the
leg with regard to the dc bus midpoint and + is the displacement
phase due to duty cycle variation.
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The rms value of the fundamental component is obtained by
applying Fourier series to the square-wave voltage as

Vid) = g [ G

where
v = 2sin[27(d + 2)] — sin[dn(d + 1)] “4)
v = 167 -sin(m-d) +sin(4-7-d) ®)

Expression (3) can be used to determine the rms value of the
fundamental output voltage, although V;., must be referred to
primary side using (6)

_ Vae,
~ Vae,
where 7 is the transformer turns ratio. The output voltage mag-
nitude is obtained fixing d = 0.5 and replacing the input voltage

bus V., for the output voltage bus Vj.,(as referred to primary
side) in (3). Then, the following expression results:

V=G-2-V,(d)=G-2-V;(05)=2-G-V; ()

¢ —4on-(1—d) ©)

where G is the static gain between V,” and V; and the term

“2” that appears in expression (7) is due to open delta-wye

connection. The current phasor representation in steady-state

condition is given by

Var -6l —Vyy e 99 — V. e Ja
j-2-m-fs-Lg

where f, is the switching frequency.

By substituting (1) and (7) into (8), the final expression for
the current phasor is obtained as

Vi(d)- e - (1—e %) —2.G-V; eI
j-2-m-fs-Lp ’

fL (a797d) = (8)

jL (Ck, 03 d) =

)
The active and reactive powers are given by (10) and (11),
respectively, and the base power is defined as (12)

P, (a,0,d) = Re[(zG-Vz-e’”) I (a,ﬂ,d)} (10)
Qo (0,0,d) = T [(2-G Vi e ) - I} (0, 0,d)] (1)
V(05

According to (10)—(12), the characteristics of the active power
P, and power factor PF for the converter varying angles 6 and
a can be obtained according to Figs. 3 and 4, respectively,
considering that the duty cycle is 0.5. The highest active power
values occur when 6 and « tend to 180° and 90°, respectively.
Besides, the highest values for PF occur when 6 and « tend to
180° and 0°, respectively, where P, is approximately null.

Fig. 5 shows the profile of P, by varying angles 6 and «
for d = 0.3. By decreasing the duty cycle, the maximum values
of P, tend to occur at smaller values of « if compared with
the previous case. It can be seen that the maximum value of
P, is about 3.3, which is less than that obtained in Fig. 3, i.e.,
equal to 4. When the duty cycle is not equal to 0.5, the phase
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Fig. 6. Power factor for d = 0.3.

current becomes asymmetrical, implying the increase of reac-
tive power flow and the consequent reduction of the maximum
active power. The power factor profile is shown in Fig. 6, as
it can be observed that the maximum value is about 0.8. The
maximum and minimum PF points are separated by values that
vary decreasingly.

For cases where the duty cycle is higher than 0.5,1i.e.,d = 0.7,
similar results to those for d = 0.3 are obtained, although P,
and PF vary in the reverse direction.

Therefore, it is possible to observe from the previous graphs
that the effective PS between primary and secondary fundamen-
tal voltages o’ can be controlled using three variables so that
harmonics and reactive content can be optimized. For example,
if 6 or d decrease, then « needs to increase in order to ensure o’
constant and to limit the reactive contents.

B. Switching Characteristics

The switching profile of the proposed converter is obtained
from the time-varying analysis of the current

ip(w-t)=v2-Ip (o, 0,d) -sin (w - t — @) (13)

where ¢ is the lag angle with regard to the voltage defined as

Im [fL (, 0, d)]
( = arctan (14)

Re [fL (a,@,d)} .

The condition that allows achieving ZVS in the upper switch
of the input bridges lies in defining iz, (0) = 0. Applying this
condition to (13) gives

sin (—p) =0 (15)

The static gain expression for the boundary curve between
the soft and hard switching regions for the upper switch is ob-
tained by substituting (14) into (15) and rearranging the resulting



1866

equation as

Vi (d) - [cosvy - (1 — cos )] + sin+y - sin O

Giw =
" 2-V;-cosa

(16)

The active power for the boundary curve between the soft and
hard switching regions for the upper switch can be determined
by substituting (16) into (10). The previous expression can be
used for the upper or lower switches of the input bridge when
d=0.5.

In order to achieve ZVS in the lower switches of the input
bridges, it is necessary to define iy, (2wd) = 0. Applying this
condition to (13) gives

sin(2-7-d—¢)=0. (17)

The static gain expression for the boundary curve of the lower
input switches is obtained by substituting (14) into (17) and
rearranging the resulting equation as

G = ‘2/:(‘6/? Ccosa+ Sinfcly . tfn (2-7-d) (18)

where
A= cosy-[l—cosf —sinf-tan (27 -d)] (19)
B = siny-[sinf + (1 —cosf) -tan (2-7-d)]. (20)

The power for the boundary curve between the soft and hard
switching regions for the upper switch is found by substituting
(18) into (10).

The third condition to achieve ZVS in the output bridges is
to find the value of iz, (o) = 0. Applying this condition to (13)
gives

sin (o — ¢) = 0. (1)

The static gain expression for the boundary curve of the output
bridge switches is obtained by substituting (14) into (21) and
rearranging the resulting equation as

Go = ‘2/7(‘6? " cosa +Csinfo tan o (22)

where
C = cosvy- [l —cosf —sinf - tana] (23)
D = sinvy - [sinf + (1 — cosf) - tana]. (24)

Analogously to the case of the input bridge switching con-
ditions, the power for the boundary curve of the output bridge
switches is found substituting (22) into (10).

Fig. 7 are plotted substituting (16), (18) and (22) into (10) and
varying static gain G, whose values are 0.5, 1.0, 1.5, and 2.0 in
this case. It can be seen that, independently on the static gain,
the ZVS region always lies between the boundaries, while the
primary upper and lower switches boundaries behave similarly.
For the remaining cases, only one bridge operates in ZVS mode.
When 6 and d equal 180° and 0.5, respectively, also considering
unity static gain, the converter operates in ZVS mode for any
value of «.

Fig. 8 presents the case where 6 is adjusted to 120° as the
ZVS region occurs between the boundary curves. Decreasing 6
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Fig. 8. Input and output bridge soft-switching boundary curves for d = 0.5
and 6 = 120°.

eliminates the ZVS characteristic for unity static gain at high
values of « (in this specific case, for a > 40°).

When the duty cycle tends to extreme values (i.e., 0 or 1), the
switching characteristics are modified. The analysis shown in
Fig. 9 considers that the duty cycle is 0.3, while three regions ex-
ist. The first one is a ZVS region, which lies between the output
bridge and the upper and lower input switch boundaries. In the
second region, the hard-switching behavior only occurs in the
upper input switches. The third region presents soft-switching
for the output bridge and upper input switches. Finally, there is
the fourth region, which is composed by the remaining parts,
where hard-switching occurs. When the duty cycle is higher
than 0.5, the switching characteristics are similar to previous
case with two regions, but they are inverted.

III. ANALYSIS OF THE ACTUAL MODEL

The previous session presented the analysis of power flow
and switching characteristics considering the fundamental
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model analysis.

components of the voltages across the transformer. However,
it is worth to check if the high-frequency harmonics due to the
switches commutation can affect the aforementioned issues sig-
nificantly. For this purpose, the actual model of the converter is
presented and mathematically described as follows. The anal-
ysis is quite complex, which is composed of four (due to the
variation of d) times four (due to the variation of «) regions in a
total of 16 regions for a given direction of power flow and using a
fixed value for #. That is why the derived analysis considers § =
180° and a single region for the duty cycle.

A. Power Flow

The topology presented in Fig. 1 can be simplified in the form
of the equivalent circuit in Fig. 10 where the primary side is re-
ferred to the secondary one, where Ly 4, L1 g, and Ly ¢ are the
leakage inductances per phase; VAP, Vép, VC’p, are the phase
voltages across the primary side referred to secondary side; V4,
Vis, Vos are the voltages across the secondary winding with
regard to the dc bus midpoint. According to the switching states,
the duty cycle, and phase shift «, the current through the trans-
former is supposed to assume a given shape and, consequently,
a particular analysis for each case must be carried out. There-
fore, the converter analysis must be performed according to the
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existing operating regions, also considering the aforementioned
current waveform.

Fig. 11 presents all waveforms that represent the opera-
tion of the equivalent circuit in Fig. 10, and also the current
through the secondary side in phase A considering 1/3 < d <
1/2 and region R1, which corresponds to (1 — 2d)7/2 < o <
/3 — (1 — 2d)m/2. The analysis considers that & = 0 occurs
according to the fundamental component of the phase voltage
v4, (), where ¢ = wt. It can be stated that there are ten oper-
ating stages for a complete period of voltage v4,’(¢). Adopting
terminals 1 and 2 as a reference, the Thévenin equivalent circuit,
and consequently the expressions that correspond to the volt-
age, current, and inductance can be determined as (25)—(27),
respectively

V., —GVpg, V5L — GV
Vrh _ V/llp _ GVAs _ 'Bp 5 B¢ _ 'Cp 5 C
(25)
L
Ly, = 7L (26)

. 2 Vi , 2 Vi,
ir,. (¢) Z/g : sz dp =i, (¢0) + 3" sz (o= %0)-

27)

In order to analyze the operating stages, it is necessary to
define the average voltages. Considering V, = Vj., /2, the volt-
age across the primary side may assume three levels (—V,, 0,
+V,), while that across the secondary one may assume two lev-
els (—V,, +V,). By employing (25) and (27) and determining
the voltage level for each operating stage, the current can be
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determined as

iny, (p0) + 3£ (0) 00 <9 <1
in,, (1) + 220D (o — o) o S @ <
iy, (<P2)+§V°<UJ1£G) (o —2), 2 < < 3
i, (ps) + 2282 (0 — ), 05 Sp <
L (o) =4 (1) + 22229 (0 — 1) ;01 < 0 < 05
e ipy, (05) + 22229 (0 — 5) o5 < o < g
Ly, (@G)+%W(@ ©w6),p6 < < 7
ir,, (p7) + %M (o —w1),01 <0 <3
ira, (ps) + %Vﬁ(k | (0 —8),08 <0< g
Ly, (@9)‘*‘%‘/( G (o —p9) 09 < 0 < P10

(28)

where (1) represents the instant between the operating
stages. The instants can be found in (29).

Substituting (28) into (30) allows determining the expression
for the output power in Ry, as the same procedure can be carried
out for the remaining regions. The generic expression valid for
regions R; to Ry is represented by (31)

wo =0
o1 =(1-2d)%
P2 =«
p3 =% —(1-2d)%
s =%+ (1 -2d)%
s =5 ta 29)
oo =2 — (1-2d)%
pr =% +(1-2d)%
‘PS:%W-I-Q
pg=m—(1-2d)%
P10 =T
3 27
Fo=on J. Grvas () ir,, (p)dp (30)
Koo [6md (1 - d) + 80— b2 — 2],
p1 < a<ps
Ko |7d (7T - 9d) + (74 6d)a — 22* — 1z ]
P, (a,d) = i p3<a< ¥ -
Bre \7d (7 - 9d) + (7 + 6d) 0 — 2= — 12]
_ Fsa<g
4Kp, [Wd(l_d)—i—a_%_l;gr}
p1 < a< g
€29}
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where

(32)

B. Switching Characteristics

The conditions that allow achieving ZVS in the actual
model for the upper and lower switches in the input bridge,
and switches in the output bridge are i [(1 — 2d)7/2] =0,
ias[m— (1 —2d)7/2] = 0 and i4,(a) = 0, respectively. If the
aforementioned conditions are applied to the expression of the
current valid for a given region, the boundary curves that define
soft switching can be obtained. The expressions for the bound-
ary curves of the upper side switch in the input bridge, lower
switch of the input bridge, and switch of the output bridge are
given by (33)—(35), respectively

7 (1+6d) e
6(a+nd)—Tr’ L= 73
7 (14 6d) T
G Sl it S < z
6(a+md) — T’ Y3 s as3
Giy = (33)
7w (1+6d) T e
6(a+md) -7 3~ o
7 (14 6d)
_ <
Rlatn(d_1) $=0=w
m(1+6d
6(0[(—7Td)z71" 901<O[<903
7 (14 6d) ™
< a
12 (a — 7d)’ sasy
Gu = (34
~ m(1+6d) T e
12(@—rd)’ 3-"°%
m(1+6d
_12((a—7rc;)’ P4 %<
21 — 3o
Ton v1 < o<
(7 +6d) — 18« 0
G, = (35)
(7 + 6d) — 18« T e
& BT
31 — 6
T P14 < 0 < g

Fig. 12 compares the power and switching curves obtained
from expressions (10), (16), (18), and (22) in the fundamen-
tal model and expressions (31)—(35) for the actual model. As
the references for the fundamental model and actual model are
different, the correction factor —(1 — 2d)w/2 was added for
variable «v in (31). It can be seen that the curves are nearly the
same for G = 1.0 and G = 1.5. The boundary curves between
the hard and soft commutation regions are plotted and compared
with the ones obtained from the fundamental model. Satisfac-
tory match is obtained considering the phase shift angle ranging
from 0° to 60° and the duty cycle between 1/3 and 0.5. It is
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and fundamental models for d = 0.389 and 6 = 180°.

TABLE I
SPECIFICATIONS FOR THE MODEL VALIDATION

Input Voltage V; 96 V

Output Voltage V,, 350-380 V

Output Power P, 3.5 kW
TABLE I

ASSUMPTIONS FOR THE MODEL VALIDATION

Phase-shift angle o +25°
Phase-shift angle 6 180°
Duty cycle d 0.5
Switching frequency f 20 kHz
Dc input voltage ripple AVy; 5%
Dc output voltage ripple AV, 5%

interesting to note that the maximum percentage error verified
between the power curves for the actual model and the funda-
mental model is approximately 0.4% for G = 1.0 and 1.6% for
G = 1.5. These excellent matches occur when d is equal to 0.389
(or varies from d = 1/2 until d = 1/3) as the current waveform
145 (¢p) is nearly sinusoidal.

IV. EXPERIMENTAL RESULTS

The specifications and assumptions for the model validation
are shown in Table I and II, respectively. The values chosen for
«, 0, d, and G are supposed to ensure that the converter presents
soft-switching and high power factor. A reduced value of « in
association with 6 = 180° provides low reactive power flow
through the transformer, as observed in Figs. 4 and 6. When the
duty cycle is 0.5 and the static gain is unity, ZVS occurs over
the entire operation range, as observed in Fig. 7. Good tradeoffs
can be obtained by choosing o < 30°.

Equations (10) and (12) are also used to obtain the leakage
inductance, which is 22.16 pH. The design of the transformer
and inductor required to complement the leakage inductance is
performed according to [32]. Therefore, the transformer turns
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Fig. 13.

Experimental prototype.

TABLE III
POWER CIRCUIT COMPONENTS USED FOR THE MODEL VALIDATION

Input electrolytic capacitor

Input polypropylene capacitor

Output electrolytic capacitor

Output polypropylene capacitor
Secondary polypropylene series capacitor

6 x 100 pF/400 V

6 x 1 pF/400 V

1 x 470 pF/450 V

3 x 470 nF/630 V

3 x 3 nF/100 V (per phase)

Transformer 3 x Core Magmattec MMT139T6325,
n=29/15
Inductor 3 x Ly = 21.5 pH, core Thornton NEE

42/21/20, N4 = 15
12 x IRFP4321PbF
6 x IRGP50B60PD

Primary switches
Secondary switches

ratio is n = 29/15 in this case. Besides, the ideal value of V., =
371.2 V associated with unity static gain is obtained from (6).

Fig. 13 shows the experimental prototype and the power cir-
cuit components given in Table III, which are designed accord-
ing to Table I and II. Some experimental results are presented
and discussed as follows.

A. Experimental Results for Model Validation

A comparison between experimental and theoretical (funda-
mental model) results is shown in Fig. 14. The initial and final
errors in boost mode are 5.3% and 2.7%, respectively. The dif-
ference occurs due to the harmonic contents of the waveforms
in the experimental prototype, which has not been considered in
the fundamental model. Analogously, buck mode has presented
initial and final errors of 13.6% and 2.9%, respectively.

B. Experimental Results for Rated Power

Fig. 15 shows the primary and secondary leg line voltages
with regard to the dc bus midpoint and also the secondary cur-
rent when the converter operates in boost mode. The maximum
values for the voltages are primary and secondary voltages are
96 and 355.1 V, respectively. The output voltage was adjusted
to ensure the best shape for the current through the transformer
and, consequently, the maximum system efficiency. The dif-
ference between theoretical and experimental output voltages
occurs due to semiconductors and magnetics stresses. The rms
secondary line current is 7.8 A. The PS angle o between primary
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operation in boost and buck modes.
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voltage V45 (2-100V/div; 10 ps/div), and secondary line voltage (leg with Fig. 17.

regard to dc bus midpoint) V4, (3—100 V/div; 10 ps/div).

and secondary sides can be seen according to the displacement
between the voltage waveforms.

Three secondary line currents are shown in Fig. 16. The wave-
forms are symmetric and the existing dc component is less than
1%. Secondary line currents do not present dc components due
to the use of series capacitors.

The switching profile for the design example is shown in Figs.
17 and 18. It is worth to mention that the currents through the
switches are measured indirectly using the line currents consid-
ering that the converter operates in boost mode. The primary
side is represented by Fig. 17 and secondary side corresponds
to by Fig. 18. ZVS occurs in both cases, which is expected ac-
cording to specifications in Table I and the profile presented in
Fig. 7 for ae = 25.0°.

C. Switching Characterization for Static Gain Modified

The waveforms shown in this section are obtained using a
static gain, although ever the bus voltages are adjusted to half

Fig. 18.

Primary switch current I 4,

(1-20 A/div;- 10 ps/div) and primary
switch voltage Vg 41 (2-50 V/div; 10 ps/div).
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ondary switch voltage Vg (2-100 V/div; 10 ps/div).
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Fig. 20.  Results for & = 20° and G = 1.5: Secondary switch voltage Vg1 (1—-
100 V/div; 5 ps/div) and secondary switch current I, 4 5 (2-10 A/div; 5 ps/div).

of the rated value, i.e., Vg., = 48 V and V4., = 200 V to avoid
damaging the prototype.

According to Fig. 7, when oo = 20° and the static gain equals
1.5 (Vie, = 300 V), the input bridge presents hard switching.
The experimental results presented in Figs. 19 and 20 validate
this behavior. Besides, it is possible to observe an overvoltage
across the switches and a high dc voltage ripple in the input
bridge.

D. Efficiency

Fig. 21 presents the measured efficiency of the converter as a
function of the output power for the converter operating in boost
and buck modes. The effective PS angles obtained for each mea-
surement are shown, which are different from the applied values
(5°, 10°, 15°, 20°, and 25°) due to delays provided by drivers
and buffers. Operation in boost mode provides an efficiency of
95.9% at rated power of 3500.6 W, while the maximum value
is 96.7%. The efficiency in buck mode is slightly lower than
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Fig. 21.  Efficiency curves in boost and buck modes.

that in boost mode, i.e., 95.8% at rated power of 3520.0 W and
maximum efficiency of 96.4%.

V. CONCLUSION

This paper has presented the steady-state analysis of a ZVS
bidirectional isolated three-phase dc—dc converter with DPS
and variable duty cycle. According to the derived equations
and graphs generated from the fundamental model analysis,
it is possible to obtain the optimum design specifications that
ensure high power factor at rated condition and soft-switching.
Besides, the validation performed in Section V proves that both
soft-switching conditions and the power curves can be obtained
from the fundamental model.

The experimental results have validated the fundamental
model, while the difference between theoretical and experi-
mental efficiency curves is small. The converter efficiency is
satisfactory, which is about 96% at rated power. The optimal
result occurs due to phase parallelism in the primary side and
soft-switching operation. Therefore, the proposed approach can
be seen as an efficient solution for high-power applications con-
sidering the design guidelines given in the paper.

Future work includes an analysis of the dynamic model and a
new control architecture considering the three control variables
in order to perform power flow control optimizing the reactive
contents and soft-switching conditions. Also, the control of the
magnetizing current can be made to eliminate dc components
through transformer current and, consequently, to eliminate the
series capacitors.
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