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Novel Modulation of Isolated Bidirectional DC–DC
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Abstract—In this study, a novel modulation of an isolated three-
phase bidirectional dc–dc converter is proposed for the high-
voltage input power supply to low-voltage output energy storage
systems. The wye-delta connection of the transformers is employed
to reduce the voltage stress at the high side and the current stress
at the low side of the transformers. Frequency control allows the
output voltage regulation, and a phase-shift algorithm with a res-
onant tank is proposed following with the switching frequency to
reduce the frequency range with the specific power. Furthermore,
the zero-voltage-switching condition for all MOSFETs in the entire
power range, which is the major restriction of a single-phase con-
verter, is also discussed in this paper. The three-phase wye-delta
converter significantly reduces the ripple of inductor current com-
pared with that of a single-phase converter. A 2 kW prototype
converter was built and successfully tested to verify the capability
of such control modulation.

Index Terms—Bidirectional converter, frequency modulation,
phase-shift algorithm, three-phase wye-delta converter.

I. INTRODUCTION

R ENEWABLE energy resources have been paid significant
attention due to the limitation of oil resource and their

pollution. However, such energy resources are unstable and eas-
ily lead to an intermittent trouble, so it is difficult to supply
directly to the output without any protection or backup. There-
fore, the energy storage systems (ESSs) have been proposed and
widely used in so many applications [1]. These storage systems,
such as batteries or ultracapacitors, store the energy during the
over-supplying power and play as a power source during the
disruption of renewable energy resources. A bidirectional con-
verter is the best candidate to transfer these energy resources
to the ESSs and supply the energy from ESSs to the load be-
cause of its bidirectional flows, reliability, and easy control. Two
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Fig. 1. Bidirectional resonant converters.

common topologies of the bidirectional dc–dc converters,
namely, isolated and nonisolated converters exist. The noniso-
lated converters, such as buck–boost, Cuk, and single-ended
primary inductance converter (SEPIC) converters, have been
employed in some applications [2]–[5]. They possess advan-
tages, such as simple circuitry, small size, low cost, and the
simple controller. However, no protection exists between the
batteries and dc-bus because of the nonisolation, and the reli-
ability and safety of the dc-bus and batteries need to be con-
cerned. Moreover, the zero-voltage-switching (ZVS) condition
of all switches needs to be considered carefully; in other words,
it is very hard to design the topology and controller to achieve
the ZVS in the whole power range, results in low efficiency es-
pecially at light-load condition. Voltage gain is also one of their
limitations. The multilevel converter can fulfill the voltage gain
but the complicated configuration is a drawback. Therefore, iso-
lated converters are employed to adjust the output voltage for
specific applications with the simple circuit [6]–[25]. The out-
put can be regulated at low or high voltage depending on the
transformer turn ratio without affecting the voltage gain. Fly-
back and forward converters are constructed to some small and
medium power applications [6]. However, the required com-
ponents are a trouble for specific applications because of the
high stress on the switches. Dual active bridge converter has
been employed in high-power applications [7]–[13]. Neverthe-
less, the ZVS range is very narrow. Therefore, the efficiency is
poor, especially at light-load condition. Single-phase-shift con-
trol, dual-phase-shift control, and triple-phase-shift control are
used. However, these controllers cannot cover the ZVS for all
power range and are becoming increasingly complicated. Many
operation modes occur in the entire power range, and the tran-
sition is a significant problem. Converters with a resonant tank
are employed to extend the ZVS range [14], [15]. Fig. 1 shows
the schematic of general resonant converters. Some topologies,
such as series resonant, parallel resonant, and their combination,
are utilized. The series resonant converter (SRC) was proposed
to apply in the step-down system. However, SRCs produce high
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Fig. 2. Three-phase connection. (a) Delta-delta. (b) Wye-wye. (c) Wye-delta.
(d) Delta-wye.

inductor current ripple and result in high rms current, and the
conduction loss is high even in the light-load condition. The
switching frequency range leads to the difficulty of the reso-
nant tank design to fulfill the ZVS in the entire power range.
The three-phase converter can reduce the inductor current ripple
by sharing the energy [16]–[25]. The three-phase transformer
connection possesses four combinations: wye-wye, wye-delta,
delta-wye, and delta-delta. The connection of the four combina-
tions is shown in Fig. 2. The wye connection is usually used in
high-voltage applications. The voltage stress on the transformer
of wye connection is always lower than the input because of its
characteristic. The delta connection is employed in high-current
applications because of its lower current stress on transformer
and reliability compared with those of the wye connection. The
three-phase isolated dc–dc resonant converter has been studied
in some applications [26]. However, the design considerations
such as voltage and current stress of the transformer, ZVS con-
dition in the whole power range have not been analyzed and
verified carefully. In [19], the ZVS condition for MOSFETs was
analyzed in detail. However, the ZVS range is narrow due to
the limitation of the control method. Since almost studies aimed
to propose the unidirectional flows, they cannot be used for the
ESS in which bidirectional flows are required [27], [28]. More-
over, since the diodes or the synchronous switches are employed
in the secondary side, there is the fixed phase shift between the
primary and secondary sides [26], [27]; in other words, the
frequency control scheme was proposed for these topologies.
Therefore, the frequency range needs to be considered in the
wide power range applications.

This study proposes the three-phase bidirectional converter
and its novel control scheme. This topology can fulfill the draw-
backs of single-phase converters and SRCs. The low side of this

Fig. 3. Three-phase bidirectional wye-delta converter.

topology is an ESS with low voltage rating and high power, and
it requires the delta connection to overcome the problem of relia-
bility and to reduce the current stress of the transformer. The high
side of this circuit is a dc-bus or renewable energy resources with
high voltage rating. Wye connection is employed to reduce the
voltage stress of the transformer. The ZVS condition for the en-
tire power range of all MOSFETs is also discussed. Moreover, the
phase shift control algorithm allows the reduction of the switch-
ing frequency range significantly. A 2 kW prototype was suc-
cessfully built and tested to verify the contribution of this work.

II. NOVEL CONTROL MODULATION OF A BIDIRECTIONAL

WYE-DELTA CONVERTER

The circuit schematic of the three-phase bidirectional wye-
delta converter is shown in Fig. 3. Switches SA –SF and S1–S6
are controlled at 0.5 duty ratio. The system transfers the energy
from the primary side dc-bus V1 to the secondary side battery
V2 in the buck mode. In the opposite-side power flow direction,
the battery V2 plays as a power source to transfer the energy to
the dc-bus V1 in boost mode. The turn ratio between the primary
and the secondary side of the transformer is defined as n. Three
legs in the primary side and three legs in the secondary side
exhibit phase shifts at 120° and 240°, respectively. Phase shift φ
between the primary and secondary sides is proposed to control
the power flows and reduce the switching frequency range of
the circuit. In other words, switches SA and S1 possess phase
shift φ, switches SC and S3 obtain phase shift (120◦ + φ) and
switches SE and S5 possess phase shift (240◦ + φ). The lower
leg switch is symmetrical with the upper switch in the same leg.
The switching frequency fs of the system is also controlled to
regulate the output voltage.

The basic idea about the SRC has been discussed in many
papers [25]–[27]. In this study, a series resonant tank is em-
ployed to achieve the ZVS of MOSFETs. The equivalent circuit
of phase one is depicted in Fig. 4, and phases two and three
possess the same equivalent circuit. The resonant frequency fr

and impedance Z depend on the resonant inductor Lr1 , resonant
capacitor Cr1 , and are expressed as

fr =
1

2π
√

Lr1Cr1
(1)

Z = j2πfsLr1 +
1

j2πfsCr1
. (2)
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Fig. 4. Equivalent circuit of phase one.

Fig. 5. Timing diagram of the proposed control modulation.

The impedance Z is the same at every phase in the three-
phase converter. As the feature of the SRC, switching frequency
fs is higher than the resonant frequency to fulfill the ZVS for
MOSFETs. The timing diagram in accordance with this basic op-
eration is proposed in Fig. 5. The phase shift φ between switches
SA and S1 is controllable. This phase shift can be calculated by
the power transfer. The equivalent circuits of all intervals are
shown in Fig. 6(a)–(f). The primary transformer voltage is op-
erated in six steps, and the secondary transformer voltage is
controlled in three steps. The zero state of the secondary trans-
former voltage is created by the wye-delta connection. This zero
state can reduce the converter circulating current and results in a
low power loss in the transformer. The timing diagram presents
that the inductor current is symmetrical in one switching pe-

Fig. 6. Equivalent circuit of the three-phase converter.

riod. Therefore, only the positive part of the inductor current
is analyzed and the negative part is omitted. We assume that
the components are the same in three phases and the inductor
current of three phases can be expressed as

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

ILr1 =
VAN − nVab

Z

ILr2 =
VBN − nVbc

Z

ILr3 =
VC N − nVca

Z

(3)

VAN =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

1
3
V1 , (t0 ≤ t < t2)

2
3
V1 , (t2 ≤ t < t4)

1
3
V1 , (t4 ≤ t < t6)

(4)

Vab =

⎧
⎪⎨

⎪⎩

0, (t0 ≤ t < t1)
V2 , (t1 ≤ t < t5)
0, (t5 ≤ t < t6).

(5)

Assumed that one switching period can be transformed to
(2π) without the approximation. Fig. 7 shows the timing dia-
gram of phase one in one switching cycle. It can be seen that
the inductor current ILr1 = ILr2 = ILr3 with the phase shift
of 120° and 240°, respectively; therefore, only phase one is



DUNG et al.: NOVEL MODULATION OF ISOLATED BIDIRECTIONAL DC–DC CONVERTER FOR ESSS 1269

Fig. 7. Equivalent diagram of the inductor current of phase one.

analyzed for simplified calculation. The operating principle in-
dicates that voltage ratio MG = nV2/V1 can be used to simplify
the calculation of the inductor current. The timing diagram also
implies that

iLr1(θ0) = −iLr1(π) = −2πVAN − 3πMGVAN

9|Z| (6)

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

iLr1(θ) =
VAN (3θ − 2π + 3πMG )

9|Z| ,

(θ0 ≤ θ < θ1)

iLr1(θ) =
VAN (3θ − 2π + 3πMG − 9θMG + 9φMG )

9|Z| ,

(θ1 ≤ θ < θ2)

iLr1(θ) =
VAN (2θ − π + πMG − 3θMG + 3φMG )

3|Z| ,

(θ2 ≤ θ < θ3)

iLr1(θ) =
VAN (3θ − π + 3πMG − 9θMG + 9φMG )

9|Z| ,

(θ3 ≤ θ < θ4)

iLr1(θ) = −VAN (π − 3θ + 3πMG )
9|Z| ,

(θ4 ≤ θ < θ5)
(7)

where
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

θ0 = 0
θ1 = φ

θ2 = π/3
θ3 = 2π/3
θ4 = 2π/3 + φ

θ5 = π.

Then, the power transfer can be calculated by the energy from
the primary side send to the secondary side

Ptr,1φ =
∫ π

0
VAN (θ)iLr1(θ)dθ =

MGV 2
1 (6φ − π)
18|Z| . (8)

Fig. 8. Inductor current direction. (a) Primary side. (b) Secondary side.

Fig. 9. Equivalent circuit. (a) Before MOSFET SA turns ON. (b) Before MOSFET

S1 turns ON.

The power transfer of the three-phase bidirectional wye-delta
converter can be expressed as

Ptr,3φ = 3Ptr,1φ =
MGV 2

1 (6φ − π)
6|Z| . (9)

The output power can be estimated by the efficiency η as
follows:

Pout = ηPtr,3φ =
ηMGV 2

1 (6φ − π)
6|Z| . (10)

III. ZVS CONDITION

The inductor currents of the primary and secondary sides
of phase one are shown in Fig. 8(a) and (b), respectively. The
body diode of the upper MOSFET of the primary side should be
conducted prior to the switch turn ON. The current should be at
the direction of iZV S1 direction, as shown in Fig. 8(a). In other
words, the inductor current iLr1 is negative, and its absolute
value should be higher than that of the resonant current Ires1
formed by the resonant tank and the output parasitic capacitance
of the MOSFETs. Fig. 9(a) shows the equivalent circuit of this
resonance before MOSFET SA turns ON. Similarly, the inductor
current should be positive to achieve ZVS for the lower MOSFET.
When current iLr1(θ0) is negative, the ZVS condition for switch
SB is also fulfilled because of the symmetry of the inductor
current, as shown in Fig. 5. The ZVS condition of switches SA
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Fig. 10. Feature of inductor current at the secondary side.

can be expressed as

iLr1(θ0) = −2πV1 − 3πMGV1

27|Z| ≤ −Ires1 (11)

⇒ MG ≤ 2 − 27|Z |Ir e s 1
πV1

3
(12)

Ires1 = V1

√
2Coss1Cr

(2Coss1 + Cr)Lr
. (13)

At MOSFET S1 of the secondary side, the body diode should
be conducted before S1 turns ON, or inductor current ia is
positive and higher than the resonant current formed by the
effect of the primary resonant tank and the parasitic capaci-
tance of the secondary side MOSFET, as shown in Fig. 9(b). For
MOSFET S2 , inductor current ia is negative to achieve ZVS.
Switch S2 achieves ZVS requirement because of the symmetry
of the inductor current. As shown in Fig. 10, the inductor current
of phase one in the secondary side can be calculated as

ia = n(iLr1 − iLr3). (14)

To achieve ZVS for switch S1 , the inductor ia should be

ia = n(iLr1(θ1) − iLr3(θ4)) ≥ Ires2 (15)

where

Ires2 = V2

√
2Coss2Cr

(2Coss2 + n2Cr)Lr
(16)

⇒ n

[
V1(3φ − 2π + 3πMG )

27|Z| − −V1(−3φ − π + 3πMG )
27|Z|

]

≥ Ires2 (17)

⇒ MG ≥
9|Z |Ir e s 2

nπV1
+ 1

2
. (18)

The optimized voltage ratio MG for the ZVS of all MOS-
FETs can be calculated by the minimum power transfer with

Fig. 11. ZVS condition of the three-phase bidirectional DC–DC converter.

Fig. 12. Total loop controller of the bidirectional three-phase wye-delta
converter.

maximum switching frequency, that is

9|Z |m a x Ir e s 2
nπV1

+ 1

2
≤ MG ≤ 2 − 27|Z |m a x Ir e s 1

πV1

3
. (19)

From the specification, the voltage ratio MG is chosen with
the condition from (19). From (12) and (18), the condition of
the impedance Z can be calculated by

⎧
⎪⎪⎨

⎪⎪⎩

|Z|1,max ≤ πV1(2 − 3MG )
27Ires1

|Z|2,max ≤ nπV1(2MG − 1)
9Ires2

.

(20)

The switching frequency range for ZVS condition is calcu-
lated by (20) with the value of the resonant tank and shown in
Fig. 11. Whenever the circuit operates within the ZVS condition,
the ZVS can be achieved for all MOSFETs. In the conventional
SRC, the ZVS condition is limited by the maximum switching
frequency. The range of switching frequency is wide, and the
ZVS range is wider. However, the design of the resonant tank
and the electromagnetic interference noise are problems with
the wide switching frequency. In this novel control design, the
switching frequency range is highly dependent on the voltage
gain MG , as shown in (20). Moreover, the phase shift control
scheme is employed to reduce the range of switching frequency.
As shown in (10), power is controlled not only by the switch-
ing frequency but also by the variable phase shift. Therefore,
the frequency range can be limited to a small range, and the
phase shift can be calculated in parallel with the frequency to
optimize the power transfer with the best “switching frequency
point.” The control modulation of the bidirectional three-phase
wye-delta converter is shown in Fig. 12. Two blocks exist: the
first block is a proportional-integral (PI) controller, which is used
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TABLE I
COMPARISON OF THE SINGLE-PHASE RESONANT CONVERTER, WYE-WYE

RESONANT CONVERTER, AND THE PROPOSED CONVERTER

to regulate the output voltage by frequency control. The second
block is the phase-shift control algorithm. This block receives
the voltage and current. The phase shift can be calculated based
on (10) with the estimation of the previous efficiency. There
will be a small error between the calculation and the real model
because the present efficiency is unknown. However, this error
is small and can be neglected because the previous efficiency
η(n − 1) can be determined. From (10), the initial value of the
phase shift is 30°. The duty ratio D1 = 0.5 is employed for all
MOSFETs. Moreover, phase shifts φ1 and φ2 are the phase shifts
between phase two and phase three to phase one in the primary
and secondary sides, respectively. In the pulsewidth modulation
block, the evaluation of switching frequency and double check-
ing with (11) and (15) are employed to ensure that all MOS-
FETs achieve ZVS. The transition between previous switching
frequency fs(n − 1) and current switching frequency fs(n) is
checked to ensure that no significant step occurs from fs(n − 1)
to fs(n) because the frequency control with phase shift is sen-
sitive to output change. The comparison of the proposed mod-
ulation with the single-phase resonant converter and the bidi-
rectional three-phase wye-wye converter is discussed in Table I.
In the single-phase resonant converter, the frequency modula-
tion is popularly employed to regulate the output. However, the
power range is smaller than the three-phase resonant converter.
Moreover, the ZVS is limited by the switching frequency; or, the
ZVS range is narrow compared with the three-phase resonant
converter at the same power rating because of the limitation of
the resonant tank design. Furthermore, the voltage and current
stress of the transformer is higher since only single-phase con-
verter covers all the load. The three-phase wye-wye converter
can reduce the stress on every switch. However, the ZVS is also
limited because the wye-wye connection can be considered as
three single-phase converters. Moreover, the control modulation
limits the ZVS because of the limitation of the switching fre-
quency range. The range of the switching frequency is wider,
the design of the resonant tank is harder. Additionally, the de-
sign of the resonant tank to operate the system in forward and
reverse mode is a big issue since the forward mode can be op-
erated in inductor-inductor-capacitor (LLC) region and reverse
mode is modulated in SRC region and vice versa. Therefore, the

TABLE II
KEY PARAMETERS OF THE BIDIRECTIONAL THREE-PHASE

WYE-DELTA CONVERTER

switching frequency range should be considered very carefully.
The proposed modulation is only operated in the SRC mode for
both forward and reverse modes. The phase shift is employed to
control the direction of the power flow and to reduce the burden
of the switching frequency. Therefore, the frequency range is
smaller within the ZVS range in the whole power range.

IV. SIMULATION AND EXPERIMENTAL VERIFICATIONS

A 2 kW prototype with the resistor load was built and success-
fully tested to verify the feasibility of the control modulation.
The specification of this topology is shown in Table II. As-
sumed that at maximum phase shift, the maximum power trans-
fer can be calculated by the maximum impedance Z as shown
in (20). In other words, the power transfer can be higher at the
smaller impedance Z; or, the range of the power transfer could
be higher than the original design. Therefore, the limitation of
the impedance Z can be expressed as

Ptr,3φ,max =
MGV 2

1 (6φmax − π)
6|Z|max

(21)

where φmax = π/4 and Ptr,3φ,max is the maximum power of
the prototype, the maximum impedance can be calculated from
the voltage ratio MG . From (12), (13), and (21), the resonant
capacitance and inductance can be calculated as

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

fr =
1

2π
√

LrCr

MG ≤
2 − 27|Z|maxIres1

πV1

3

Ires1 = V1

√
2Coss1Cr

(2Coss1 + Cr)Lr

|Z|max =
MGV 2

1 (6φmax − π)
6Ptr,3φ,max

.

(22)
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The value of the resonant inductor and capacitor can be chosen
as

{
Lr = 20 μH

Cr = 130 nF.

The resonant current Ires1 and Ires2 can be determined by (13)
and (16)

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Ires1 = V1

√
2Coss1Cr

(2Coss1 + Cr)Lr
= 1.44 A

Ires2 = V2

√
2Coss2Cr

(2Coss2 + n2Cr)Lr
= 0.16 A.

Equation (19) indicates that the voltage ratio range is figured
out

0.502 ≤ MG ≤ 0.562.

MG = 0.56 is selected within this range, and the turn ratio n
is computed using the following expression:

n =
MGV1

V2
= 14/3.

From (20), the range of the impedance Z is defined as
⎧
⎪⎪⎨

⎪⎪⎩

|Z|1,max ≤ πV1(2 − 3MG )
27Ires1

= 10.34

|Z|2,max ≤ nπV1(2MG − 1)
9Ires2

= 488.7.

Therefore, the maximum switching frequency can be calcu-
lated as

|Z|max = 2πfs,maxLr − 1
2πfs,maxCr

≤ 10.34

⇒ fs,max ≤ 148 kHz.

The maximum switching frequency is matched to the design.
Therefore, the ZVS of all MOSFETs can be achieved when the
operating switching frequency is under the range

fr (= 100 kHz) ≤ fs ≤ fs,max(= 148 kHz).

The digital signal processor (DSP) TMS320F28035 of Texas
Instrument is employed to control the system. The control law
accelerator module of this DSP with the interrupt frequency
equal to the switching frequency is defined for better perfor-
mance. Fig. 13 shows the simulation waveform of three-phase
dc–dc converter operating in the buck and boost mode at 100%
load. The shape of the inductor current is matched with the anal-
ysis. Moreover, the primary voltage is six-step and the secondary
voltage is three-step as the same as shown in Fig. 5. The exper-
imental waveforms of the buck and boost mode from light-load
to full-load condition of phase one at the nominal input volt-
age (V1 = 400 Vdc) are shown in Fig. 14. At the light-load
condition, the switching frequency is high with a small phase
shift value due to (10). The inductor current at the turned-ON of
MOSFET SA is negative and lower than Ires1 from light load to
full load. The secondary current also satisfies the ZVS condi-
tion for the secondary MOSFETs on the basis of (15). The ZVS
is achieved in all MOSFETs from light-to full-load condition.

Fig. 13. Simulation waveform of the (a, c, e) buck and (b, d, f) boost modes
at 100% load, respectively.

Fig. 14. Typical waveforms of the (a, c, e) buck mode and (b, d, f) boost mode
at 10%, 50%, and 100% load.

Fig. 14(a), (c), and (e) illustrates that the frequency is reduced
from 132 to 124.3 kHz and 111 kHz to regulate the output volt-
age and the phase shift is increased by (10) in the buck mode. In
the boost mode, the frequency reduces from 131.3 to 124 kHz
and 113.1 kHz, as shown in Fig. 14(b), (d), and (f). The primary
transformer voltage is at two-thirds of input voltage, which is
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Fig. 15. Typical waveforms of (a, c, e) buck and (b, c, f) boost of the three-
phase converter at 20% load.

Fig. 16. ZVS of MOSFETs SA and S1 at 10% load in the buck mode.

the advantage of the wye connection of the transformer. The
small oscillation of the primary voltage VAN is from the reso-
nance formed by the resonant inductor and the output parasitic
capacitor of the secondary MOSFETs. Moreover, because of the
use of the free common node “N” in the wye connection of
the transformers, it would cause the noise from the parasitic
components of the transformers.

The primary and secondary voltage transformers and the in-
ductor current of the three-phase converter waveforms at input
voltage V1 of 400 Vdc are shown in Fig. 15. Phases two and three
exist phase shifts 120° and 240° with phase one, and the induc-
tor currents of the three phases are balanced. In other words, the
energy transfer of the three phases is balanced. Fig. 16 shows
the ZVS of MOSFETs SA and S1 at 10% load in the buck mode.

Fig. 17. Typical waveforms at 30% load. (a) 390 Vdc input voltage.
(b) 420 Vdc input voltage.

Fig. 18. Dynamic load from 10% to 80% load.

Fig. 19. Measured efficiency performance.

Whenever the inductor current fulfills the ZVS condition, the
MOSFETs can achieve ZVS even at light-load condition. Fig. 17
shows the typical waveforms at 390 and 420 Vdc input voltage
at 40% load. The inductor current and the transformer voltage
keep the same with the analysis. To demonstrate the closed loop
of the controller, the dynamic load from 10% to 80% is shown
in Fig. 18. It is shown that the output voltage is well regu-
lated. To limit the transient peak current, the time response of
the controller was designed “slower.” Fig. 19 shows the over-
all performance of the three-phase wye-delta converter in buck
at minimum, maximum, and nominal input voltage and boost
modes. The efficiency is quite high from light load to full load.
The results show that a peak efficiency of 97.02% is achieved
at the nominal input voltage. Fig. 20 shows the prototype of the
three-phase wye-delta bidirectional converter.
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Fig. 20. Prototype of the bidirectional three-phase series resonant wye-delta
converter.

V. CONCLUSION

A bidirectional three-phase wye-delta converter with a novel
control modulation is proposed in this study. The wye-delta
connection allows the stability of the battery side and reduces the
voltage and current stress on the transformers. A novel control
modulation with a frequency control and phase-shift control
algorithm was employed to optimize the rms inductor current
by limiting the small range of the switching frequency and to
achieve the ZVS for all MOSFETs in the entire power range. A
2 kW prototype is built and successfully tested to verify this
topology and the control modulation.
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