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A Three-Phase Bidirectional AC/DC Converter With
Y-A Connected Transformers

Ling Gu and Ke Jin, Member, IEEE

Abstract—This paper proposes a three-phase bidirectional
ac/dc converter with Y-A connected transformers. The converter
achieves both buck-boost ac/dc bidirectional conversion and elec-
trical isolation with the single-stage structure. By introducing three
dc—dc transformers, the total power is distributed and the current
stress of the rectifier stage decreases. The Y-A connected trans-
formers provide extra step-down conversion ratio and facilitate
the converters’ application in buck conversion. The circuit deriva-
tion, operation principles, and control strategy with the SVPWM
algorithm are presented. A 3-kW prototype with 380-V dc and a
1.6-kW prototype with 48-V dc were built in the lab and experi-
mental results verify the theoretical analysis well.

Index Terms—Bidirectional ac/dc converter, single-stage struc-
ture, SVPWM, Y-A connected transformers.

1. INTRODUCTION

HILE the emergence of severe energy crisis and envi-
W ronment pollution poses austere challenge on people,
it brings opportunities for renewable energy power generation.
As a typical application, microgrid has attracted more and more
attention with its flexible and full use of various renewable en-
ergy sources [1]-[5]. The 380-V dc microgrid and ac microgrid
are two typical types of microgrid [6]. In the dc microgrid, the
grid interface converter implementing three-phase bidirectional
ac/dc conversion plays the essential role in energy transfer be-
tween the grid and dc bus [7]. In the ac microgrid, a three-phase
bidirectional ac/dc converter also finds application for charging
and discharging the battery. Besides, in other applications, such
as plug-in hybrid electrical vehicles and battery electric vehi-
cles, a bidirectional ac/dc converter is frequently employed as
well [8].

The most common solution for the three-phase bidirectional
ac/dc converter with 380-V dc and 48-V dc is a two-stage
structure composed of a three-phase PWM rectifier and a dc/dc
converter to achieve buck conversion [9], [10]. Nevertheless,
the decoupling capacitors with large capacitance between two
stages always utilize electrolytic capacitors whose life influ-
ences the reliability of the converter and the capacitors reduce
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the power density greatly, which necessitates the research
on single-stage three-phase buck-boost ac/dc converters to
improve the efficiency and power density [11]-[21].

Three-phase buck-type rectifiers show the advantages on
buck ac/dc conversion, but the discontinuous ac current lim-
its the power factor [11]-[14]. The authors in [15] investigated
the performance comparison of three-phase soft-switching,
bidirectional, isolated ac/dc converter, and evaluates the ad-
vantages and drawbacks of the dual-stage and single-stage
ac/dc converter. The authors in [16] proposed a novel single-
stage high-frequency isolated three-phase PWM rectifier system
(VIENNA rectifier IT) with sinusoidal input current shape and
high-frequency isolation. The authors in [17] presented the de-
sign and implementation of a three-phase unity-power-factor
single-stage ac—dc converter based on an interleaved flyback
topology, which achieves unity power factor and constant out-
put voltage regulation in a single stage. However, the flyback
converters operate in the DCM mode and the discontinuous in-
put current necessitates the large LC filters, which reduces the
power density. A new interleaved three-phase single-stage PFC
ac/dc converter was proposed by the authors in [18] to reduce
line current harmonics and input electromagnetic interference
filter size, but the converter cannot realize bidirectional ac/dc
conversion and the output rectification stage does not apply to
low-voltage large-current application. The authors in [19] in-
troduced an isolated three-phase rectifier based on the SEPIC
converter with high power factor and high-frequency isolation.
The converter’s DCM operation leads to large input RMS cur-
rent, which reduces the efficiency.

The three-phase dc-dc converter applies to large power rat-
ing application by adopting three dc—dc transformers, which
eases the burden of the single component, such as switch, diode,
transformer, and so on [22]-[26]. Cha et al. proposed a novel
three-phase current-fed dc/dc converter with active clamp and a
three-phase interleaved dc-dc converter with active clamp which
utilize the A—A connected three-phase transformer [22], [23].
The total power is distributed by three transformers and the cur-
rent stress of the switches decreases. The authors in [24] focused
on a three-phase step-up dc-dc converter with a three-phase Y-Y
connected transformer controlled by an average current-mode
strategy. It presents greater efficiency with reduced weight and
volume as the frequency of input and output current ripple is
increased to three times as large as the switching frequency.

Inspired by the three-phase dc—dc converter and the single-
stage isolated bidirectional ac/dc converter proposed by the
authors in [27], this paper proposes a single-stage three-phase
bidirectional ac/dc converter with Y-A connected transformers.
The converter reduces the current stress of the switches and
achieves bidirectional ac/dc conversion as well. The circuit
derivation, operation principles, and control strategy with the
SVPWM algorithm are presented specifically. A 3-kW/380-V
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Fig. 1.  Single-stage isolated ac/dc converter proposed by the authors in [27].
dc and a 1.6-kW/48-V dc prototype were built in the lab to
verify the theoretical analysis.

II. CIRCUIT DERIVATION AND OPERATION PRINCIPLES

A. Circuit Derivation

Fig. 1(a) shows the bidirectional ac/dc converter proposed by
the authors in [27]. It achieves buck-boost ac/dc bidirectional
conversion, sinusoidal ac current, and high-frequency electrical
isolation with the single-stage structure. The current flowing
through the switches (),,; and @), is traced black in Fig. 1(b)
and they should deal with the total primary current all the time.
It means that the current stress of @)1 and Q)5 is larger than that
of Qi1 ~4 (i = a, b, ¢). Meanwhile, ;1 .4 are burdened with
large current as well in low-voltage large-current applications.
In addition, the single dc—dc transformer with the total power
is likely to incur the local overheating problem in high-power
applications.

To combine the advantages of the three-phase dc/dc converter
and the converter in Fig. 1(a), the single-stage three-phase bidi-
rectional ac/dc converters with four different connection types
of transformers are derived to reduce the current stress of Q1 2
and Qg1 ~ 4, which is shown in Fig. 2. And two extra transform-
ers are added to share the power. For different voltage ratings,
the connection types of transformers vary among Y-A, Y-Y,
A-Y, and A-A connections. For example, A-Y connected
transformers bring extra step-up ratio and apply more to high-
voltage low-current applications. Similarly, Y-A connected
transformers bring extra step-down ratio and apply more to
buck conversion, which are chosen to do thorough analysis in
this paper.

B. Switching States Definition

Fig. 3 shows the proposed single-stage three-phase bidirec-
tional ac/dc converter with Y=A connected transformers. The
switching states are defined byj = (.S, S, SC)QCI?gC/Xyz.

1) S; (i = a, b, ¢) represents the switching states of

Qi1~4- Qi1 and Q;3,Q;2 and ;4 are complementary
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switches. ;1 and @Q;3 are switched ON when i; < 0.
Qi2 and Q;4 are switched ON when 7; > 0. When Q; or
;3 is ON, S; = 1; otherwise, .S; = 0.

2) d, e, f, and g represent the switching states of Q1 4.
When @,1 is ON, d=1; otherwise, d=0. When Q>
is ON, e=1; otherwise, e=0. When Q)3 is ON, f=1;
otherwise, f=0. When Q4 isON, g = 1; otherwise, g = 0.

3) x, y, and z represent the switching states of Qg1 ~¢. Qs1
and Qg2, Q3 and Qs4, Q55 and Qg are complementary
switches. When (Q,; is ON, x = 1; otherwise, x = 0; when
Q53 1s ON, y = 1; otherwise, y = 0; when Q)45 is ON, z =
1; otherwise, z = 0.

4) A, B, and C represent the voltage direction of the trans-
formers a,,b,, andc,. The reference positive direction
is shown in Fig. 3.

C. Operation Modes

All the reference directions of voltage and current are shown
in Fig. 3, and the three-phase current is assumed to be sinu-
soidal and in phase with the three-phase voltage under the rec-
tifier mode and in opposite phase with the voltage under the
inverter mode. Due to the symmetry of the three-phase current,
the operation modes when i, > 0,4, < 0,7, < 0 are selected
for example to do specific analysis.

1) Rectifier Mode: When the converter is not applied in
large-current applications under the rectifier mode and the con-
duction loss of diodes is acceptable, such as 3-kW/380-V out-
put, Qs1 ~¢ do not need driving signals and Dy ¢ are on for
rectification. Therefore, the switching states are simplified to
Jj= (SaSbSc)(/}ergc~

Mode 1 [ j = (100),09, Fig. 4(a)]: The switches Q,» and
Q2 are switched ON, and the diodes D3, Dya, Dea, Ds1, Dya,
and D4 are ON. The current flows into the dotted terminal of
a, and out of the dotted terminal of b,,. The energy is transferred
from ac side to dc side via phases A and B.

Mode 2 [ j = (100) s, Fig. 4(b)]: The switches Q,» and
@y are switched ON, and the diodes D3, Dy4, Dey, Ds1, D3,
and D s are ON. The current flows into the dotted terminal of
a, and out of the dotted terminal of ¢, . The energy is transferred
from ac side to dc side via phases A and C.

Mode 3 [ j = (110)&68, Fig. 4(c)]: The switches Q .2, Qp3,
and @), are switched ON, and the diodes Dg3, Dy2, Dea,
Dg1,Dgy, and Dy are ON. The current flows into the dotted
terminal of a, and out of the dotted terminal of b,. The energy
is transferred from ac side to dc side via phases A and B.

Mode 4 [ j = (110) 35, Fig. 4(d)]: The switches Qu2, Qy3,
and @),4 are switched ON, and the diodes Dg3, Dy, D4,
Dy, Dg3, and Dgg are ON. The current flows into the dotted
terminal of a, and out of the dotted terminal of c,. The energy
is transferred from ac side to dc side via phases A and C.

Mode 5 [ j = (011),0}%, Fig. 4(e)]: The switches Qy3, Q.3,
and @,3 are switched ON, and the diodes Dg1, Dy, D2,
Do, Dyy, and Dg5 are ON. The current flows into the dotted
terminal of ¢, and out of the dotted terminal of a,,. The energy
is transferred from ac side to dc side via phases C and A.

Mode 6 [ j = (011)1_058, Fig. 4(f)]: The switches Qp3, Q.3,
and @, are switched ON, and the diodes Dg1, Dy2, Do,
Dy, Dy3, and Dg5 are ON. The current flows into the dotted
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Fig. 2.  Single-stage three-phase bidirectional ac/dc converter with four different connection types of transformers.
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Fig. 3. Proposed single-stage three-phase bidirectional ac/dc converter with Y-A connected transformers.

terminal of b, and out of the dotted terminal of a,. The energy
is transferred from ac side to dc side via phases B and A.

Mode 7 [ j = (111)10, or j = (111)33%,, Fig. 4(g)]: The
switches Qq2, Qp3, Qc3, @p1, and @y or the switches (2,
Qp3,Qe3,Qp3, and @,y are switched ON, and the diodes
Dg3, Dy, and D,y are ON. There is no energy transfer in this
mode.

2) Inverter Mode: When the converter operates under the
inverter mode, ()1 ~4 do not need driving signals and D) 4
are ON for rectification. And the switching states are simplified
to j = (5,9,5.)ABC. As the operation modes of the inverter
mode are similar with those of the rectifier mode, only two
typical modes when i, < 0,7, > 0,7, > 0 are selected to do
further analysis.

Mode 1 [( ] = (100)100 , Fig. 5(a)]: The switches Q,1, Q4,
Qs6,Qus3, Qps,and Q.4 are switched ON, and the diodes
Dgoand D,,» are ON. The current flows into the dotted termi-
nal of b, and out of the dotted terminal of a,. The energy is
transferred from dc side to ac side via phases A and B in this
mode.

Mode 2 [ j = (111)399, Fig. 5(b)]: The switches Qsa, Qs1,
Qs6,Quz, Qp2,and Q.o are switched ON, and the diodes
Dgs, Dys,and D.3 are ON. There is no energy transfer in this
mode.

III. SVPWM ALGORITHM

Considerable research has been done on the SVPWM algo-
rithm for the nonisolated converter [28]-[34], which does not

take the voltage—second balance of the transformer and the cur-
rent direction’s influence on the voltage vectors into account.
The modified SVPWM algorithm should be put forward for the
proposed converter. The voltage vector v is defined as follows:

ey

where a = ¢/i7. The relationship between the switching states
and formed voltage vectors is shown in Table I (¢, > 0,7, <
0,7, < 0). By that analogy, there are altogether six nonzero
vectors and the voltage vector plane is divided into six sectors
according to the lines with arrows, which is shown in Fig. 6.
Within each sector, one phase current direction changes, result-
ing that the same switching state forms different voltage vectors.
Hence, as shown in Fig. 6, each sector should be further divided
into two little sectors according to the dotted lines and 12 sec-
tors are considered for vector synthesis, which are numbered
by 1-12. Although the division of the sector is the same as that
in [27], the difference is that the switching states forming the
same voltage vector has changed. Sector 1 (see Fig. 7) is taken
for example to give a description of the specific vector synthesis
method. To achieve voltage—second balance of three transform-
ers, six nonzero voltage vectors and two zero voltage vectors
are chosen to synthesize the target vector
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Fig. 5. Operation modes under the inverter mode.

The duty cycle should meet the following equations:

S100)5,8 T 900):8, T O01nyrs T dornyty, =9 )

0100

Oy, + 0010y, = % X
0000 910y = Sy )
Oio0)sy T 0ot = Sy, ©)

The solution of the above equations is not unique. The fol-
lowing solution is chosen in this paper:

dy

10y = Oty = 5 0
5, — 4,

8100y = 0058 =~ ®)
5.+,

5(011)1’30% - 5(011)631% -4 ®)

To minimize the switching loss, the switching sequence is as
follows:

(011)17(;[)8 - (111)(1)(1)80 - (110)3168 - (100)3168 |Ts/2

(100)5561 — (110)ggn; — (111)5511 — (011)g075 |, - (10)
Fig. 8 shows the waveforms of driving signals in Sector 1.

To form the same voltage vector, the switching states under
the inverter mode should be different from the rectifier mode.
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TABLE I

VOLTAGE VECTORS VERSUS SWITCHING STATES

Sa Sy Se d e f g Sign{ora}  Sign{vr,}  Sign{vr.} v
0 0 0 0/1 0/1 0/1 0/1 0 0 0 0
0 0 1 0/1 0/1 0/1 0/1 0 0 0 0
0 1 0 0/1 0/1 0/1 0/1 0 0 0 0
0 1 1 1 0 0 0 — + 0 (n, /3ns)Vac
0 0 1 0 — 0 +
1 0 0 0 1 0 0 + — 0 (4n, /3n)Vae
0 0 0 1 + 0 —
1 0 1 0 1 0 0 + — 0 —a (4ny, /3ns)Vae
0 0 0 1 + 0 —
1 1 0 0 1 0 0 + - 0 —a?(dn, /3n,) Ve
0 0 0 1 + 0 -
1 1 1 1 1 0 0 0 0 0 0
0 0 1 1 0 0 0
A
Ous | |
im0 . On3 I [ t
4n, O3 —l ‘
3, dc -
Qp] —l t
=0 >
Qp2 | t
3 i
O3 ,7
Fig. 6. Sector partition. Qp4 —l t
7
a2 dley 7,2 T,
3
s
a 10)0100 Fig. 8. Driving signals in Sector 1 under the rectifier mode.
(110)500;
A
Y
Tam, az] | .
(11 DEB 0 - 5 s O3 | | t
(11101 (01 D100 (100)0100 0 -
(011010 (100)50; 23
. . O t
Fig. 7. Vector diagram of Sector 1. I
Qs3 t
TABLE II :t
CORRESPONDENCE OF SWITCHING STATES UNDER RECTIFIER MODE Os
AND INVERTER MODE ?
T,/2 T;

Rectifier mode Inverter mode Rectifier mode

Inverter mode

(Oll)rJU[i) (011 L)lJrln (100)30007
(111)999, (111)999 (110) ¢
(110445 (110150’ (111)669,
(100)5,90 (100) 50’ (011)507,

0—
(100) 7,

)1

(110)°
(111)550
(011)4¢,

The correspondence between them is shown by Table II, and
the switching sequence under the inverter mode is shown as

follows:

(011)g7y* — (111)79] — (110) g

= (100){50° | /5

Fig. 9. Driving signals in Sector 1 under the inverter mode.

(100)T100__>(110ﬁ100_*(111)888_%011 001 |T (11)

It is seen from (11) that the switching frequency of the
switches Q45 ¢ is twice that of other switches. So the switching
sequence should be adjusted as follows:

(011)001 (111)088H(110)100 — (100) 100 |T /2

_ _ (12)
(100)IL100 _>(110HL100 *(111)(1](1)(1)_’(011 Jot1 |T

Fig. 9 shows the waveforms of driving signals in Sector 1.
Through analysis, the driving signals of (1 ~ 4 (rectifier mode)
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TABLE III
RELATIONSHIP BETWEEN THE DRIVING SIGNALS OF Q,y AND Qi1 ~4

Sector [ 1| 2]3]4]5]6|7]8]o]10]11]12
Qx QL'2,3 Qa2,3 Qb2,3
Qy Qa2,3 Qb2,3 Q02,3 Qa2,3
0us] | .
o il W
o e Y I
. .
o [ .
o — z
Or 1|
@ I
Qs3 t
ol . Emm
T2 Tst
Fig. 10. Driving signals in Sector 1 for synchronous rectification under the

rectifier mode.

and Qg1 ~¢ (inverter mode) are related to the driving signals
of Qi1~4 (i = a, b, ¢). To clarify the relationship among all
the driving signals, two intermediate signals @, ,Q, are set,
whose relationship with the driving signals of Q);1 4 is shown
in Table III. Another signal (), is also set, which is at low level
in the first half cycle and at high level in the second half cycle.
The driving signals of @,1~4 and Q516 can be derived as
follows:

Qi = Q. &Q- (13)
Q= Q,&Q- (14)
Qps = Qu & Q- (15)
Qp = Qy&Q. (16)
Qs1 = Qs = (Q, &Q.) 1 (Q, &Q.) (17)
Qs = Qu =Q. (18)
Qss = Quo = (Qu&Q:) || (Q,&Q.). (19)

IV. SYNCHRONOUS RECTIFICATION

The Y-A connected transformers bring extra step-down
ratio, which makes the converter apply more to low-voltage
large-current applications, such as the battery charging and
discharging. To reduce the conduction loss under the rectifier
mode when the converter deals with the large output current,

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 12, DECEMBER 2016

N Qp3‘

DC
L Lra4-Lrb L3
P

2n,Vo/ng
CT3R,

(b)

% (c)

Fig. 11. Equivalent circuits of the switching states (111)8[1]?0 /000 and

+-0
(110)0100/100'

synchronous rectification should be applied. The switching
sequence in Sector 1 is as follows:

(011)g07% /001 = (1110730 /000 = (110) 150100
-0
*(100)3100/100‘T‘/2

(100)3000_1/110 - (110)3000_1/110 - (111)(1)881/111

—(011);,0

1000/011 ’T . (20)

The driving signals are shown in Fig. 10, and the relationship
among all the driving signals is as follows:

Q= Q: &Q. 1)
Q2= Q,&Q- (22)
Qps = Q. &Q. (23)
Qpi = Q&Q- 24
Qa = Q= (Q;&Q.) || (Q,&Q.) (25)
Qus = Qui = Q- (26)
Qus = Qus = (Q: &Q.) || (Q, &Q>). 27)
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TABLE IV
COMPONENTS COMPARISON

Topologies Switches and diodes Inductors Capacitors  Transformers
Single-stage bidirectional The proposed converter 22 switches L Cye 3
The converter by [14] 6 switches + 25 diodes L., Lqc Cac, Cae Nonisolated
Single-stage unidirectional The converter by [19] 3 switches + 15 diodes L. Cqe 3
VIENNA rectifier II [16] 5 switches + 22 diodes Ly Cie 1
Two-stage bidirectional T-type rectifier [38]+ Full-bridge converter 20 switches Lac,Lgc Cie,Cac 1
Three-phase PWM [35]+ Full-bridge converter 14 switches Lac,Lqec Cae,Cac 1
T-type rectifier + Three-phase dc-dc converter 24 switches Lac,Lqc Cae,Cac 3

120
100
80
g
- 60
2
-
40
i l:
0 m m B
Switching Conduction  Reverse  Copper loss Copper loss  Loss of
loss of loss of  recovery loss & core loss & core loss  voltage
switches switches  of diodes of of inductors  clamping
transformers circuits
Fig. 12.  Calculated power loss distribution of the prototype.

V. CIRCUIT CHARACTERISTICS

A. Influence of the Transformer Leakage Inductor

In practical applications, the transformer is not ideal and in-
troduces a leakage inductor. The leakage inductor influences the
mode transition. Taking the rectifier mode with synchronous rec-
tification for example, the equivalent circuits of the switching
states (111)377, /4, and (110)3168/]00 are shown by Fig. 11(a)
and (b) separately. When the switching state transfers from
(111)59% /900 to (110)3168/100, the current 4. should have flown
through A-phase and B-phase transformer, (),» and D.,. How-
ever, at the instant of transition, due to the existence of A-phase
and B-phase leakage inductor L,, and L.}, the current 7. has
to find other paths which causes resonance between leakage
inductors and junction capacitors of (4, Qp4, and some other
switches. As shown in Fig. 11(c), the resonance causes volt-
age spike across some switches, such as Qq4, Qpa, @p1. The
overvoltage has to be limited by the voltage clamping circuit
composed of D.., R., and C.., which is added in Fig. 11(b) [16].
With the proper design of the voltage clamping circuit, a large
part of the ac current is fed into C,, while there is a surge from
ac mains. As the authors in [16] described, this should be taken
into considerations for the selection of C..

The initial voltage across C. is supposed to be V. initia1- 11, (0)
is the initial leakage inductor current when the clamping circuit
starts to work. As shown in Fig. 11(b), the voltage across the
switches is estimated as follows:

2n, Ve

vs(t) =~ n
S

(1 —cosw,t) + [I — I, (0)]Z,sinw, t

+VZ‘,Jnitia1COS“}rt (28)

where

Wy

1/\/(Lra + Ll'b)(COSS + 00)7
\/(Lra + Lrb)/(coss + Cc)7

and Cl,s represents the capacitance value of all the paralleled
junction capacitors. When ¢, reaches I, the voltage across the
switches reaches the peak value V, cak, and then, D, is OFF
and C. is discharged via R, until the next spike. This is a com-
pleted clamping process. As the current / in Fig. 11(c) varies
with different switching states and the RCD clamping process
happens several times in one switching cycle, it is hard to per-
form accurate analysis for the whole power frequency cycle.
In order to simplify the analysis, the RCD clamping process
is supposed to only happen once in half of the switching cy-
cle. Considering that the maximum current is the peak value of
phase current, the value of C,. can be estimated according to
(28) with the presupposed V_,cax and V.. i,itial- The selection
of R. should guarantee that the voltage of C, is discharged to
V. _initia1 Within the half switching cycle. If the loss dissipated
by R, cannot be accepted, V. _initial Should be adjusted, and R,
and C, should be calculated again. The power loss is estimated
by considering the current / in Fig. 11(c) is the average value of
the phase current. The above analysis provides reference for the
design of the RCD clamping circuit, but the final value should
be adjusted in the experiment.

Z,

B. Design Considerations of the Switches

According to Fig. 7, the ac phase voltage’s peak value should
meet the following equation according to the maximum dc volt-
age utilization:

(29)

Vap >

2\/§ ny
— V-
3 ng
Taking the 1.6-kW/48-V dc prototype for example, when vy,
is 311 V and V.. is 48V, the turns ratio of the transformer should
meet the following equation:

p

> 5.61. (30)

N

So the turns ratio is selected as 31/5. On the premise of

proper design of the voltage clamping circuit and regardless of

the voltage spike, the voltage stress of the switches ;1 ~4(i =

a, b, c) and Q) ~ 4 equals twice the voltage across the primary
side of the transformer

Vinax = 2 X 22 % Vi = 595.2 V.

s

3D
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Fig. 13.  Photographs of the prototypes.
TABLE V
COMPONENTS OF TWO PROTOTYPES
3 kW/380-V dc 1.6 kW/48-V dc
Qi1 ~a IKW25N120H3 Qi1 ~a IKWI15N120H3
Qpi~4 IKW25N120H3 Qp1~a IKWI5N120H3
Qs1~6 IKW25N120H3 Qs1~6 IPP110N20N3G
Inductor KH250-060A Inductor KH250-060A
magnetic core magnetic core
Transformer EE65B Transformer PM74
magnetic core magnetic core
Driver HCPL3120 Driver HCPL3120

If the voltage spike is taken into considerations, the maximum
voltage of the switches should be calculated according to (28).
Qi1 and Q;3 are switched ON when i > 0, and ();> and ();4 are
switched ON when i < 0, and Q);; and @);3 are switched ON
complementarily, so are (Q;o and @);4. 1) is assumed to be 0.86.
Therefore, the rms current of (Q;1 ~ 4 is estimated as follows:

P, 1

x — =141 A.

_— 32
X3 % Vi 2 ©2)

Irms_Qi1~4 =

According to Fig. 10, @, only conducts during about 0.25
T;. The rms current of @1 ~4 should be half of the current in
Fig. 1(b)

1 V2P,

Irms ~4 = = — .84 =1. A.
_Qpl~4 2 X n % 3 % ‘/in_rms x 0.8407 68
(33)
The peak current of Q1 ~4(i = a, b, ¢) and Q1 ~4 is
2P,
Ipeak_Qi1~4 = \/— =3.99 A. (34)

1N X 3 X Vims
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The voltage stress of the switches Q516 equals the dc-
side voltage Vy.. Taking ()51 for example, the current flowing
through Q1 equals the current of the transformer during about
0.25 T, and equals twice the current of the transformer during
about 0.25 75

VB V2P My 07— 93.93A.
2 X 3% Vinrms s
(35)

Through the above analysis, compared with the traditional
three-phase PWM rectifier [35], the proposed converter reduces
the current stress of ac-side switches while the voltage stress
is the same; and compared with the converter proposed by the
authors in [27], the proposed converter reduces the current stress
of Q1 ~2 and the dc-side switches as well.

Irms_Qsl =

C. Comparison With Some Other Converters

For the situation with three-phase 380 VAC input, 380-V
dc and 48-V dc output, three-phase converters are designed
in a two-stage concept in most cases. A three-phase PWM
rectifier or a T-type rectifier (VIENNA rectifier [36]) is fre-
quently utilized for power factor correction and a dc—dc con-
verter is applied for high-frequency isolation and matching
of input and output voltage levels. The components com-
parison between the proposed converter and some typical
converters is shown in Table IV. Cy, represents the de-
coupling capacitor between two stages. The diodes of the
converter in this paper utilize the paralleled diodes of the
IGBTs. The converters proposed by the authors in [14] and
[16] have fewer active switches than the proposed converter,
but the total number of discrete power semiconductors is larger.
Furthermore, the conduction loss of the converters in [14], [16],
and [19] is larger as each phase current flows through more
diodes. The converter developed by the authors in [14] does
not achieve electrical isolation and the converters developed by
the authors in [16] and [19] do not achieve bidirectional energy
flow. Compared with the two-stage converters, it removes the
decoupling capacitors between two stages, and the filter inductor
of converter has numerous switches; the current of the ac-side
switches and dc-side switches is distributed without considering
the current sharing, and the converter is suitable for large output
current application.

Fig. 12 shows the calculated loss breakdown for nominal
operation of the 3-kW prototype. One reason for limiting the
efficiency improvement lies in the voltage clamping circuit.
Trying to reduce the leakage inductance can improve the
efficiency. With regard to higher efficiency, a flyback converter
should be provided instead of the resistor R, as an alternative
solution, which is presented in detail in [16] and [37]. Another
reason is that the switching loss and the conduction loss
of IGBTs occupies a large part of all the power loss, and
SiC-MOSFET can be employed instead to further improve the
efficiency.

VI. EXPERIMENTAL RESULTS
In order to verify the theoretical analysis, a 3-kW prototype
with 380-V dc and a 1.6-kW prototype with 48-V dc controlled
by TMS320F2812 were built in the lab. Fig. 13(a) and (b) shows
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Fig. 14. Experimental results of the 3 kW/380-V dc prototype under the rectifier mode.
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Fig. 15.  Experimental results of the 3 kW/380-V dc prototype under the inverter mode.

the photographs of the 380-V dc and 48-V dc prototypes sepa-
rately. The components of two prototypes are listed in Table V.
The parameters and specifications are as follows:

1) AC line voltage: v, = 380 V;

2) AC voltage frequency: f = 50 Hz;

3) DC voltage: Vg1 = 380 V; Vgeo =48V,

4) rated output power: P,; =3 kW(380-V dc); P, =

1.6 kW(48-V dc);

5) filter inductor: L, = L, = L. = 3.3 mH;

6) filter capacitor: Cy. = 330 uF x 4;

7) transformer turns ratio: n,/ns; = 48/64(380-V dc);

n,/ns = 31/5(48-V dc);

8) switching frequency: f; = 20 kHz.

Fig. 14 shows the experimental results of the 3-kW/380-V dc
prototype under the rectifier mode. Fig. 14(a) and (b) shows the
driving signals of the switches in Sector 1. Fig. 14(a) shows the
waveforms of Vgs 42,3, Vgs_b2,3, Vgs_c2,3> and Vgs_p1. Fig. 14(b)
shows the waveforms of vgs_p1, Vgs_p2, Vgs_p3, and vgs_ps. The
driving sequence is consistent with Fig. 8. Fig. 14(c) and (d)

shows the waveforms of the three-phase input current and the
voltage across three transformers. It is seen that three transform-
ers achieve voltage—second balance.

Fig. 15 shows the experimental results of the 3-kW/380-V
dc prototype under the inverter mode. Fig. 15(a) shows the
waveforms of Vg o1, Vgs_s3,and Vg _s5. Fig. 15(b) shows
the current waveforms of the ac side. Fig. 16 shows the
experimental results of the 1.6-kW/48-V dc prototype.
Fig. 16(a) shows three-phase current waveforms and Fig. 16(b)
shows the voltage waveforms across the secondary side of
three transformers. Fig. 16(c) shows the current waveforms
of three transformers. Fig. 16(d) shows the waveforms of
Vds_als Vds_a3> Vds_p1,and vgs_p2. Fig. 16(e) shows the wave-
forms of v4s_42,Vds_a4,Vds_p3,and vgs_pa. Fig. 16(f) shows
the waveforms of vgs_s1,vds_s3,andvgs_s5. Fig. 17(a) and
(b) shows the efficiency curves of 3-kW/380-V dc prototype
and 1.6-kW/48-V dc prototype separately. It is concluded
that the experimental results verify the theoretical analysis
well.
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Fig. 16.  Experimental results of the 1.6 kW/48-V dc prototype.
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Fig. 17.  Efficiency curves of two prototypes.

VII. CONCLUSION

This paper proposes a three-phase bidirectional ac/dc con-
verter with Y-A connected transformers. It achieves bidirec-
tional energy flow, high-frequency electrical isolation, and unity
power factor control. The connection types and turns ratio of
the transformers can be adjusted for different output voltage
levels. The modified SVPWM algorithm is proposed to achieve
the voltage—second balance of the transformers. The main cir-
cuit, operation modes, and SVPWM algorithm are presented
specifically. A 3-kW/380-V dc prototype and a 1.6-kW/48-V dc

prototype were built in the lab and experimental results verify
the theoretical analysis.
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