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A Three-Phase Isolated Bidirectional AC/DC
Converter and its Modified SVPWM Algorithm

Ling Gu, Student Member, IEEE, and Ke Jin, Member, IEEE

Abstract—This paper proposes a three-phase isolated bidirec-
tional ac/dc converter. The converter achieves buck-boost ac/dc
bidirectional conversion, sinusoidal ac current, and high-frequency
electrical isolation with single-stage structure. The traditional
SVPWM algorithm should be modified to keep the voltage-second
balance of the transformer. The circuit derivation, operation prin-
ciples, and SVPWM algorithm are presented specifically. The so-
lution for shoot-through problem is proposed, which does not need
extra dead time. To verify the theoretical analysis, the proposed
converter was simulated by MATLAB/SIMULINK and a 3 kW
prototype was built in the lab. The simulation and experimental
results show the high power factor and the low harmonic distor-
tion characteristics of the circuit.

Index Terms—Bidirectional ac/dc converter, dc¢ microgrid,
SVPWM, three-phase inverter.

I. INTRODUCTION

ITH the increasingly serve energy crisis and environ-

mental pollution, the application of renewable energy,

such as photovoltaic power generation, wind power generation,
and tidal power generation, has attracted more and more atten-
tion [1], [2]. However, renewable energy is susceptible to the
natural conditions and has unstable voltage and power. Hence,
the renewable energy is always connected to the grid to consti-
tute the microgrid, which can effectively solve the power fluc-
tuation of the system. The research for 380-V dc microgrid has
been popular with many experts around the world as it presents
better efficiency and reliability with fewer power stages [3]-[5].
In high power applications, three-phase bidirectional ac/dc con-
verter is always needed as grid-interface converter to achieve
bidirectional energy flow between the grid and dc bus [6]-[11].
The common solution for grid-interface converter is
three-phase voltage-source PWM rectifier [12]-[14], which
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generally converts three-phase 380-V ac voltage to 600—-800-V
dc voltage and does not achieve electrical isolation. Accord-
ingly, it is necessary that a dc/dc converter and a three-phase
PWM converter constitute a two-stage structure [15] or uti-
lize a power frequency transformer in the grid-interface con-
verter application, which increases the volume and reduces the
efficiency.

Three-phase current-source PWM rectifier can achieve ac/dc
buck conversion with single-stage structure [16]. But its input
current is discontinuous and has low power factor. Furthermore,
it still does not achieve electrical isolation. Another available so-
lution is three-phase isolated ac/dc converter, such as VIENNA
rectifier II [17]. It has continuous sinusoidal behavior of the in-
put current and high-frequency isolation with single-stage struc-
ture. However, its bidirectional switch consists of four diodes
and one active switch, which brings large conduction loss in
high power application. And it is a unidirectional converter and
cannot transfer energy from dc side to ac side.

An isolated three-phase soft-switched buck rectifier is pro-
posed by Vlatkovic et al. [18]. By using an auxiliary circuit
with a simple method of energy recovery, the current is diverted
away from the main power switches before they are turned OFF.
And the switching power loss of the converter is decreased by
using zero-current switching method. A three-phase buck recti-
fier with high-frequency isolation by single stage is introduced
in [19]. The topology utilizes a forward/flyback transformer to
allow the high-frequency isolation. But the two converters have
common disadvantages with large conduction loss and low in-
put power factor. Furthermore, neither the forward converter nor
the forward-flyback converter is suitable for high power applica-
tion. Conergy neutral point-clamped (NPC) topology is suitable
for PV power generation application as its low conduction loss
[20]. It achieves bidirectional power flow between ac and dc
side. But it does not achieve electrical isolation and cannot con-
vert three-phase 380-V ac voltage to 380-V dc voltage directly
with single-stage structure.

To achieve buck—boost ac/dc conversion and electrical isola-
tion as well, this paper proposes a three-phase isolated bidirec-
tional ac/dc converter, which is derived from the conergy NPC
topology. Compared with two-stage solution, the converter re-
moves decoupling capacitor and dc—dc converter’s filter induc-
tor, and no extra dead time is needed to avoid the shoot-through
problem. The PI control system based on the modified SVPWM
algorithm is built. The operation principles are presented and
the shoot-through problem is analyzed specifically. A 3 kW
prototype with the controller TMS320F2812 was built in the
lab and the experimental results verify the theoretical analysis
well.
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II. CIRCUIT DERIVATION AND CONTROL STRATEGY
A. Circuit Derivation

The proposed three-phase bidirectional ac/dc converter is de-
rived from the conergy NPC topology. The specific derivation
procedure is as follows (see Fig. 1):

1) add a bridge composed of two active switches 1 and

QpQ;

2) add a transformer whose primary side is connected to the
neutral point of the added bridge and the junction of two
capacitors C,; and C,o;

3) add two bridges composed of four active switches (1,
Qs2, Qs3, Q4. and a filter inductor L at the secondary
side of the transformer, a two-stage bidirectional ac/dc
converter is derived;

4) remove C,1, Cy, and L. Then, a single-stage bidirec-
tional ac/dc converter shown by Fig. 2 is derived.

B. Control Strategy

Fig. 3 shows the control system. With the voltage and current
dual-loop control system, the current controller is designed in
dg rotary two-phase coordinates to maintain the adjustable dc
voltage and ac current with unity power factor.
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Fig. 3.

PI control system.

TABLE I
CONDUCTING COMPONENTS

Rectifier Mode Inverter Mode
Active Qi2,Qi3,Qp1,Qp2 Qi1,Qi2,Qi3,Qia,
Switches (i=a,b,c) Qs1,Qs2,Qs3,Qsa,
Diodes Di1,Di2,Di3, D4, Dy1,Dya, Diz, Diz,

Ds1,Ds2,Dg3,Dsa

Through analysis, the SVPWM algorithm for nonisolated
converter [21]-[23] is not suitable for the proposed converter,
since the control strategy for the proposed converter should
take both the voltage—second balance of the transformer and
the current direction’s influence on the voltage vectors into
considerations.

III. OPERATION PRINCIPLES

A. Conducting Components

Due to different current direction under rectifier mode and
inverter mode, the conducting switches are also different, which
is shown by Table I.
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TABLE II
SWITCHING STATES DEFINITION

Si Qi Qi Qiz Qis SiSe  Qpi Qpa Qs1a Qsa
ot ON OFF OFF OFF 10 ON OFF OFF OFF
1~ OFF ON OFF OFF 01 OFF ON OFF OFF
1" OFF OFF ON OFF 11 ON ON OFF OFF
0~ OFF OFF OFF ON 10 OFF OFF ON OFF
1 OFF ON ON OFF 01 OFF OFF OFF ON

0 OFF OFF OFF OFF 00 OFF OFF OFF OFF

B. Switching States Definition

The switching states are defined by j = (S, S;,SC)Z.I%EW}.
Say S, Se(Si,i = a,b, c) represents the switching states of the
switches Qu1-4, Qp1-4, and Q.1_4. Sy and S, represent the
switching states of the switches @),; and @),» under rectifier
mode and (), 1 4 and Qs 2, 3 under inverter mode. Sign {vr }
represents the voltage direction of the transformer. The specific
definition is shown by Table II.

C. Operation Modes

Before analysis, the following assumptions are made:1) All
the components are ideal. 2) The three-phase current is sinu-
soidal and in phase with the three-phase voltage under rectifier
mode and in opposite phase with the voltage under inverter
mode. 3) The capacitor C, is large enough to be treated as a
voltage source.

All the reference direction of voltage and current is shown
in Fig. 2. As the symmetry of three-phase current, the opera-
tion modes when e, > 0, ¢, < 0, and e. < 0 are selected for
example to do specific analysis.

1) Inverter Mode (i, <0, 1, >0, i. > 0): Mode 1 [j =
(071717)g,, Fig. 4(a)]: The switches Qs2, Qs3, Qa1, Q2.
and Q). are turned ON, and the diodes D1, Dy3, and D,3 con-
duct. The primary current flows into the homonymous end of the
transformer and the voltage across the transformer is negative.
Energy flows from dc side to ac side.

Mode?2 [j = (170707);,, Fig. 4(b)]: The switches Q1, Qs4,
Qa3, Qpa, and Q.4 are turned ON, and the diodes D, and D
conduct. The primary current flows out of the homonymous
end of the transformer and the voltage across the transformer is
positive. Energy flows from dc side to ac side.

Mode 3 [j = (170717){,, Fig. 4(c)]: The switches Qs1, Qs1,
Qa3, Qpa, and Q.o are turned ON, and the diodes D, Dg2, and
D3 conduct. The primary current flows out of the homonymous
end of the transformer and the voltage across the transformer is
positive. Energy flows from dc side to ac side.

Mode4 [j = (171707){,, Fig. 4(d)]: The switches Qs1, Qs1,
Qa3, Qv2, and Q.4 are turned ON, and the diodes D)2, D2, and
Dy conduct. The primary current flows out of the homonymous
end of the transformer and the voltage across the transformer is
positive. Energy flows from dc side to ac side.

Mode 5 [j = (171717)),, Fig. 4(e)]: The switches Q 3, Qp2,
and ().o are turned ON, and the diodes D,s, Dy3, and D3
conduct. The voltage across the transformer is zero, and there

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 10, OCTOBER 2015

Fig. 4.

Operation modes under inverter mode.

is no energy flowing from dc side to ac side. It is called zero
state. The switching states 5 = (070707)],, j = (0707 17)3,,
and j = (071707)}, are also zero states.

2) Rectifier Mode (i, >0, i, <0, i. <0): Mode 1 [j =
(0171%);,, Fig. 5(a)]: The switches Qp3, Qc3, and @1 are
turned ON, and the diodes D, Dyo, D2, Do, and D3 con-
duct. The primary current flows out of the homonymous end
of the transformer and the voltage across the transformer is
negative. Energy flows from ac side to dc side.
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(b)

(e)

Fig. 5. Operation modes under rectifier mode.

Mode 2 [j = (1700),, Fig. 5(b)]: The switches Q.2 and
Qp2 are turned ON, and the diodes D3, Dy4, D.4, Ds1, and
Dy, conduct. The primary current flows into the homonymous
end of the transformer and the voltage across the transformer is
positive. Energy flows from ac side to dc side.

Mode 3 [j = (17017)3,, Fig. 5(c)]: The switches Q,2, Q.3,
and @))» are turned ON, and the diodes D3, Dy4, D2, Dy, and
D4 conduct. The primary current flows into the homonymous
end of the transformer and the voltage across the transformer is
positive. Energy flows from ac side to dc side.
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Fig. 6. Equivalent circuits.

Mode 4 [j = (17170),, Fig. 5(d)]: The switches Qq2, Qp3,
and @),» are turned ON, and the diodes D3, Dy2, D4, D1, and
Dy, conduct. The primary current flows into the homonymous
end of the transformer and the voltage across the transformer is
positive. Energy flows from ac side to dc side.

Mode5[j = (171711)Y, | Fig. 5(e)]: The switches Qu2, Qp3,
Qc3, Qp1,and Qo are turned ON, and the diodes D3, Dy, and
D5 conduct. It is zero state. The switching states j = (000)?,,
j=(0017)Y,,and j = (017 0)Y, are also zero states.

D. Equivalent Circuits

Through analysis, the proposed converter has altogether
four equivalent circuits in spite of various switching states
under inverter or rectifier mode, which is shown by Fig. 6.
vr 1is the voltage across the transformer, which is regarded
as a current-controlled voltage source and whose value de-
pends on the current direction of the transformer. So circuit
(b), (c), and (d) each have two conditions vy = (n,/ns)Vae
and vy = —(n,/ns)Va.. The voltage vector is defined as
follows:

v =v,n + avy + Qluy (1

;2 . . . .
where a = ¢’/57. The circuit (a) forms zero vectors and circuit
(b), (¢), and (d) forms six nonzero vectors.

IV. SVPWM ALGORITHM
A. Sector Partition

The relationship between the voltage vectors v and switching
states is shown in Table III by taking the rectifier mode when
iq > 0,14, < 0,7, <0,and ¢, > 0,7, > 0,7, < 0 for example.

Through the above analysis, there are altogether six basic
nonzero vectors, which divide the whole cycle into six sectors.
From Table 11, it is concluded that the voltage vectors formed by
the switch states are also influenced by the direction of current
flowing in the transformer, so the sector partition should take
both the basic vectors and current direction of 4, 7, and i, into
considerations, which is shown by Fig. 7. The full lines divide
the cycle into six sectors according to the basic voltage vectors
as the traditional partition. The dotted lines further divide it into
12 sectors according to the three-phase ac current direction. To
distinguish the 12 sectors, sectors are numbered according to
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TABLE III
VOLTAGE VECTORS VERSUS SWITCHING STATES

ig > 0,4 < 0,1, <0

ig > 0,45 > 0,i. <0

Sa Sy S, Sq¢  S.  Sign{vr} v Sa Sy S, Sq  S.  Sign{vr} v
0 0 0 1 1 0 0 0 0 0 1 1 0 0
0 0o 1t 1 1 0 0 0 0 1t 1 0 - —a?(2n, /304 ) Vi,
0 1" 0 1 1 0 0 0 1 0 1 1 0 0
0 1+ 1+ 1 0 - (2n, /3n5)Vae 0 1~ 1+ 1 0 - (2n, /3n5)Vae
- 0 0 0 1 + (2n, /3n4)Vae - 0 0 1 1 0 0
1 0 1t 0 1 + —a(2n, /3n)Vie 1 0 17 1 0 - a(2n, /3ns) Ve
1~ 1" 0 0 1 + —a?(2n, /3ns)Vae 1~ 1~ 0 0 1 + —a?(2n, /3ns)Vae
1~ 1" 1" 1 1 0 0 1 1 1" 1 1 0 0
4 s v 2 ”p
0, %=t
e 3 n
(070717 )y
Sector 13
Vd:- ] 2n
(] | ] )“[] R - _= i ({('
(0+I"I )[u 3 n,
(17070 )go
Fig. 8.  Sectors 13 and 7 under inverter mode.

Fig. 7.

Sector Partition.

the value of three-phase voltage v, and vg in stationary two-
phase coordinates. Therefore, set six intermediate variables as
follows:

Uretl = Ug (2)
Urefa = Vg 3)
Uref3 = %(\/gva —vg) “4)
bets = 3o — VBuy) )
vats = 5(~VBua — v9) ©)
Uregs = %(—ua —V3v3). 7)

If ver1 > 0, A = 1; otherwise, A = 0. If v,op0 >0, B =1;
otherwise, B = 0. If v,.;3 > 0, C' = 1; otherwise, C' = 0. If
Urefs > 0, D = 1;otherwise, D = 0. If v,or5 > 0, F = 1; other-
wise, . = 0. If v.er6 > 0, F' = 1; otherwise, F' = 0. The sector
number is defined by N = A+ 2B +4C + 6D + 8E + 10F.
The numbers of each sector are shown by Fig. 7.

B. Vector Synthesis Method

For vector synthesis, it should obey the following laws:
1) keep the voltage—second balance of the transformer; 2) reduce
the switching loss; and 3) reduce the conduction loss.

Take the sectors 13 and 7 (see Fig. 8) for example to introduce
the specific vector synthesis method.

1) Inverter Mode: In sector 13(i, < 0,4, > 0,4. > 0), two
nonzero vectors in two directions are enough to form the target
vector as traditional SVPWM algorithm for three-phase full-
bridge inverter. But they cannot guarantee the voltage—second
balance of the transformer. So three nonzero vectors should be
selected and the switching-state sequence is as follows:

(170707){p — (171707)fy — (171717,
= (O 11 gyl o = (071717)y — (17171 )5y
= (1F1707) g = (170707 )i, ®)

In sector 7(i, < 0,4, < 0,4. > 0), the switching-state se-
quence is as follows:

(070%17)g; — (0%1717)5; — (1F1717)5,
- (1+1+07)1+0|t:Ts/2 — (171707)f, — (17 1+17)80
= (071717 )g; = (070717 )g le=1, - ©
The driving signals in sectors 13 and 7 under inverter mode
are shown by Fig. 9.

2) Rectifier Mode: In sector 13(i, > 0,4, < 0,4, < 0), the
switching-state sequence is as follows:
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Fig. 10.  Driving signals in sectors 13 and 7 under rectifier mode.
(1700)g; — (17170)g,

+1+)— +1+)—

— (01717 ) g ls=7, ;2 — (01717)y,
— (17170){; — (1700

— (17171,
- (171+ 1+)(1]1
Jorli=1, - (10)

In sector 7(i, > 0,4, > 0,4. < 0), the switching-state se-
quence is as follows:

(001 )10 - (0171+)f0 - (17171+)(1)1
— (1T170)y le=r, /2 = (17170)5; — (17171%),
— (0171 )y — (0017 )y, (11)

The driving signals in sectors 13 and 7 under rectifier mode
are shown by Fig. 10.

C. Equivalent Modulation Waves

To calculate the duty cycle of each switching state, three
intermediate variables are set

V3vs

X= ——— 12

(np/nS)Vdc (12)

v (?Uﬁ + gva) 13

B (”p/nS)Vdc (13
Lo, 2

g -2 " 2 (14)

(np/”aJ)VdC
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Fig. 11.  Equivalent modulation waves and driving signals.

In sector 13 under inverter mode, the duty cycle should meet
the following equations:

Sar0-0myf, T 11y, = —Z (15)
Sy, =X (16)
d1+0-0y% T 0a+1-0)7, = S0+ 1-10);, a7

Then, the duty cycle of each vector can be calculated. The
three-phase equivalent modulation waves under inverter mode
are shown by Fig. 11(a), which are the same as rectifier mode.
The driving signals generation of the switches Q;1 4 (i = a, b, ¢)
based on the modulation waves is shown by Fig. 11(b).

V. CIRCUIT CHARACTERISTICS
A. Shoot-Through Problem Analysis of DC Side

When the converter operates under inverter mode, the shoot-
through problem of dc side should be noticed. It is seen from
Fig. 9 that the dead time between the driving signals of Q1 4
and ()2 3 is half of the zero vector time within each sector.
Enough zero vector time can avoid the shoot-through problem.
However, it is clear that at the junction of sectors 13 and 7, there
is no dead time between the driving signals of ()51 4 and Qs2 3,
which may result the shoot-through of the dc side. If we change
the switching sequence of sector 13 as (18), the problem will
be solved as a half of the zero vector time of sector 13 serves
as the dead time, which is shown by Fig. 12. The equivalent
modulation waves in whole cycle are shown by Fig. 13

oo — (1F1707)f,
)ILO - (1+1707)1r0
(18)

(0F1717)5; — (17171
= (170707 )yli=r, 2 — (17070

= (171717)50 — (07 1717)g o=,

Similarly, the switching sequence in sector 13 remains un-
changed, and the switching sequence in sector 7 is changed
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Fig. 13.  Equivalent modulation waves with sector 13 changed.
as follows:

A0, = (1) — (0711,
= (070" 1 )Gk 2 = (0707 1) = (0° 11,

— (IT1T 1)y — (1T1707) )y =7, - (19)

In this case, a half of the zero vector time of sector 7 serves
as the dead time. It is concluded that the shoot-through problem
resulted by the dc-side’s switches can be solved by adjusting the
switching sequence.

B. Control of Bidirectional Switches

Under rectifier mode, the bidirectional switches @Q;» and @Q;3
can be turned ON synchronously for simplification. However,
under inverter mode, the shoot-through problem may occur
when ();2 and @);3 are turned ON synchronously and there is no
dead time between the driving signals of Q;2 3 and ();; 4. Taking
sector 13 for example, from (170707)], to (171707);,, both
Qp3 and @4 may be ON and the shoot-through problem may
occur, which is shown by Fig. 14(a).

To avoid this situation, the driving signals of Qo and Q3
should be separate. Then, even if (Qy2 and Q4 are turned ON
synchronously, there will not exist any shoot-through problem
as D, and D3 block both forward and reverse current, which
is shown by Fig. 14(b).

In a word, the proposed converter does not have any shoot-
through problem with proper control strategy and need not extra
dead time.
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Fig. 14.  Shoot-through mode of the converter.

C. Comparison With Some Other Converters

The single-stage boost-derived matrix PWM rectifier has
the similar topology and function as the proposed converter.
Compared with matrix rectifier ([24], Fig. 9), the proposed
converter has two more switches. However, for the proposed
converter, only eight switches need to be controlled under rec-
tifier mode, and 16 switches need to be controlled under in-
verter mode; while 12 switches need to be controlled under
rectifier mode, and 16 switches need to be controlled under in-
verter mode for matrix converter. Under rectifier mode, the pro-
posed converter’s switches Q2 3(¢ = a, b, ¢) can also be turned
ON synchronously, so it is clear that the control is simpler than
the matrix one. What’s more, for the proposed converter and
SVPWM algorithm, the time of zero vectors can serve as the
dead time, which avoid the shoot-through problem naturally,
while the matrix converter needs extra dead time.

The traditional three-phase Z-source inverter [25] is popular
as it achieves both step-up and step-down output and solves the
shoot-through problem. Comparing the proposed converter and
Z-source inverter, although the proposed converter has more
switches, it still has following advantages: 1) Fewer capacitors
and magnetic components. 2) Achievement of both bidirectional
power flow and high-frequency isolation. The Z-source network
always needs the capacitors with large capacitance and high
voltage stress and the inductors with large inductance, which in-
creases the volume and weight, and it cannot be applied as grid-
interface inverter directly without electrical isolation. Jiang et al.
[26] proposes a high frequency transformer isolated Z-source
inverter. However, its Z-source network needs two transformers
and four capacitors, which decreases the power density.

D. Power Loss Analysis

The power loss analysis of the proposed converter under rec-
tifier mode is as follows:
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The conduction loss, switching loss, and reverse recovery loss
of bidirectional switches Q2 3, Qp2,3, and Q.2 3 is

Pyi_cond = SIbi_avg . (Vce + V;i) =11.66 W (20)

B)i_sw = 3fs . (Eon + Eoff) =35.34 W (21)
1 s

P = 6x 2 ("vi ) Lot L — 179w 22)
4 T 2

The driving loss is so small compared to other loss that it can
be neglected.

The conduction loss of the three-phase bridge Dg1 4, Dy 4,
and D51,4 is

Fip_cona = 6l _avg - Vi =551 W (23)
Pir = 6% 1 x (;ﬁvi) It 2
= 1.72W. (24)
The conduction loss and switching loss of Q)1 2 is
P, cond = 20y avg - Vee = 5.32 W (25)
P, «w = 2fs - (Eon + Eon) = 30.64 W. (26)

The conduction loss and reverse recovery loss of Dy _4 is

Pd_cond - 4Id_avg . ‘/d =14.22 W (27)
1
Py = 4x Z‘/Zlcl'rrtrrfs =5.68 W. (28)
For the inductors, the maximum flux density B}, is
B, = Vims 0.05T (29)
PR LA AN T

According to the core loss curves, the core loss is 20 mW/cm?,
so the power loss of the inductors is

PL = B(PL_fe + PL_cu) = 3(PL_COIGVL_8 + I%,_rmst)
— 14.97 W. (30)

For the transformer, the maximum flux density B,, is calcu-
lated as 0.138 T. The core loss is 10 mW/cm?, and the power
loss of the transformer is

Pr, = PTr_fe + Pry_cu

Pry_coreVrr_e + (I%'r’p_rmsRTrp
+172“rs_rmsRTrs) =9.99 W. (31)

Three-phase PWM rectifier [13] and VIENNA rectifier [27]
are two common converters to achieve ac/dc conversion. How-
ever, they cannot achieve electrical isolation and buck—boost
conversion. So a ZVS full-bridge (ZVS-FB) bidirectional dc/dc
converter [28] is always added as the second stage. The loss
comparison among the proposed converter, the two-stage con-
verter with VIENNA rectifier and ZVS-FB, and the two-stage
converter with three-phase PWM and ZVS-FB is shown by
Fig. 15 when the total power is 3 kW under rectifier mode.

It is seen that VIENNA + ZVS-FB has the minimum con-
duction loss. However, according to the comparison shown by
Table IV, it has more components than the proposed converter,
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Fig. 15.  Loss comparison with traditional converters.
TABLE IV
COMPONENTS COMPARISON
The proposed VIENNA + ZVS-FB Three-phase
converter PWM + ZVS-FB
Switches 18 20 14
Decoupling Decoupling
capacitors capacitors
Capacitors Filter capacitors between two stages; between two stages;
of dc side Filter capacitors of Filter capacitors of
dc side dc side
Inductors Filter inductors Filter inductors of ac Filter inductors of ac
of ac side side and dc side side and dc side
Transformers 1 1 1

such as two active switches, decoupling capacitors between two
stages, and filter inductor of dc side. It is seen that the power
loss of the proposed converter and three-phase PWM + ZVS
FB is close, but the proposed converter removes the decoupling
capacitors and filter inductor of dc side. Besides, the proposed
converter has no shoot-through problem without extra dead time.
Through the above comparison and power loss analysis, it
is concluded that the converter has higher power density with
fewer inductors and capacitors, and higher reliability without
shoot-through problem. Furthermore, the decoupling capacitors
with large capacitance between two stages always utilize elec-
trolytic capacitors whose life influences the reliability of the
converter, and the proposed converter’s elimination of the de-
coupling capacitors will further improve the reliability.

E. Design Considerations of the Transformer

According to Figs. 7 and 8, the ac-phase voltage’s peak value
should meet the following equation:

Vin,

s

Vie. (32)

Vap >

Then for the given ac voltage and dc voltage, the turn ratio of
the transformer can be calculated.

According to (32), turn ratio is selected to be 2/3. EE85B is
chosen as the transformer magnetic core and its effective cross-
sectional area A, is 859 mm?, and the maximum flux density
B,,, should meet the following equation:

Vac

Bm = =7 1
4f; Acng

<0.16 T. (33)
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Fig. 16.  Simulation results under rectifier mode.

The switching frequency f is 20 kHz. So the turn number
of secondary side ny is selected as 40, and the actual B,, is
calculated to be 0.138 T.

F. Design Considerations of the Filter Inductor

The design of the filter inductor L(L,, L;, L.) should take
both the ripple of harmonic current and current tracking perfor-
mance into considerations [29]. The current variation of L, in
a switching cycle is

(Sb + S(:)np ‘/dCTl

Ady = 3,1 (S0 =0)
: 34
piy - C2ES STy o 34)
2T 3ng L e

When L; (i = a, b, ¢) connects to the positive end of the trans-
former’s voltage, .5; is 1. Otherwise, .9; is 0. To guarantee proper
current tracking performance at the zero-crossing point of cur-
rent, the upper limit of L should meet the following equations:

|Aiy | — |Aiy| I, sinwT,
> ~ I, 35
T, - T “ G2
2 ¢ 2 ¢
L < 2wV _ my Va —0.169 H. (36)
3ngl,w n P . \/iw
" 3nVan

To limit the current ripple of harmonic current at the peak
point of current, the lower limit of L should meet the following
equation:

|Ai1| ~ |Ai2| < Alpax (37)

n V:chg n, VvdcTs
L>_-2 = L =3.325mH (38
= 6nsNipae  6ns - 20% - I, mi (38)

So the value of filter inductor is selected to be 3.3 mH.

VI. SIMULATION AND EXPERIMENTAL RESULTS

In order to verify the theoretical analysis, the proposed single-
stage isolated three-phase bidirectional ac/dc converter is simu-
lated by MATLAB/SIMULINK based on the control system in
Fig. 3. Fig. 16 shows the harmonic analysis of A-phase current z,
under rectifier mode. It is clear that the converter achieves high
power factor. Fig. 17 shows the relationship between the THD
of output current and the modulation index (MI) by adjusting
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the transformer turns ratio. MI is defined as
V,
MI = ap 39)

%(%Vdc) .

For the required peak value of phase-voltage V,, and given
input voltage V. under inverter mode, MI varies with the trans-
former’s turn ratio. The current’s THD increases a lot when
MI exceeds 0.907. So the turn ratio should be chosen to make
MI below 0.907, which is consistent with (32). However, the
switches’ voltage stress increases when MI decreases. So the
design of the transformer’s turn ratio should take both the cur-
rent’s THD and voltage stress into considerations. Although the
current has minimum THD when MI is 0.907, appropriate mar-
gin should be set for the closed-loop regulation and M1 is chosen
to be 0.86.

A 3 kW prototype was built in the lab with the digital
controller TMS320F2812. The components are as follows:
Qi1—4, Qp1,2, Qs1-4: IKW25N120T2; inductor magnetic core:
KH250-060A; transformer magnetic core: EE85B; and driver:
HCPL3120. The parameters and specifications are as follows:

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

2) AC voltage frequency: f = 50 Hz;

3) DC voltage: V3. = 380V;

4) rated output power: P, = 3kW;

5) filter inductor: L = 3.3 mH;

6) filter capacitor: C, = 330 uF*4;

7) transformer turns ratio: n, /n, = 60/40;

8) switching frequency: f; = 20kHz.

Fig. 18 shows the experimental results under rectifier mode.
Fig. 18(a) shows the driving signals of Qq2.3, @p2,3, and Q2 3,
and the zoomed-in area shows the switching sequence of sector
13, which is consistent with theoretical analysis. In rectifier
mode, it is unnecessary to separate the driving waveforms of @, 2
and Q.3 according to the current direction of i, for simplicity.
They can also be separated for saving driving loss. Fig. 18(b)
shows the waveforms of v,, 74, V45 _q2,3, and the voltage across
the secondary winding vz, . Fig. 18(c) shows the waveforms
of three-phase current.
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Fig. 18.  Experimental results under rectifier mode.

Fig. 19 shows the experimental results under inverter mode.
Fig. 19(a) shows the driving signals of (),1_4. It shows that
no dead time is needed between vy, o1 and vy 43 to avoid
the shoot-through problem by the proposed control strategy.
Fig. 19(b) shows the waveforms of v,, %4, Vys_a3, and the voltage
across the secondary winding vy, _. The zoomed-in area shows
the operating waveforms of sector 13. It is seen that the trans-
former achieves the voltage—second balance. Fig. 19(c) shows
the waveforms of v, and three-phase current. The current’s THD
is tested to be 1.914%. Fig. 20 shows the efficiency curves of
theoretical analysis and experimental result. It is concluded that
the proposed SVPWM algorithm achieves the voltage—second
balance of the transformer and the experimental results verified
the theoretical analysis well.

VII. CONCLUSION

This paper proposes a three-phase isolated bidirectional ac/dc
converter and its SVPWM algorithm. It achieves sinusoidal ac
current, buck—boost ac/dc conversion, and high-frequency iso-
lation with single-stage structure. Compared with the traditional
two-stage converter, it removes the bulk decoupling capacitors
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and filter inductor of dc side and has higher power density. The
converter does not have any shoot-through problem without ex-
tra dead time. A 3 kW prototype was built in the lab and the
experimental results verify the theoretical analysis well.
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