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Abstract—In this paper, a modulation method for a single-stage
three-phase AC-DC converter with only two active switches on
the AC-side is proposed. The Dual Active Bridge (DAB) based
modulation provides the advantages of Zero Current Switching
(ZCS) for the primary side switches, linear power relationship for
easy control implementation and unity power factor with open-
loop control. Some other features of this topology are galvanic
isolation and bi-directional power flow capability. This converter
is analysed and the conclusions of the analysis and simulation
concur.

I. INTRODUCTION

Three-phase AC-DC conversion was traditionally achieved
using thyristor converters and diode-bridge rectifiers, however
due to power quality issues, various other power electronic
topologies were explored [1]. Transformer isolation is essential
in some applications like UPS in order to provide separate
grounding for critical loads, prevent leakage currents and
safety [2]. Using a high-frequency transformer (HFT) instead
of a line-frequency transformer results in reduced converter
size and weight and consequently increased power density. A
number of three-phase AC-DC converters have been proposed
that employ HFT instead of line frequency transformers. HFT
isolated AC-DC converters can be classified into multi-stage
converters and single-stage converters.

In multi-stage HFT isolated AC-DC converters, typically,
the input current and power factor control is achieved in the
first stage involving AC-DC conversion and the following
stage is a DC-DC converter that is used to regulate the DC
voltage. The two-stage converters proposed in [3], [4] (three-
phase) and [5], [6] (single-phase) have bi-directional power
flow capabilities making them suitable for motor drive applica-
tion for regenerative braking and battery charging/discharging
in electric/ hybrid vehicles. In [5] and [6], [4], the DC-DC
converter stage is soft-switched and operates under phase
shift modulation (PSM). This PSM or dual active bridge
principle (DAB) was first proposed in [7], [8]. Because of
their inherent soft-switching characteristics, and consequently
low switching losses, these converters can operate at a high
switching frequency and further reduce the size of HFT and
required filters. These converters use the leakage inductance of
the HFT for power transfer. However, the problems with multi-
stage conversion are low efficiency and reduced reliability.
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Single-stage, HFT isolated, three-phase AC-DC converters
with soft-switching (ZVS or ZCS) have been proposed [9],
[10], [11]. In [9], [10] the transformer leakage inductance
facilitates soft-switching; however, in [11] it must be mini-
mized to reduce losses. All these converters lack bi-directional
functionality.

Single-stage bi-directional isolated AC-DC converters that
use cycloconverter are proposed in [12], [13], [2] (full-bridge)
and [14] (half-bridge). These converters are used for motor
drive applications. The drawbacks of these converters are:
commutation of the AC-side switches is complex and these
converters require four-quadrant switches on the AC-side. In
these converters, the transformer leakage inductance needs to
be very small for safe commutation of switches. In some cases,
snubber circuitry is also necessary. The leakage inductance
commutation will limit the switching frequency of the HFT
[13]. A topology for Vehicle to Grid (V2G) application is
proposed in [15], this topology uses the transformer leakage
inductance for power transfer, has ZCS and open loop power
factor correction; however, this converter requires 6 four-
quadrant switches on the AC side.

In this paper, a three-phase bi-directional, HFT isolated,
single-stage, DAB-based, AC-DC converter (shown in Fig. 1)
which was proposed in [16] is analysed. This converter has
only two active switches on the AC-side. The transformers
provide isolation and their leakage inductance is used for
power transfer. This topology combines all the advantages of a
HFT based system and a DAB-based system. No clamp circuit
is required for this converter. In Section II, the topology and
modulation technique are introduced. In the following section,
the converter is analysed and in the last section, the analytical
results are compared with the simulation results.

II. TOPOLOGY AND MODULATION TECHNIQUE

The three-phase AC-DC converter system is shown in Fig.
1. Balanced three-phase AC voltages given by (1) are applied
to a bank of three three-winding transformers. The turns-ratio
of one half of the primary winding to the secondary winding
is 1 : n. The secondary side of the transformer is connected
to a DC voltage source, Vg, through a two-level converter.
In this topology, Vg, > V/3nV;. All the switches on the DC
side are two-quadrant. The AC side switches S; and Sy are

Authorized licensed Q38 limising-: 4 FOB-F/ata /P 8h e p@ibfarg INEfER Institute of Science Bengaluru. Downloaded on August 13,2024 at 07:45:59 UTC from IEEE Xplore. Restrictions apply.



Diode Bridge

Sa Sp Sc v

Two Level Converter

HFT

Fig. 1.

15
(100)

,,S] on
____Sz on

Fig. 2.

Switching vectors

realized using a three-phase diode bridge and 1 one-quadrant
switch. S; and S5 are switched in a complementary way,
T where,
fs > f. Hence high-frequency AC voltages are applied to the
transformer primary. Assuming the leakage inductance of the
two primary windings are identical (L,, = L,, = L, ) and the
magnetizing inductance is neglected, the primary side circuit
and HFT referred to the secondary side can be represented by
three balanced voltages v/, (where, x denotes a, b or ¢ phase)
with equivalent transformer leakage inductances in series with
it. v, is +nv, when S; is on and —nv, when Sy is on.
The per-phase equivalent leakage inductance referred to the
secondary side is given by L., = n’L, + L.

The two-level converter is pulse-width modulated to satisfy
the following three conditions. 1) Over every %, the average
voltage applied across each transformer equivalent leakage
inductance must be zero. 2) The switching voltages generated
at the transformer secondary side are phase shifted with respect

with 50% duty at a switching frequency f, (: A

Three-phase AC-DC converter: Topology

to the primary side voltages; hence, power is transferred by the
Dual Active Bridge principle. 3) In this modulation, the phase
shift that can be applied is limited such that at any point, the
converter can be viewed to be in ‘inner mode’ of operation.

In order to satisfy the first criterion, the duty ratios for the
two-level converter are calculated using conventional Space
Vector Modulation (SVM) [17]. The voltage space-vector
diagram for a two-level converter is in Fig. 2. In this example,
when S is on, the input voltage space vector, v+ given by
(2) is in sector 1 and when S5 is on, it 1s 180° out of phase,
in sector 4. The duty ratios for vectors Vi and V; are given
by d; and dsy respectively in (3). As the effective voltage
applied across L., is zero every % the phase currents of the
transformer go to zero at the transition from S; to So and
vice-versa. Hence, Zero Current Switching (ZCS) is achieved
for these switches.

va(t) = V; cos(wt)
vy(t) = V; cos (wt — 2;)

N 4
ve(t) = Vj cos (wt — ;) -~ Where, w =27f (1)

Vi(t) = V() = v (1) + vh(t)e T + o) (t)e! T @
di = V/3dsin (g - oz)
dy = V3dsin(a) - Where, d — "Vt 3)
dc
1 1
<=(1- =—
01 < 5 (1-v3d)  Hence, dyaa v “@
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Fig. 3. Switching waveforms

Without loss of generality, the converter waveforms are
analysed when V* is in sector 1 and Sy is on. The secondary
side equivalent transformer voltage for phase-a, v/, and the
two-level converter output voltage for phase-a, v4 are shown
in Fig. 3(a). A phase shift 5% is introduced between the
primary and secondary switching voltages of the transformer
in order to obtain power transfer and v 4 is symmetric with
respect to the phase shift % +6 T2 According to the third
condition, the switching pulses for the two-level inverter must
be contained within %, thus, § is limited by (4). When S
is on, vay is 0, 2Vye, 1Vye when vectors Vo, Vi and Vi are
applied respectively. The current through L., for phase-a is
shown in Fig. 3(b). As the average value of vy equals the
average value of v, over each half cycle, I,, = I,, = 0. This
is true for phase-b and phase-c as well. When vector Vo is
applied, the DC current, 4. (Fig.3 (c)) is zero. When vector
\71 is applied, 4. = 1Lega and when vector ‘7'2 is applied,
lde = UL.q,a + 1L

eqs eqvb'

In order to analyse the currents, voltages and power the
per-unit (pu) base values on the secondary side are chosen to
be (5). The currents ¢y, , and i4. are piecewise linear over
the switching cycle; hence, per-unit switching-cycle-average
phase currents as well as the DC current of the converter can
be calculated to be (6) and (7) respectively. It is clear from
(6), if 0 is a constant, unity power-factor is obtained on the
AC side. The average power per switching cycle, P;, is given
by (8). The power transferred is directly proportional to §. The
locus of the power that can be transferred for different values
of d as a function of § is plotted in Fig. 4. Maximum power
can be transferred (0.1164pu) when d is 0.3849 (%). When
0 is positive, power is transferred from the AC side to the DC
side, when § is negative, the power transfer is in the opposite
direction.
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V2
Pase = de
’ 27Tsteq
iq = md6 cos(wt)
- 2
ip = wdd cos(wt — g)
- 4
ie = wdd cos(wt — g) (6)
lge = 1.57d?6 (7
po_ 3d2V2e
' 4Leq fs
2
_ 3d27r5pu @)

III. ANALYSIS

Every % the reference voltage space vector, V* is con-
structed using the two adjacent vectors that make up the sector
along with zero vectors. If the zero vector is selected to be
0(000) in all sectors, the vector sequence 0-1-2-1-0 in odd
sectors and 0-2-1-2-0 in even sectors will result in minimum
number of switch transitions. If 7(111) is selected as the zero
vector for all sectors, then switching sequence 7-2-1-2-7 in odd
sectors and 7-1-2-1-7 in even sectors will result in minimum
number of switch transitions. If the switching sequence is held
constant, the zero vector that needs to be applied will change
depending on the sector. This will lead to a switching from
(111) to (000) every % because, at that instant, the input
voltage reference always switches from an odd sector to even
sector or vice-versa.

Since fs >> f, in one switching interval, the input AC-
voltages can be assumed to be constant, thus the slope of the
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currents in Fig. 3(b), (c) will be linear. The RMS value for
the piece-wise linear DC current calculated over T7 is denoted
by Ips /25 it is a function of voltages, d, « and §. The value
of I, /o is calculated in all 6 sectors for switching sequence
0-1-2-1-0 and 0-2-1-2-0. The RMS current over a sector j, I
is calculated by (9). It can be shown that it is sufficient to
calculate the value of I; in sector 1 and 2 only. Further, the
RMS value over the low frequency fundamental is calculated
by (10). A similar analysis is done for the transformer currents.
The choice of switching sequence does not affect the RMS
values for the currents and they all result in unity-power factor

on the AC-side.

3 (72 .
;/ ITS/2 da S {1726} )
0

Thyp= (10)

The RMS value of the DC-current I,4. of this converter
in per-unit is given by (11). The size of the DC-capacitor
is a function of the RMS ripple current content of ¢4.. This
RMS ripple current in the DC capacitor, Trpl is calculated by
subtracting the DC component from IT4.. The values of Trpl
given by (12) are plotted for different values of d as a function
of § in Fig. 5. For a certain value of d, the ripple content in the
DC capacitor increases as the absolute value of phase shift,
|6 increases. The maximum value of I, is 0.137pu when

d = 0.322.

Tae = Ka[(V/3 (9d(—45 + 358d) + 40 (29 + 3605%))

— 1890dm)wd®]Z  Where, K5 = 0.013 (11)
T,p1 = Ko[(V/3(9d(—45 + 358d) + 40(29 + 36002))
— 270d(7 + 4862)m)md?]? (12)

I1,, = K1[(—560v/3d + 27d*(3V/3 + 87)
+96(r + 120%7))md?])?  Where, K; = 0.021 (13)

_ — 2d
V,=d/2 P 14
1 o
I, = — I, =1 15
NG L. Leq (15)
3 _ _
P, = 5 [2VPILp —+ VSILS:I
3 d 2d \ =
— S =T 16
5 <ﬁ \/§7r> L, (16)

The size of the high frequency transformer is related to its
VA rating which is given by P; in (16). Hence, it is important
to determine the RMS voltages and currents applied to the high
frequency transformer. The RMS value of iy, in per-unit as
a function of d and J is given by (13). The voltages generated
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by the two-level converter are applied at the secondary side
of the HFT. Since the switching duty ratios as well as the DC
voltage is known, the RMS voltages applied to the secondary
side of the transformer, V', can be calculated in the same way
as the RMS analysis for the currents. The transformer primary
and secondary winding RMS voltages V, and V; are given
by (14). As each primary winding conducts only for 50% of
the time, TLP is given by (15). P; is plotted as a function
of P, for different values of d in Fig. 6. The transformer
utilization factor (TUF) is defined as %‘). The highest value
of TUF 68.8% is obtained for a power transfer of 0.116pu
with d = 0.399. One drawback of this converter is that, when
0 equals zero, the power transfer is zero, however there are
RMS currents in the transformer. The worst case occurs when
d = 0.577 and P, = 0.106pu.
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TABLE I
SIMULATION PARAMETERS

Vi 120V 150
Vie 400V =
fs of 5kHz , 60Hz g
Lp, = Lpy = Ls 50uH g &
1:n 1:1 S
S
TABLE II =
ANALYTICAL AND SIMULATED VALUES = ~150
Analytical | Simulation(§=0.2) | (6=-0.2) 150
Iz (A) 21.35 20.98 21.54 =
Tae (A) 19.03 18.55 19.38 =
de (A) +10.8 10.31 -11.05 =
Trpi (A) 15.67 14.42 15.87 e
S
-150
IV. SIMULATION RESULTS
The converter in Fig. 1 is simulated in Saber. The simu-
lation parameters are listed in Table I. The RMS values for .
transformer currents as well as DC current are measured for ﬁg
0 = =£0.2, these values are compared with their analytical <
formulas in Table II. There is a slight discrepancy in the values
of currents based on the direction of power flow because of
. . . . . . -20 L L L L L
losses in thg 01rcu1.t. It has been. shown that pl-dlrectlonal 0.018 0.022 0.026 003 0.033
power flow is possible by changing the direction of phase t (sec)
shift. For 6 = 0.2, the input current for phase-a (i,) and the
DC current (iqc) are plotted in Fig. 7. The input voltage and Fig. 7. Simulation results: va, iq filtered, va, a, and ig4c

filtered current for phase-a are in phase with each other in
Fig. 7. Hence, unity power factor can be obtained when ¢
is constant over one low frequency fundamental. The Fourier
spectrum of the input current ¢, and ¢4. are in Fig.8. Both
these currents have harmonics at 10kHz (2f,). These high
frequency harmonics on the AC side can be easily filtered out
using an LC filter with resistive damping across the inductor
(L=0.7mH, C=100uF, R=1000hm). The switching pulses for 20
switch S7, the currents through the AC-side switches and the
DC current are shown for one switching cycle in Fig.9. It is

liq| = 23.3 at 60Hz

lial

clear that the switches S; and S, are switched at zero current. 10
V. CONCLUSION 0
A single-stage three-phase AC-DC topology with only two 15
active switches on the AC-side has been analysed in de-
tail. This topology has all the benefits of a high-frequency- — 10
transformer system:- voltage transformation ratio, isolation < ligel = 10.7 at OHz

along with high power density. The DAB-based control pro-
vides all the benefits of DAB-converters:- soft switching, use
of the trar{sformer leakage 1pducFance for energy trgnsfer' and 0 0 2000 4000 6000 8000 10000 12000
compact size. The currents in this converter have high ripple f ()

percentage, however this ripple content is at 2 x f; hence, the

size of the filters will be small. The high RMS values for the

transformer have to be considered against the benefit of soft-

switching. Since the switches S; and Sy are ZCS, a clamp Fig. 8. Simulation results: Fourier spectrum of i, and 74,
circuit is not required for these switches. The proposed mod-

ulation technique results in input side power factor correction
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under open-loop. The power transfer is directly proportional
to the phase shift 6. Hence, the control of this converter is
simple.
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