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Abstract—In this paper, a control method for an AC-DC
converter is proposed that simultaneously has the following
features: a) galvanic isolation b) bi-directional power flow, c)
Zero Current Switching (ZCS) for the primary side switches and
Zero Voltage Switching (ZVS) turn-on for the secondary side,
d) linear power relationship for easy control implementation,
e) unity power factor with open-loop control and f) single-stage
power conversion. It is thoroughly analyzed by first assuming it to
be a DC-DC converter in a push-pull topology and then extending
the results to analyze an AC-DC converter. The conclusions of
the analysis are confirmed by simulations.

I. INTRODUCTION

AC-DC power conversion that requires galvanic isolation
can be bulky due to presence of a low frequency trans-
former. With the help of power electronics, this low frequency
transformer can be replaced by a compact high frequency
transformer. The switching frequency is however limited by
the device stress, and switching losses [1]. Hence converters
having soft-switching characteristics are being explored. A
review of AC-DC converters using high frequency transform-
ers is given in [2]. These converters have good power factor
however they have unidirectional power flow and have multiple
stages.

Dual Active Bridge Converters (DABC) are a class of high
frequency transformer-isolated converters that have inherent
qualities of soft switching, low device stress and small fil-
ter requirements. These make them suitable for applications
requiring high power density. DABC was introduced in [3],
[4]; in this converter, two square-wave voltages are phase
shift modulated (PSM) to control the power flow using the
leakage inductance of the transformer. When the input and
output voltages vary widely, the soft switching range of
PSM DABC is limited. New modulations methods, where
one of the converters is duty-ratio modulated were proposed
to extend this soft switching range [5]. In [6], [7] and [8]
Trapezoidal and Triangular current modulation are introduced
and analyzed. Triangular current mode modulation is used
when the input and output voltages are different; this strategy
results in maximum ZVS/ZCS at the cost of high rms currents
[9]. In trapezoidal current modulation, low rms currents are
obtained in the transformer and higher power transfer is
possible compared to triangular current modulation. The inner
mode and outer mode of operation of DABC are explored in
[10] and [11]. It is possible to obtain ZCS in the low voltage
side in the ‘inner mode’ of operation. Triangular current mode
modulation is a special case of the ‘inner mode’ of operation.
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AC-DC converter

A comprehensive analysis of all the modes of operation of a
DABC is given in [12].

The design and control of a multi-stage single-phase AC-DC
DABC with unity power factor is given in [13]. The drawback
of this converter is that it lacks bi-directional capability and is
not single-stage. The dual-active bridge principle is applied to
the AC-DC converter in [14], [15]. In [14] and [15] the AC-DC
converter operates in inner as well as outer mode of operation
in order to obtain maximum soft switching. A topology with
bi-directional functionality as well as a unity power factor on
the utility side is proposed in [16]. The control of these AC-
DC converters is complicated as it is non-linear.

In this paper, a control method for a AC-DC converter
shown in Fig. 1 is proposed that simultaneously has the fol-
lowing features: a) galvanic isolation, b) bi-directional power
flow, c) ZCS for the primary side switches and ZVS turn-on
for the secondary side, d) linear power relationship for easy
control implementation, and e) unity power factor under open-
loop control and f) single-stage power conversion. In order
to analyze a single-phase AC-DC converter, first, the ‘inner
mode’ of operation for a DC-DC DABC with the primary
switches in push-pull topology is analyzed in subsection II-A.
This analysis is extended to single-phase AC-DC converter in
subsection II-B. In section III, the simulation results in SABER
are compared with the theoretical analysis.

II. ANALYSIS OF THE PROPOSED AC-DC CONVERTER
WITH ADVANCED FEATURES

An AC-DC Dual Active Bridge Converter (DABC) with
the primary side in push-pull configuration is shown in Fig.
1. An AC voltage source v; = V; sin(wt), where w = 27f is
connected to the primary of a three-winding high-frequency
transformer and a DC voltage source V, is connected to the
secondary of the high frequency transformer through a H-
bridge inverter. The turns ratio of one half of the primary
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Fig. 2. Equivalent circuit of the converter system from the secondary side

winding to the secondary winding of the transformer is 1 : n.
In the following analysis, it is assumed that V, > an The
leakage inductances of the two primary windings are L,, and
Ly, and that of the secondary winding is L,. The primary
side switches S; and Sy are four-quadrant. They are switched
at 50% duty-ratio in a complementary way at a switching
frequency of fs(= ,%s) If the leakage inductance of the two
primary windings are identical, L,, = Lp, = L,, and the
magnetizing current is neglected, the equivalent circuit of the
converter system seen from the secondary side of the trans-
former is shown in Fig. 2 where, L = n2L, + L. The voltage
vp is +nv; when S is ON and is —nv; when Sz is ON. In
one switching cycle, the net volt-sec applied to the transformer
is zero; thus, the flux in the transformer core is balanced in
the modulation technique described below. The secondary side
switches S; and S, are switched complementary to S,, and
S,, respectively. The voltage vs can be controlled to be +V,,
-V, or 0.

A. Analysis of DC-DC Converter

In a DC-DC DABC, the input voltage in Fig. 1 is constant at
V;. The switches S; and S» can be two-quadrant. In the ‘inner
mode’ of operation, the secondary side converter is pulse-
width modulated with a duty-ratio given by (1). A phase shift

of == is introduced between the voltages v, and v to obtain
power transfer (Fig.3 (a)). In this mode, the absolute value of
¢ is limited by (2) [12]. This modulation technique ensures
that the average voltage applied across the inductor is zero
every T,/2 and the switches S; and Sp are switched at zero
current, thus reducing the switching losses considerably. An
added advantage is that a snubber circuit is no longer necessary
for these switches. The inductor current ¢y, ¢, and %; are shown
in Fig. 3 (c), (d) and (e) respectively.

nV;
d= A (1)
o<l <(-ds )

The secondary side converter can be modulated by two
switching strategies; in the first case (Fig. 3 (a)), the zero
voltage is applied by turning on S, and S, . In the second
method (Fig. 3 (b)), the zero voltage is applied either by .S,,
and S,, or by S; and S ; this method has an advantage
that the secondary side pulses are square wave. A dead-time
is introduced between the transition of switches in the same
leg. The switches in the secondary side turn on under ZVS
condition as anti-parallel diodes are conducting when these
switches are turned on. This condition is true for any direction
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Fig. 3. Switching waveforms for DC-DC converter

of power flow. In case the current is not zero every half cycle,
all the secondary side switches are turned off, so that the
diodes and V, form a clamp circuit that brings the current
down to zero. Now, S; and S2 can be safely switched.

The voltage, current and power bases are selected as (3). The
average power supplied is calculated to be (4). A maximum
power of 0.233 pu can be transferred using this converter when
d = 2/3. Due to the constraints on the value of d, the power
transferred in the inner mode of operation is lesser than a PSM
DABC [3](0.523 pu at d=2/3).

%ase = ‘/o
A
Ibase = 27(_st (3)
2
Pbase = 271'st
ViV, Vo2
Pio = by = 6 5t
= 0dm .--in pu 4)

The per unit rms currents in the transformer are calculated
to be (5) and (6). The primary and secondary rms voltages
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Fig. 4. DC-DC Converter: Py Vs P;,

are calculated in (7) and (8) respectively. Using these values
the transformer per unit VA can be calculated as (9). The per-
unit values of P; are plotted as a function of P;, in Fig. 4.
A transformer per unit VA of P; = 0.299pu is required to
transfer the maximum power of 0.233pu, which corresponds
to a transformer utilization (P;,/P;) of 0.779, This is higher
than the transformer utilization (0.636) for maximum power
transfer at the diode bridge boundary for topology B in [3].

I, =K\(1-2d+d?+126%)d>  (5)
2
here, K=——
W 4\/3
_ _ 1.,
ILm = ILP2 = \/5 (6)
- d
p= % @)
Vs=+Vd ®)
1 — — — —
P, = 5[2VPILP + VsILs]
1 —
= 5(d+Va)ly, )

The size of the dc-side filter capacitor is a function of the
rms ripple current through it. The per-unit value of the rms
ripple current through the dc capacitor, I, is given by (11).
In Fig. 5, the worst case ripple equals 0.256 pu at ¢ of 0.23
(d=0.54).

I, = K\/(1—2d+ d? + 1262)d? (10)
T =Ky\/(1-2d+d2+1262(1 —d))d®  (11)
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Fig. 5. DC-DC Converter: I, Vs &

B. Analysis of Single-Phase AC-DC Converter

Consider a single-phase phase AC-DC converter in Fig. 1.
As fs > f, in one switching cycle, the input voltage can
be approximated as a DC voltage. In the positive half cycle,
the ZCS conditions for the primary side switches are satisfied
when the output side converter is modulated with a duty ratio
of (12). In the negative half cycle, the pulses for S, and
S,, are interchanged. The duty ratio d of the secondary side
converter varies with time, hence the maximum value of ¢ also
varies with time (13). Selecting a constant value of & ensures
unity power factor on the AC side. For a given value of m,
|6] is constrained by (14).

d(t) = m|sin(wt)| m = ?;,VZ 12)
05 18] < 5(1 - d(t) (3)
O<W§%ﬂ—m) (14)

The instantaneous power transferred (15) is obtained by
replacing V; and d in (4) by v sin(wt) and (12) respectively.
From the definition of input power, the switching-cycle av-
eraged input current (f,-(t)) can be calculated as (16). Under
open-loop control, the switching-cycle averaged input current
is in phase with the input voltage and unity power factor is
obtained. The average power, Py,.4 is calculated by integrating
the instantaneous power over one fundamental cycle of the
input voltage. The following inferences are made about Py g4:
1) The power flow has a linear relationship to ¢ this simplifies
the control strategy where power flow can be bi-directional
by changing the sign of 4. 2) As m increases, the range of
& reduces. 3) No power can be transferred when V, = an
4) The locus of maximum power that can be transferred is
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plotted by the dotted curve in Fig. 6. The maximum value of
P,vg (0.116 pu) occurs when m = 2/3.

P(t) = 6;’;‘;82 sin?(wt) (15)
ii(t) = % = 62722;:’ sin(wt) (16)
Poyg = o 0% P(wt)d(wt) 17)
Povg = 5n2% = 6m2%

= ;5m27r ---in pu (18)

The rms currents in the transformer windings over one
switching period are a function of d(¢) and are given by (5) and
(6). The equation for the rms currents through the transformer
windings over one cycle of the input voltage (given by (19)
and (20)) can be found by integrating the the square of (5)
and (6) and determining root of the mean. The rms values for
the primary and secondary voltages are given by (21) and (22)
respectively. The transformer per unit VA rating is calculated
by (23). The per-unit values of P, are plotted as a function of
P,y in Fig. 7. The dotted curve marks the locus of maximum
VA for the transformer for different values of Fg,4. To transfer
the maximum power (0.116 pu), the transformer VA required
is 0.176, resulting in a transformer utilization of 0.663. This
is the maximum utilization of the transformer.
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I, = K'm+/9m2m — 64m + 127(1 + 1262)
(19)
where, K' =0.1044
— —_ TL_.;
ILm = ILP2 = \/5 (20)
— m
V., = — 21
P= 3 21
- 2
Ve = m (22)
™
1 — = —_ =
Pt = 5[2VPIL;» + VsILS]
1 [ m 2m \ =
==+ =T 23
3 (\/5 + - ) L, (23)

The rms values for ¢, and ripple current in the dc-capacitor
given by (24) and (25) are calculated from (10) and (11)
respectively. The per-unit values of the dc-capacitor current
ripple is plotted for selected values of m as a function of § in
Fig. 8. The maximum value for Trpl (0.185 pu) occurs when
4 is 0.21(m=0.58) at a power transfer of 0.111 pu.

1, = K"/m3(64m?2 — 45mm + 80(1 + 1262))
(24)

T.p = K"\/m3(64m?2 — 45mm — 270m62m + 80 + 96062)

(25)
where, K" = 0.0661

III. SIMULATION RESULTS

The DC-DC converter in Fig. 1 is simulated in SABER. The
converter parameters are listed in Table I. The waveforms for
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TABLE I
SIMULATION PARAMETERS
V;=V; 40V
Vo 200V
fs.f 5kHz , 60Hz

Lp, =Lp, =L 50uH
turns-ratio 1:1:1

é 0.1

the current through S; and S; as well as the input and output
currents are shown in Fig. 9. As these currents are zero at the
transition of S; or Ss, zero switching for primary switches is
confirmed.

A single-phase AC-DC converter having parameters listed
in Table I is also simulated in SABER. In Fig. 10, the input
voltage and filtered input current are in phase with each other,
indicating that a unity power factor of operation is obtained.
The calculated and simulated values for P;,, I;, I, and I;qp
for both DC-DC and AC-DC converters match closely as listed
in Table II.

IV. CONCLUSION

In this paper, a modulation technique for a DABC-based
AC-DC converter is proposed that results in several beneficial

TABLE II

COMPARISON OF SIMULATION AND CALCULATED VALUES

Parameter Simulation | Calculation | Simulation | Calculation
(DC-DC) (DC-DC) (AC-DC) (AC-DC)
P, 15881 W | 160 W 79.51 W 80 W
T;(rms) 10.12 A 10.06 A 727 A 735 A
To(rms) 453 A 450 A 296 A 301 A
Topi(rms) | 446 A 443 A 293 A 297A
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features simultaneously. The salient features are single-stage
power conversion, bi-directional power flow, open-loop unity
power factor of operation, ZCS in the primary side under
all loading conditions, ZVS turn on for all secondary side
switches and high power density. Single-stage power conver-
sion is an improvement over conventional multi-stage AC-DC
converters with bulky low frequency transformers. Along with
isolation, the high-frequency transformer blocks dc-injection
to the AC-side and provides voltage transformation. The bi-
directional property of this converter makes is especially
attractive for distributed battery resources. By operating in the
‘inner mode’ with constant phase shift, open-loop unity power
factor is obtained on the AC-side. The linear relationship
between power and § makes it easy to control. Zero Current
Switching (ZCS) on the low voltage (high-current) side will
lead to reduction in switching losses and improved efficiency.
The switching frequency can also be increased, thus reducing
the size of the magnetic components considerably. However,
this potential reduction in size needs to be evaluated in
light of higher rms currents that result to achieve ZCS. It
should be noted that in Fig. 1, a full bridge topology can
be employed instead of a push-pull topology; hence a single
primary winding can be used at the expense of twice the
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number of switches on the primary side.
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