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Abstract—Dual active bridge (DAB) based converters offer the
benefit of smaller volume due to high-frequency isolation and con-
trollability of active power flow, making them attractive for various
applications, such as renewable energy generation, plug-in hybrid
vehicles, and distribution systems. This paper presents a novel con-
verter topology along with a modulation strategy for a DAB-based
three-phase ac to dc converter. The major benefits are single-stage
conversion, no unreliable intermediate dc-link capacitor, reduced
number of switches, i.e., only two active switches on the ac side,
simple control scheme, open-loop unity power factor operation,
bidirectional power flow, and partial soft-switching. This paper
presents the analysis of all the operating modes of the converter,
resulting in the analytical estimation of power transfer and rms
winding current and investigation of soft-switching conditions for
the power devices. Simulation and experimental results have been
presented to demonstrate the advantages of the proposed technique
and accuracy of the analysis.!

Index Terms—Dual active bridge (DAB), high-frequency (HF)
link, isolated converter, power electronic transformer (PET), single
stage, soft switching, solid-state transformer (SST), unity power
factor, zero current switching (ZCS), zero voltage switching (ZVS).

I. INTRODUCTION

ALVANIC isolation is a basic requirement when power
converters are employed with different voltage levels,
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This work was originally reported in [ 1]. Following improvements have been
made 1) Extended the operation from only a single mode to four modes to get
more utilization. 2) A detailed analysis for additional modes have been added
3) An entire section have been added to analyze softswitching conditions 4)
Additional simulation results have been provided 4) Experimental results have
been added.
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Fig. 1. (a) Conventional two-stage ac—dc converter with LFT. (b) Two-stage
ac—dc converter with HFT. (c) Single-state ac—dc converter with HFT [14].

such as in grid integration of renewable energy generation
systems. Fig. 1(a) shows a typical dc to three-phase ac con-
version with a line frequency transformer (LFT) isolation. In a
system like this, the LFT is one of the most expensive compo-
nents and has a large footprint. The size and the cost of the isola-
tion transformer can be reduced by increasing the frequency. In
recent years, the solid-state transformer (SST) has been identi-
fied as a promising technology [2], [3] to replace LFTs. An SST
is essentially an ac—ac converter with a high-frequency (HF) link
and finds applications in ac motor drives [4], [5], power distri-
bution systems [6], etc. An isolated HF-link ac—dc converter
can replace few stages in a multistage SST in order to achieve
higher power density and better reliability. These converters can
be used for the integration of renewable energy sources, such as
solar photovoltaics [7]-[9], energy storage [10], fuel cells [11],
[12], chargers for electric vehicles [13], [14], rectification [15],
and ac motor drives [16].

Isolated HF-link ac—dc converters proposed in the literature
can be divided into two groups: multistage and single stage.
Multi- or two-stage topologies typically involve a stage con-
verting line frequency ac to a dc link followed by an isolated
bidirectional dc—dc converter, as shown in Fig. 1(b). The isolated
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dc—dc converter can either be dual active bridge (DAB) [17]
based or may involve resonant power conversion [18]. Single-
stage topologies provide a direct conversion of line frequency
ac to dc without an intermediate dc link. Major advantage of
a single-stage power conversion is the elimination of elec-
trolytic dc-link capacitance and, thereby, increasing reliability
and power density [19], [20].

Pulse width modulation (PWM) based single-stage three-
phase HF-link bidirectional converters have been discussed in
literature [19]-[25]. A DAB-based power conversion has signif-
icant advantage over PWM-based methods in high-power and
high-voltage applications. In DAB-based solutions, the leakage
inductance of the HF transformer (HFT) can be used for active
power transfer.

In classical dc—dc DAB, two full-bridge inverters are mod-
ulated in a square wave mode with a phase shift, and active
power is being transferred through the leakage inductance of
the HFT [26]. A three-phase dc—dc version was first introduced
in [27]. In [28], the dual-phase-shift modulation was introduced
where both the bridges had been modulated with the same duty
cycle. Considerable effort had been made to minimize conduc-
tion losses and to increase soft-switching range for single-phase
[29]-[34] and three-phase dc—dc DAB [35].

A single-stage single-phase DAB-based ac—dc converter was
first introduced in [36]. A full-bridge [36], [37] or a push—pull
based matrix converter [38] can be used as the line frequency ac
(LFac) to HFac converter. In [39] the LFac to HFac conversion
was done with only two active switches. A multistage DAB-
based single-phase ac—dc converter was proposed in [40]. It has
a line-rectified double-frequency voltage link. In [14] and [41],
a single-stage three-phase ac to dc DAB-based converter has
been analyzed. As shown in Fig. 1(c), this converter employs a
three-phase to single-phase matrix converter requiring 12 two-
quadrant or active switches (a MOSFET or IGBT with an antipar-
allel diode) on the ac side and an H-bridge on the dc side of
the single-phase HFT. The ac-side matrix converter converts the
three-phase LFac to a quasi-square wave single-phase ac and ap-
plies it to the HFT. The dc-side H-bridge is operated to generate
a duty cycle modulated square wave at the same frequency but
with a phase shift to transfer active power. This paper proposes a
novel single-stage DAB-based three-phase ac—dc converter that
require only two active switches for three-phase LFac to HFac
conversion. The proposed topology employs a three-phase volt-
age source inverter (VSI) in the dc side. This paper also presents
a novel modulation strategy that results in bidirectional power
flow, partial soft-switching, and power factor correction.

The paper is organized in nine sections. Section II introduces
the topology and provides a detailed description of the proposed
modulation technique, along with the operating modes that re-
sult from the proposed switching strategy. Section III presents
the switching frequency analysis of the converter for the com-
putation of active power flow and rms winding current. The
results in Section III are used to obtain line frequency quantities
presented in Section IV. Soft switching has been discussed in
Section V. Section VI describes a design procedure for the pro-
posed converter and provides an estimate of converter losses.
A comparison with two other topologies has been presented
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Fig. 2. Topology of the ac—dc converter.

in Section VII, based on the analysis done in Section VI. In
Section VIII, simulation and experimental results have been pre-
sented to validate the analysis. Section IX concludes this paper.

II. TOPOLOGY DESCRIPTION AND MODULATION TECHNIQUE

The proposed topology is shown in Fig. 2. For each phase, it
employs one three-winding transformer with turns ratio 1 : n.
The common terminal of the two primary windings of each
transformer is connected to one of the three input phases v,,
vy, and v.. The other terminals of each primary winding are
connected in a push—pull configuration with two active switches
Sy and S, through a three-phase diode bridge.

The inductance L on the secondary side of the transformer
represents the total leakage inductance of the transformer (L =
n?L, + Ly). If the designed value of L is larger than the leakage
inductance, we need to add external inductance in series with the
primary or secondary winding. The secondary-side converter is
a two-level VSI. It is connected to a dc source with voltage V..

The primary-side voltages are assumed to be sinusoidal and
balanced with frequency w = 27 f = 2% and amplitude Vj,iq,
with phase a voltage defined in (1). The primary-side switches
S and Sy are switched in a complimentary manner with a
50% duty ratio at a frequency f; = 1/Ty, such that f; >> f.
Thus, the secondary-side voltages are HF square waves with
a line frequency sinusoidal envelope, as defined in (2). The
switching signals gg, and gg, of S} and S5, respectively, phase
a, and secondary winding voltage v4 y are shown in Fig. 3(a)

Uy = Vgia sin (27 ft) (1
VAN = £ nv, = £nViyiq sin (27 1)
(+ with S, ON, — with S, ON). )

The secondary-side VSIis space vector modulated to generate
phase voltages vx x, vy n, and vz, which have the same av-
erage value as voltages v4 x, vpy, and ve v, respectively, over
one half of switching period 7. The space vector diagram of a
two-level VSI is shown in Fig. 3(b). The figure shows six active
vectors U;—Ug and two zero vectors Uy and Uy. The vector
U; corresponds to the switching state (100), meaning that top
switch of phase X and bottom switches of phases Y and Z are
ON. Note that in each VSI leg, the top and bottom switches are
switched in a complimentary fashion. V, is the vector formed
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Fig. 3. (a) Primary-side modulation, phase a. (b) Space vectors of a two-level
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by the transformer secondary voltages v4n, vpn, and veoy
o 2
Vo =vay +uvpne’ 3 +voye 3. 3)

The VSI is PWM controlled to synthesize this vector in an
average sense over each half of a switching period. In Fig. 3(b),
V,, is in sector 1 when primary-side switch .S; is ON. When the
switch Sy is ON, the secondary voltage polarity is reversed and
the voltage vector, therefore, is rotated by 180° and is in sector 4.

The VSI pole voltages vx,, vy ., and vz, and phase voltages
Ux N, Uy N, and vy are related as follows:

1
UN =t =g D, v k=XY2). @)
j=XY.Z

The pole and phase voltages of all three phases corresponding
to each switching state of the VSI are given in Table I. Assume
that the voltage vector V,, is in sector 1 when primary-side
switch Sy is turned ON, as shown in Fig. 3(b). The vector V,,
is synthesized on an average over T7 by applying VSI vectors
U; and U, for time periods %ITS and %’TS, respectively. Duty
ratios d; and dy are defined in (5), and m is the modulation
index defined in (6). The turns ratio n is adjusted such that
0<m< % « is the angle between V,, and Uj . For the rest of

the first-half switching period %’, the zero vector Uy is applied.
When S is ON, the vector —V,, is synthesized in an average
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TABLE I
POLE AND PHASE VOLTAGES FOR DIFFERENT AVAILABLE SPACE
VECTORS OF A VSI

Space Vector Pole Voltages Phase Voltages
VX n VY n VZn VX N Vy N VZN
2V, V. V.
U, Ve 0 0 =t — =g -4
Vie Vie 2Vi4e
U, Ve Ve 0 gl §“ 3(1‘
Ve 2V, Vie
Us 0 Vie 0 — e de ~ T
2V, v, v,
U4 0 Vdc Vdc - 3‘1(‘ gzc ‘3“
Vie Vie 2Vie
U5 0 0 Vdc _ g( _ §<, 3(1(,
; .
Us Vae 0 Vg o e Hee Lo
Uy 0 0 0 0 0
Uy Vae  Vae  Vae 0 0
VAN t
0.5 I Ts
''''''''''''''''''''''''''''' Ve
VXn
******************************* Vie
Vyn
""""""""""""""""" ~1Vae
VZn
2V,
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 3
J IO S N . Vy
VXN =,
> 41 e O P s RORCEEE — gc
4 do 4 > do Ay 2V
—»T - 1 d714> T2 3dc
2
UoiU1: Uz Uz Ug (Usi Us | UsiUg
Fig. 4. Transformer secondary voltage v4 v followed by VSI pole voltages

and phase voltage vy xy when V, is in sector 1 (with S; on), over a switching
cycle Ts.

sense over % by applying vectors U4 and Uj for time periods
%‘TS and %TS, respectively. Note that Uy is again applied as
zero state for the rest of the second-half switching period. The
sequence of application of these vectors is Up-U; -Us-U;-Ug-
Uj;-Uy-U;-Uy, and the corresponding line to neutral voltage
vx y for phase X is given in Fig. 4

dy = V3msin (g — a)

dy = V3msin a
dzzl—dl—dgzl—\/ngOS(Oé—E> 5
6
nVerid
m=—. 6)
‘/dc

A phase shift between the voltages v4 y and vy v, as shown
in Fig. 5, (and corresponding voltages for other two phases)
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results in power flow. A positive time shift of 67 results in — %Ts;‘_
power flow from ac to the dc source. A negative J causes power 5
flow in the opposite direction. § lies in the range (—1,1). 4 Vx N _I_J—IR
in the range (—i, %) results in the same power flow as in the VAN Q
range (—1, —+) and (§, 3) but with a higher current in the latter 0 ~0Ts —P |
range. Therefore, the range in which ¢ is controlled is restricted
to (f%, i) For a given m, «, and §, the converter may operate T,
in five different modes, namely Mode I, Mode II, Mode IIIA, ©

Mode IIIB, and Mode IV. These modes are illustrated in Fig. 6.

The conditions for different modes is better understood in terms _’ % Tsz‘_

of a new variable §' = 1 — 46. The range (0, 1) of § is mapped —I i

to a range of (1,0) (see Fig. 7). For a given m, « (hence d; VXN ’—L

and dy), and &', Table II presents the conditions for which the VAN Q

converter operates in these five modes. It should be noted that 0 J = oTs —P |
Mode MIA occurs in first-half of sector when dy < &' < d;,

whereas Mode IIIB occurs in the second-half of the sector when Ts

di < 0" <ds. (d)

Fig. 8 shows plots d;, dy, and d; + do for a given m as a
function of . If ¢’ is considered on the vertical axis, for a given

m, each point in the ¢'—« plane in Fig. 8 represents a specific —I_
operating point (m, ¢, and «). The different shaded regions of :’)X N 9
the 0—« plane in Fig. 8(a) represent different modes. Fig. 8(a) AN+ —oT,—|P [
also shows a graphical representation of Table II. It can be seen JJ 1
from this figure that for &’ > v/3m, the converter operates only
in Mode I. Ts
If %m < &' < +/3m, the converter operates in Mode I for (©

. I W |
ae[O, ¢] U [% - ¢7 %]’ with (b = sin (\/gm ) - % For the rest Fig. 6. Phase a voltage waveforms (V, in sector 1 with .S; ON): (a) Mode I,

of the values of «, the converter operates in Mode II. The con-  (b) Mode II, (¢) Mode IIIA, (d) Mode IIIB, and (e) Mode IV.
ditions on ¢’ for a given value of m divide the possible range of
0’¢(0,1) in four distinct regions, namely R1, R2, R3, and R4.
These regions are shown in Fig. 8(b). For a given value of 6" and
m, the transition between different modes as « changes from 0
to % is given in Table IIL

5

III. ANALYSIS IN ONE SWITCHING PERIOD

The objective of this and the next section is the computa- 0
tion of two important quantities related to the operation and
performance of the converter in terms of control variable §. For ~ Fig. 7. ¢’ versus 4.

>
IS
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TABLE II
CONDITIONS FOR DIFFERENT MODES FOR A GIVEN m, cv, AND ¢’

Mode

1 I IITA and I1IB v

Condition

di +dy <8 <1 max(dl,dg) < d <dy +doy min(dl,dg) <5'§max(d1,d2) 0<5’§min(d1,d2)

& =1-—46

& =1-46

Fig. 8.
given m.
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Representation of (a) modes and (b) regions in the §'—« plane for a

TABLE III
CONDITIONS FOR DIFFERENT REGIONS AND MODES FOR A GIVEN 1 AND &’ AS a MOVES FROM 0 TO 7 /3 IN A SECTOR

Region Condition ¢ Modes
0<a<¢ ¢<a<i-¢ T-¢<a<i
RI Vim < <1 0 I I I
R2 fm <o <V3m  sin7! (0—) -z I 11 I
3m
R3 Bm<d<dm T —sin! <L> 1A 11 1B
3m
/ £ so—1 o'
R4 0<d <5 sin ( Tim ) IIA v 1B
VXN | £
van [ CYRD ta b to lr ts to 10
—— T
mMode A "
0,1
Vas,
d T o [~ |Mode B Vit v =
a7.8 Vao,10
y VaL
I e
Vas,6
la2
Taa
la1 fas Jas
oL
| Lo Ias o [la10
0 s 3
a R Ia7 Ias
(a) Iy os
O I Tz
L
Iyz Tys \/lbll)
Iyo T v b9
It
Ies
Ieo
Lo Ieg 10
257
m |
S %=1
— i
— Py . - Fig. 9. Waveforms over one switching cycle in Mode Il and § > 0.
0 5 3

a given m, these quantities are the rms of the transformer wind-
ing currents and the average active power transferred over a line
cycle. To do this, first these quantities need to be computed over
a switching cycle of period 7. This section presents an outline
for this computation.
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TABLE IV
TIME INSTANTS AT WHICH VOLTAGE TRANSITIONS HAPPEN OVER A SWITCHING PERIOD IN MODE II AND POSITIVE §
31 [ t3 ty ls te t7 tg 2 tio
d. d. (1—dy) (1+ds) 1 1 1 1 (1-dy) 1 (1+dy)
(0-4%) (+%) (+52) (+952) L ou+d e+l (Bre+ ) (Bee+ M)
TABLE V
INDUCTOR VOLTAGE EXPRESSIONS FOR PHASE a IN A SWITCHING PERIOD IN MODE II AND POSITIVE §
Vao,1 Vai,2 Vo3 Va3z,4 Vaas Vas.6 Vae,7 Var.s Vas,9 Vag.10
Vde 2Vie ‘de 2 . Viae 2Vie
(nv.d + ‘g‘ ) nv, (nva - %) (nva - vg‘ ) V2,3 (7m).d — %) —NU, (7nva + g ) (77w.d + e ) Vaz,s
Given a phase-shift parameter ¢ and the applied input volt- phase a (11), over a switching cycle
age vector, the waveforms of v 4 p,c)n and v(x y,z)n can be LT
. . . . _ .2 § .2
determined over a switching cycle.. The voltgge across the in <2, ams >T. (M, 0,0) = 0 / i2, dt (10)
ductor of each phase can be determined by taking the difference s J0
V(A,B,C)N — VU(X.,Y.Z)N = U(a,b,c)L.- Fig. 9 shows the voltage 1 T
waveforms of v x, vx n, and v,z in Mode II. The various time < P, >7, (m,d,a) = T / VAN Tar dt. (11
s Jo

instants ¢1—t1( at which voltage transitions happen are given in
Table IV. The levels of the voltage across the inductor in phase
a are given in Table V

diaL

7 (7

VoL =L

By integrating (7), one can determine the inductor current
from the inductor voltage v, 7,. Note that in this case, a stepped
v, 1, waveform results in a piecewise linear waveform for current
1,1, Which is given as

Vatrk=1),k

s kell,2,3,...,10].

®)

I, = Ia(k—l) + (tk - tk*1)7

Assuming a quasi-steady-state operation, the volt-seconds
across the inductor and the average current through inductor

are zZero
T
/ VaL dt =0
0

T
/ T— ©)
0

Using (8) and (9), the current across the inductor can be com-
pletely determined and the waveform is illustrated in Fig. 9.
This enables us to determine the square of rms of the inductor
current (10) and the average active power transferred through

The total power transferred through all three phases is given as

< P>p (m,d,a)= Z < Pj >p, (m,d,c).  (12)

j=ab.c

A per unit system with base voltage V}.se = Vie and base
impedance Zy,,sc = 27 f L is used for all the current and power
expressions. The total average power transferred through the
three phases in Mode II is given in (13) as shown at the bottom
of this page. The rms currents through the three phases are given
in (14) as shown at the bottom of the next page. for Mode II.
Note that these quantities are function of the phase-shift param-
eter 9, along with the magnitude and position of the applied
input voltage vector (m and «).

IV. POWER TRANSFER AND CURRENTS IN ONE LINE
FREQUENCY PERIOD

In this section, the rms of transformer winding currents or
the inductor currents and the average active power transferred
over a line-cycle period 7' are presented. The square of rms of
a phase current over a line cycle is the average of the square of
rms of one-phase current computed over six sectors (15). The
rms of the current over a line cycle is same for all three phases

) 1 ,
< Z%,RMS >r (m,6) = 6 Z < ZZ,RMS >Sector & (M, 0).
k=1,2...,6
15)

Due to symmetry, the computed rms squared value is same
over two diametrically opposite sectors, e.g., < 13 RMS > Sector 1

mm

< Prr >, (m,é, a) = o1

—V3(4(1 — 46)% 4+ 15m> + 12m((—2 + 86) cos () + m cos (2a))) sin ()

(24(m + 46m) — 3(4(1 — 46)* + 9m?) cos (o) + 12(1 — 48)m cos (2a)

13)

Authorized licensed use limited to: J.R.D. Tata Memorial Library Indian Institute of Science Bengaluru. Downloaded on August 30,2023 at 14:19:08 UTC from IEEE Xplore. Restrictions apply.



9526

(m,d) =< iz,RMs >Sector 4 (M, 0). Thus, the square of rms cur-
rent is rewritten as

1
) -2
<iprms >1 (M, 0) = 3 Z <ig rMs >sector k (112, 0).
k=1,3,5
(16)
Due to the three-phase symmetry, we have
) -2
< 24, RMS >>Sector 3 (m7 6) =< Lh RMS >Sector 1 (m7 6)
2 §) = < i 0 17
< 24 ,RMS >Sector 5 (m7 ) =< Lc RMS >Sector 1 (m7 ) a7

From (16) and (17), we get

<7 pus >1 (m,0) = % Z < i?,RMS >Sector 1 (11, 9).
j=a,b,c
The line-cycle rms currents are obtained by performing an rms
calculation on the sector 1 rms currents for phase a, b, and c, as
given by (18). A switching cycle “representative rms” defined
in (19) is calculated by applying an rms calculation on the

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 11, NOVEMBER 2018

switching cycle rms currents for phase a, b, and ¢

< i%,RMS >r, (m,0,a) = % Z < i?L’RMS >r. (m, 0, a).
j=a,b,c

19)
Given m and 9, the converter operates in one of the four regions,
as given in Table III. For a given region, the converter operates
in Mode X when ael0, ¢] U [5 — ¢, 5], where Mode X and
expression for ¢ are given in Table III for each region. For the
rest of the sector, i.e., ae(¢, T ¢), the converter operates in
Mode Y, again given in Table III. For example, when the region

is R2, then ¢ = sin~" (A~ ) — %, Mode X = Mode I, and
Mode Y = Mode II. Thus, the rms of the transformer current
over a line cycle is computed as given in (20) as shown at the
bottom of this page and is the same as that of the ac line current
where U = R1, R2, R3, and R4. The expressions for per unit
rms of the inductor current over a line cycle for all four regions
are given in (21) as shown at the bottom of the next page. Note

that the expressions for regions R3 and R4 are identical.

™

< %qL,RMS;; >T, (m, d,a) = 24\/§[m(3m(—20 + 96(5(3 + 25) + 9m2) — 12(4(—1 + 4(5)3

+ 3(—=1 4 308)m?) cos (@) + m(3(—20 + 965(3 + 26) + 9m?) cos (2a)

— 2166m cos (3ar) + V/3(24(2 — 98)m sin (a) — 9(4(1 — 46) + 3m?) sin (2c)

+ 8(4 — 278)msin 3a])))]”

mm

<iprrMS;; >1, (M, 0,0) = YN

[—(—54m? + 36m cos (a) + 3(4 + 1926% + 9m?) cos (2a)

— 2v/3m(8 — 27Tm cos (a) + 28 cos (2a)) sin (a) + 12(1 4 486%)(—2

+ /3 sin (204)))]%

<errms;, >, (M, 6,Q) = %ﬁ[m(?)m(—% +965(3 + 28) + 9m?) — 6(4(—1 + 40)*

+ 3(—5 +486)m?) cos (o) — 6m(4 + 19267 + 9m?) cos (2a) + 2165m? cos (3a)

— 6V3(4(—1 4 46)® 4 (1 + 726)m?) sin (o) 4 48v/3(—1 + 128)m sin (20)

o

+8v/3(4 — 278)m? sin (3av) )] "
; 6 g ] 5‘*;@ .
<7 grusy >1 (M, 0) = 7 (/0 <], RMSyee x T2 (M0, @)dt +/¢ <] jMSy y ST, (M0, 0)dl
x
+ /%76‘1 < iZLaRMSModc X >Ts (m7 6’ a)dt)
3 Y T—o Y
= ; /0 < UL RMSyore x 7T (m,§,a)da+/ <UL RMSyore v = Ts (m,é7 a)da
[0}
¥
* ‘/— < i%’RMSMudc S Oé)da) 20)
A
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Due to symmetry, the average active power transferred over a
sector is same as that over a line cycle. The average active power
transferred over a line cycle for a particular region is computed
by integrating the switching cycle average power (22) as shown
at the bottom of this page.

The expressions for average power transferred over a line
cycle are given in (23) as shown at the bottom of this page for
all four regions.

An analysis for current total harmonic distortion (THD) is
now done. The rms current in the primary side is given as

<lprrMs >7 (M, 0) =n <iprms >7 (M, 0) (24)

The primary-side rms voltage in per unit is given in (25), and the
rms value of fundamental component of primary-side current is
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given in (26)

Ve 1 m
< Vprrus >7 (M, 0) = = —— = —— 25
prRMS > ( ) V2 Vie nv2 (23)

<i - (m 6)— <P>T (mva)

Pl RMS A1 AL T 3 e ats >7 (m,0)

2<P g

_ n2 < P >rp (m, ) (26)

3m

The ripple current is given in (27) as shown at the bottom of the
next page. Using (26) and (27), the current THD is computed in
(28) as shown at the bottom of the next page. It should be noted
that while the analysis done so far is only for positive values of
d, it can be extended to the negative range of d. For negative
values of J, the power transferred is of the same magnitude, but

<L Rusy > (m,9) = mi? \/ —560v/3m + 27m?2(3v/3 + 87) + 96(r + 48027)
2
<iLRMSe > (M,0) = g {m((48(1 — 45)° + 936m> (1 — 48))4 /3 — <1m45>

+ m(V3m(=560 + 81m) + 24(4 4+ 9m?)m + 46086% 1) — 216m(4(1 — 45)>

e ()

2
< QL RMSps 5y >T (M, 0) = g ((Gm(l —46)3 4 117m> (1 — 46))4/3 — (1_m45> +2v3((1 — 48)* — 2(17

1-45\\?
+720)m?) + 48(—1 + 128)m*« + 27m*(4(1 — 46)* + 3m?) sin! ( 5)) 1)

V3m

3
<PRq; >r (m,é) :71'(

0

3

®
/ < Puode x >, (m, (5, Ck)dOl +/

T—¢
< Puode v >, (m, 5, a)da
(]

+/3 < Puode x >1, (M, 6, a)da) (22)
L)

< Pp1 >1 (m,é) = 35m27r

< Pro >7 (m,é) = mr

—9(1 — 48)mcos™! (

— 12((Gm2 + (1 —46)%)4/3 - (

n))

1—46

2
) — 126mm

< Pry.pa >1 (m,6) = % ((—Sm(l —40)? —18m®)4 3 — ! ;n45> —V3((1 - 46)* + 9m?)

(23)
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Get P, the amount
of power transferred
Duty ratios of Sp
and Sy are 0.5

= Compute per unit power|
=) 2nfsL
= - P, pu = P %
&~ Obtain gate pulses by de
A comparing duty ratios with a carrier
Q, Find § from
v Py v 6 plot

Find the sector and angle a
of primary side voltage vector Vg

Apply pulses to
5'1 and S2
Compute duty ratios

(a) d1 = /3m sin(§ —a), d2 = V3msin(a)

|
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=
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N comparing duty ratios with a carrier|
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~
2 0.2
e Phase shift pulses by 67%
V and apply to VSI
0.5

Fig. 11.  Flowchart of the proposed modulation strategy.

changes sign (i.e., instead of flowing from ac to the dc, it flows
in the opposite direction). Also, the rms quantities retain their
expressions for negative d.

The average power and transformer secondary rms current are
plotted against § and m in Fig. 10(a) and (b), respectively. The
utilization factor of the converter is defined as UF = <<;Z—>>TT'
This is plotted against § and m in Fig. 10(c). In each of the
figures, the dashed lines denote the boundary between various
regions of operation. From Fig. 10(a), it is observed that the max-
imum power transfer in Region R4 is approximately 0.41 p.u.,
which is more than three times the maximum power transfer
of 0.12 p.u. in Region R1. The maximum utilization factor in
Region R4 is 1.035 at m = \/Lg and 6 = 0.08, which is about
40% more than the utilization factor of 0.734 at 6 = 0.0505 and
m = 0.461 that in Region R1, as shown in Fig. 10(c). Fig. 11
shows a flowchart describing how the gating signals for primary
Fig. 10. (a) Average power versus d and m. (b) Transformer secondary rms (qS1 s QSQ) and secondary (9x, q9x7, Qv Qy’, 4z, qz+) side con-

current versus 0 and.m._ (c) Utilization factor versus 6 and m (black, red, and verters are generated for a given power transferred P and by
blue curves on plots indicate R1, R2, and R3 boundaries, respectively). i
sensing the ac and dc voltages.

<ldprapt >1 (M, ) = \/< ir s >7 (M, 0)— < @2 pyg >7 (M, 9) (27)

\/< if,r,ws > (m,d)— < igr,l,RMS >r (m, )

< ip'r,l,RMS >7 (ma 6)

< THD >r (m,d) =

Im? < i%,RMS >r (m,5) 9m?2

2< P> >p (m,8) 2UF?

(28)
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Fig. 12. Circuit diagrams to illustrate ZVS: (a) Sy conducting, (b) Sy
and Sy capacitor charging and discharging, and (c) antiparallel diode of Sx
conducting.

V. SOFT SWITCHING

The primary-side switches .S; and .S, undergo soft switching
during dead time [zero current switching (ZCS)] in Mode I,
as discussed in [1]. The waveform of i, is shown in Fig. 9
for Mode II with positive ¢. It is observed that the current i,
has a nonzero value 1,5 when the primary switches S7 and Sy
are switching. This also holds true for phases b and ¢ currents
in Mode II. Therefore, the current through the primary-side
switches 57 and S5 is not zero when they switch. This implies
they undergo hard switching in Mode II. This is also true for
Modes IITA, IIIB, and IV.

What follows next is a discussion on the switching of the
secondary-side VSI. Consider the case when 6 > 0 and the con-
verter is operating in Mode II, as shown in Fig. 9. Consider the
transition at time ¢5. Prior to time ¢,, the switch Sx- is ON and
the current 7, has a positive value I,2, as shown in Fig. 12(a).
At time to, switch S/ is turned OFF. The current then starts
to flow through the capacitors C'x and Cx+. The initial voltage
across C'y is equal to the dc voltage Vg, and it is discharged
toward zero, whereas the capacitor C'y is charged toward V.
from zero, as shown in Fig. 12(b). Since it takes some time to
charge the capacitor C'x-, the turn OFF of Sy happens almost at
zero voltage [zero voltage switching (ZVS)]. When the charging
and discharging of the capacitors is complete, the antiparallel
diode of Sx starts to conduct, as shown in Fig. 12(c). If the turn
ON of Sx happens after the discharging of C'x is complete, then
the turn ON of Sy is ZVS as the antiparallel diode is conducting.
Thus, if the current in a phase is positive when transition from
lower switch to upper switch happens, ZVS occurs in that phase.
Similarly, if the current in a phase is negative when transition
happens from upper to lower switch, ZVS occurs in that phase.
It should be noted that whether the capacitors are discharged or
charged in time to facilitate ZVS depends on the magnitude of
the current, the value of capacitors C'xy and C'y/, and the dc bus
voltage. Thus, while the current being positive when the bottom
switch turns OFF and the top switch is turns ON after a deadtime
is a prerequisite for ZVS, it does not guarantee it.

In the notation used here, Ix is the phase current when switch
Sx turns ON and Iy is the phase current when switch Sx-
turns ON. For example, in Mode II for positive §, Ix = I,o and
Ix: = I, in Fig. 9. The switching transition currents for phase
Z are similarly called Iz and I . In Sector 1, the phase Y of the
inverter generates one pulse when S is ON, with the switching

9529

currents labeled Iy ; and Iy ;. This phase generates another
pulse when S5 is ON, with the switching currents labeled Iy o
and Iy’ 5. See vy y waveform in Fig. 4.

In general, Ix and Ix: are functions of 4, v, and m. Tables VI
and VII are used to describe these functions in Sector 1 for
positive values of §. For example, in Mode II, Ix = f;(k = 0)
and Ix, = — f1(k = 1) for positive values of 0. For ZVS turn
off of Sx: and ZVS turn on of Sx, Ix must be positive. Plots for
Ix are given for entire range of positive 9, 0 < o < % and three
values of m are given in Fig. 13. This shows that Ix is positive in
all modes for § > 0 in Sector 1. Similarly, it is possible to show
that the soft-switching condition is met for leg current in phases
X and Z for 6 > 0 in Sector 1. The soft-switching condition for
phase Y is met for entire Sector 1 and § > 0 only for top to
bottom switch transition. The bottom to top switch transition in
phase Y meets the soft-switching condition for a range of « as
follows:

Iyvi >0 if «e (a*, g)

Iys >0 if ae (0, % _ a*) . (29)

The angle o* is given by the solution of
(3msin (a*) — 4v/36) cos (a* + g) +sin (a*) = 0. (30)

Ford < 0, the expressions for currents at switching transitions
are given in Table VIIL. The plots of I are given for entire range
of negative §, 0 < a < 1, and three values of m in Fig. 14,
showing that the soft-switching condition is met for bottom to
top transition when ¢ < 0. Similarly, it is possible to show that
all switching transitions in phases X and Z (top to bottom and
bottom to top) and the bottom to top transitions in phase Y meet
the soft-switching condition for § < 0. For the top to bottom
transition in phase Y, soft-switching condition is met only for
a certain range of a.. Due to symmetry, similar conclusions can
be drawn for other sectors. For example, in Sector 2, the middle
phase X is partially soft switched, whereas the other two phase
legs Y and Z meet the soft-switching criterion for all switching
transitions for the entire range of m, J, and «.

VI. DESIGN AND LOSS COMPUTATION
A. Converter Design

In this section, a design method for the proposed converter
is provided. The given specifications for the design are the fol-
lowing:

1) peak ac voltage Vj,;

2) dc voltage Vj.;

3) rated power P;

1
4) switching frequency f, = T

S
The operating point should be chosen to minimize the rms
current, as discussed in the Section IV. The highest utilization

factor occurs at m = % and 6 = 0.08. Therefore, the turns
Vie

. _ — 1
ratio of the transformer should be n = v Atm = 7 and

d = 0.08, the per unit poweris < P > (m = %75 =0.08) =
0.226. The required inductance L is given in (31). Note that
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TABLE VI
FUNCTIONS DESCRIBING CURRENTS AT SWITCHING INSTANTS IN SECTOR 1

Function Expression
f1(k) ”"Bﬂ ((— )k (1—\/§mcos (a—%))+46)
fa (k) 3((—=1)"v/3msin (a) — 46) cos (a + %) + (=1)*V/3sin (a))
f3(k) %(3(:05( )( — (=1)*v/3m sin (g—rfa))qL(fl)k\/gsin (gfa))
fak) 2 ((—1)F (1—fmcos (a=%))+46)sin (a+F)
15 (k) T ( (\fmcos (a +Z ) (— 1)"'46) sin (a - %) + 3cos (a + %) —V/3sin (oz))
fo (k) e ( (v3msin (a) 4+ (—1)*46) cos (a+%)+4sm (a—%)—cos(a))
TABLE VII
SWITCHING TRANSITION CURRENT EXPRESSIONS IN SECTOR 1 FOR POSITIVE ¢
Mode
Mode 1 Mode 11 Mode III A | Mode III B Mode 1V
Current
Ix filk=0) | filk=0) | fi(k=0) | fi(k=0) | fi(k=0)
Ix filk=1) | —filk=1) | —filk=1) | —filk=1) | —fi(k=1)
Iv1 f2(k=0) f2(k=0) fa(k=0) f2(k=0) fo(k=0)
Iyn fo(k=1) | fa(k=1) | fa(k=1) | fe(k=0) | fo(k=0)
Ivo fa(k=0) f3(k=0) fa(k=0) f3(k=0) f3(k=0)
Iyro fs(k=1) | fs(k=1) | fs(k=0) | fs(k=1) | f5(k=0)
1z fa(k =0) fa(k =0) fa(k=0) f1(k =0) fa(k=0)
Iy falk=1) | —falk=1) | —fa(k=1) | —fa(k=1) | —fa(k=1)

a (degree) a (degree) « (degree)

(a) (b) (©

. . . . 4
Fig. 13.  Ix versus « for various values of § > 0 in Sector 1: (a) m = Jf’ (bym = Jf’ and (c)m = R

TABLE VIII
SWITCHING TRANSITION CURRENT EXPRESSIONS IN SECTOR 1 FOR NEGATIVE &

- Mode |\ fode 1 Mode T | Mode I A | Mode I B | Mode IV
Ix fik=0)| =filk=0) | —fi(k=0) | —fi(k=0) | —f1(k=0)
Ix: filk=1) | fi(k=1) Ji(k=1) filk=1) filk=1)
1 J2(k=0) | f2(k=0) Lo(k=0) | —fe(k=1) | —fe(k=1)
Iyn fa(k=1) | fa(k=1) | fo(k=1) | fo(k=1) | fo(k=1)
Iyo Js(k=0) | fs(k=0) | —=fs(k=1)| fs(k=0) | —fs(k=1)
Iyro fsk=1) | fs(bk=1) | fas(k=1) | fa(k=1) | fs(k=1)
I fa(k=0) [ —fa(k=0) | —fa(k=0) [ —fa(k=0) | —fa(k=0)
Iy Jik=1) | fa(k=1) Ja(k=1) fa(k=1) Ja(k=1)

Authorized licensed use limited to: J.R.D. Tata Memorial Library Indian Institute of Science Bengaluru. Downloaded on August 30,2023 at 14:19:08 UTC from IEEE Xplore. Restrictions apply.



BARANWAL et al.: REDUCED SWITCH COUNT SINGLE-STAGE THREE-PHASE BIDIRECTIONAL RECTIFIER

9531

0.25 0.6
§=-0.25
0.2
— 015
[
= 0.1
0.2 I<y
A
000 o1 =T
< )
—==0. - —
0 0 5 —
0 20 40 60
a (degree) a (degree) a (degree)
(@) (b) (©
Fig. 14.  Ix versus « for various values of 6 < 0 in Sector 1: (a) m = ﬁ, (bym = %, and (c) m = 54—\/3

the inductance L represents the total leakage inductance of the
transformer (L = nQLp + L). If the designed value of L is
larger than the leakage inductance, we need to add external
inductance in series with the primary or secondary winding

P
2w fs L
0.226 V2
L=—"—x 9 1
P " 2nf, D

In the primary converter, the blocking voltage of the switches S}
and S5 is twice of maximum line-line voltage, i.e., 2\/§%r, due
to the push—pull action. The blocking voltage of the devices on
the secondary side is V.. The inductor rms current is computed
as follows:

Vie ‘ 1
I rpus = 27ch 7 <iL>r (m = ﬁ,é = 0.08>
o Ve <P>p P L 0066P
~2nf,L UF Vg UF Vg

Due to the push—pull configuration, the primary-side rms current
is given as follows:

Lrvs _ Vae 0.966P 1 0.394P
Vi Vs Ve VB Ve

Iirms =n (33)

In the primary-side converter, the diodes in each leg of the
diode rectifiers will share the winding current equally over a
line fundamental frequency period. Therefore, the rms current
through the diodes in the primary-side converter is obtained as

Lirws _ 0.279P

NG v (34
pr

Ipri,diodc.Rl\rIS -

The rms currents through the primary-side converter switches
and the upper and lower devices in the secondary-side VSI are

obtained using simulations and given in the following equations:

0.543P
I ri,switch, RMS = — > (35)
p ‘/pr
0.648P
Isec,switch,upper.RMS = ? (36)
0.711P
Isec,switch,lower,R]\'IS = v . (37)
dc

The peak current through the devices is equal to the maximum
turn on current for the VSI in any given phase. Using Table VII,
this is given as

mVic 1.823P
Ise(:,switch,peak = 4L}i (1 —1.5m+ 45) = T
1.052P
Ipri,switch,peak = T (38)
pr

1) Conduction Losses: For estimating the device conduction
losses, all devices are assumed as a resistor during ON state, with
values Ron,pr and Ron sec for primary- and secondary-side
converters, respectively. The conduction losses are computed in
(39) and (40).

_ 2 2
Ppri.,cond-loss - (IZIpri.diode,RMS + 2Ipri,switch,RMS)RON‘PF

P2
= 1.524—Rox pr.

7 (39)
pr
P, s = 2(Le i

sec,cond-loss sec,switch,upper,RMS
2
+ Isec,sw*itch,lowel\Rl\IS)R0N7800

P2

= 2.7997‘/2 ROstCC‘ 40)
de

2) Switching Losses: The proposed converter would be
designed at m = % and § = 0.08. With the chosen de-
sign parameters, the primary-side switches S; and Sy un-
dergo hard switching at turn off instants, while their turn
on instants are soft switched because the currents in the
corresponding primary-side windings start to build up from
zero when they turn ON. The switching loss for the

primary-side switch S; averaged over one switching period is
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Fig. 15.  Transformer equivalent circuit.

given as

[s

< Psw,loss,51 >T,, (ma 57 Oé) - ?V:zlmanSI ,OFF (m7 57 a)tsw,pr
(41
where Vijamp is the clamp voltage, towpr is the turn off
time for S; (assumed fixed for different current values), and
Is, orr(m,d,a) is the turn off current for Sy, which varies
with «, m, and §.
The switching loss in 57 averaged over a sector is also equal
to the switching loss averaged over a line frequency fundamental
period, because of symmetry (42).

3

.
<Psw,lossﬁSl>T (m7 6) = ; / <Psw.loss,51 >T, (m; 6) Oz)dOé
0

3/,

T 2
(42)

The current flowing through the primary-side devices is equal
to the absolute maximum of the three-phase ac currents. For
m = % and § = 0.08, the following integral is obtained:

T

B 1 Ve
/0 Is, oFr <m = \/§’5 = 0.08, a) da = n27rLfs 0.2919.
(43)
Hence, the total switching loss for both switches in the primary-
side converter is obtained from (31), (42), and (43) and given in
(44). Note that Vijamp = 23V

1
< -Psw,loss,pri > <m = %, 0= 008>
1
=2< Psw,loss,Sl >r (m = %7 o= 008)
‘/(.:am tSW T‘P S
= 1233an el Bl gy pr 4

de

For the secondary-side VSI, the phase with midvoltage has
one hard switched transition per switching period when tran-
sitioning from bottom to top switch, for 0 < o < (7.37%5)
and (% —7.37;) <« < Z. For example, in Sector 1, the
top switch phase Y of the secondary-side VSI undergoes hard
switching for the range of o mentioned above. The switching
loss for midphase of the secondary-side converter is similarly
computed, first averaged over a switching period

< Pﬂw,loss,mid >T‘q (ma 53 Oé) = %Vchmid,ON(ma 5; a)tsw,sec-
45)

%
7‘/(‘,13‘mptsw7pr/ ISI 7OFF(’n’La 6) Oé)dO[.
0
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Fig. 16. Transformer voltages and flux.
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Fig. 17.  Clamp circuit for a primary-side converter.

The quantity tgy sec is the turn on time for VSI devices. The
following integral is obtained for midphase turn on current:

7.37

180 1 Ve

/o Tmid ON (m =75 0= 0.0S,a) da = 7L ], 0.0009.

(46)
The above-mentioned integral is for 0 < o < 7.3%. The inte-
gral for & — 7.375; < a < % is also obtained numerically and
turns out to be same as that in (46); hence, the aforementioned
expression will be multiplied by two for calculating total switch-
ing loss in the secondary-side converter. The total switching loss
for the secondary-side converter averaged over a line frequency
period (which is same as that averaged over a sector) is given in

(47) as shown at the bottom of next page.

B. Transformer Design

A method for designing the transformer is discussed. In
Fig. 15, a two-winding transformer is presented and is used
to estimate the flux in the three-winding transformer used in the
proposed topology.
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TABLE IX
TOPOLOGY COMPARISON

9533

Scaling Factor PFC+DAB [14] Proposed Topology
AC-side converter no. of switches - 10 12 2
no. of diodes - - - 12
Blocking voltage Vir V3 V3 2V3
P
RMS current through switches o 0.333 (PFC), 0.667 (DAB) 0.651 0.543 (Switch), 0.279 (Diode)
pr
. P
Peak current through switches 7 0.667 (PFC), 1.155 (DAB) 2.496 1.052
pr
DC-side converter no. of switches - 4 4 6
Blocking voltage Vae 1 1 1
P
RMS current through switches v 1.155 1.376, 2.095 0.648,0.711
de
. P
Peak current through switches v 2.000 5.547 1.823
de
no. of dc electrolytic capacitor - 1 0 0
no. of transformers - 1
TABLE X
CONVERTER LOSS COMPARISON
Scaling Factor PFC+DAB [14] Proposed Topology
2
AC-side converter ~ Conduction loss (VL,,, RonN pr 2.447 5.086 1.524
Switching loss Pfotowpr 1.104 0 2.467
2
DC-side converter ~ Conduction loss ( e ) RON sec 5.336 12.560 2.799
Switching loss P fotow, sec 0 0 0.004

Assuming that the transformer in Fig. 15 is ideal, the follow-
ing equations hold:

Ifitis assumed that the series inductance L is equally distributed
2

on the primary and secondary side, then (%—;) Ly —L; =0.

This gives

di
v =Li— +e
dt 1 N v + Lo
1 1+ 502
d e1==—(v+—v|=—7"—]). 50
62:L2£+’02 ! 2(1 Ny 2) < 2 ) S
dt
€y = &61 The voltage v;, applied by the primary converter, has an am-
M plitude V; equal to the instantaneous magnitude of primary-side
I Ny I 48 ac voltage, while the voltage v is generated by the secondary-
L= N, 2z (48) side converter so that its average value is equal to v; in one
half of switching period. Thus, the sum of v; and v, is largest
These equations can be solved to obtain e; when ¢ = 0 and the primary-side voltage is at its peak value,
i.e., Vpr. Under these conditions, the transformer will have max-
) ) imum flux buildup over a switching period. This corresponds to
e = l <v1 + &02) + (&) Lo — L, dﬂ (49) Mode I operation, with 6 = 0 and V; = V;, shown in Fig. 16
2 N, Ny dt for phase a.
1 3 f. SE 1
< f)sw,loss,sec >7 <m = _37 0= 008> = ;7‘/;1ctsw75ec/o Imid,ON (m = ﬁ; 0 =0.08, a) do
3 fS ‘/dC
= 2— = Victsw.see =—0.0009 = 0.004 sy sec P fs 47
72 Vehwsee s e secPf (47)
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TABLE XI
TRANSFORMER COMPARISON

Scaling Factor PFC+DAB [14] Proposed Topology
- . P
RMS winding current (primary) o 0.943 1.128 0.394
pr
- P
RMS winding current (secondary) v 1.633 2.506 0.966
de
. . Vpr
Maximum applied volt-seconds f_ 1.732 1.732 1
JSs
Al duct L 0.817 0.977 0.336
rea produc _— . . .
p fsJBmawa
Loss per transformer K 0.859 0.983 0.441
no. of transformers - 1 1 3
Turns ratio B 1,(0.577Vd:) 1,(0.45vd§) 1 1.(0.577vd;)
: Vor : Vor : Vor
TABLE XII
THD VALUES (FOR FILTER COMPARISON)
PFC+DAB [14] Proposed Topology
THDy THD; THD;
52.5% 167.03% 62.47% _
1. Primary side
converter
2. AC side filter
TABLE XIII 3 Transtormer
CIRCUIT PARAMETERS FOR THREE-PHASE PET SIMULATION AND . nductor
EXPERIMENTS )
5. Secondary side
converter
6. DC capacitor i
Parameter Value
DC-link voltage (V) 135V Fig. 18.  Experimental setup.
Modulation index (m) 0.2,0.35,0.5
Line voltage rms 33.07V,57.87V, 82.67V
AC voltage frequency (f) 60 Hz Using (32) and (51)—(54), the product of core and window areas
Switching period (T ) 200 s .
5 [-0.25,0.25] (steps of 0.05) is then computed as follows:
Secondary-side inductance (L) 480 nH
DC-link capacitor (Cg.) 1.3 mF

The peak—peak flux and the average applied volt-seconds seen
from the primary side in this scenario are found as follows:

Ts
1 kA T,
Dok pkmax = — dt = —V 51
pk—pk, N, /0 €1 9N, p (5D
< VS >= 2(I)pk—pk,maxjvl fs = Vpr- (52)

The peak flux density By, .y is related to the peak—peak flux
through the transformer core area A,

1
Ac Bhax = 5 <I)pk—pk,max .

The window area A,,, along with the window fill factor K,,,
is related to the primary and secondary currents through the
current density J. This is shown in (54) for the three-winding
transformer

(53)

Aw Kw =2

NiIirvs  Nolo rus _ (1+\/§)N212,RMS

J J
(54)

1 ok pk.max 1 NI ry
AcAw:— pk-pk,ma « (1_’_\/5) 242 RMS

2 Bmax K_w J
A4, = O vy P _ 03368
UF 4  BuaKuJfs BuaxKuJfs

(55)

The area product is a representation of the size of the core. It
is possible to show that for a given core type and choices of
J, Bnax, [s core material, and volume of the core, the core
and copper losses are proportional to A, A, %7 [42]. Thus, the
losses can be written as K (0.336)% 7% = 0.441 K.

The primary-side switches S and .S, are not soft switched
or zero current switched over a wide range of operating points
and we need to add a clamping circuit shown in Fig. 17, to
operate the two switches with a dead time. When one switch
say S; is turned OFFthe upper halves of the primary winding
currents circulate through the clamp circuit, when the bottom
switch S is turnedON after a dead time, the clamp circuit helps in
commutation of the primary leakage inductance, for example, in
this case the currents through the leakage inductance of the upper
half of the primary winding becomes zero while the current
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Fig. 19.  Simulation results for three-phase PET for power transfer from ac to dc side. (a) Phase a voltage and filtered current (zoomed by three times) (top) and

phase b voltage and filtered current (zoomed by three times) (bottom). (b) Phase a voltage (top) and filtered currents in three phases (bottom three waveforms).

(c) Phase a unfiltered current (top) and unfiltered dc-link current (bottom).
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Fig.20. Simulation results for (a) positive d: frequency spectrum of unfiltered
phase a current (top) and unfiltered dc-link current (bottom) and (b) negative
¢: frequency spectrum of unfiltered phase a current (top) and unfiltered dc-link
current (bottom).

through the lower half'is build up to the corresponding secondary
winding current.

VII. COMPARISON WITH OTHER TOPOLOGIES

This section presents a detailed comparison of the proposed
solution with 1) the standard two-stage solution of a three-phase
active rectifier (PFC) followed by a DAB-based isolated dc—dc
converter, shown in Fig. 1(b), and 2) the single-stage three-
phase ac to dc DAB-based solution presented in [14], shown in
Fig. 1(c).

The peak of the balanced input three-phase voltage is Vj,
and its frequency is f, dc-side voltage is Vy.. All comparisons
are given at rated power P. The switching frequency of all
switches are assumed to be f;. Actual switching and conduction
loss depends on on-state voltage drop across the switches and
switching transition time (%) along with the electrical variables
at the rated operating point. For simplicity of comparison, in the
on state the conducting device is assumed to be a resistance same
for all devices (switches and diodes) in the primary- or ac-side
converter (Ron ) and dc-side converter ([ZoN sec). The turn on
and turn off transition times are assumed to be equal and called
towpr and gy sec for the primary-side and secondary-side devices,
respectively. Here, switch implies a power semiconductor device
that can block voltage in one direction and allow current to flow
in both directions, typically an IGBT or a power MOSFET with
an antiparallel diode.

We have assumed the following.

1) The PFC is controlled with space vector PWM (SVPWM),
and at full power (P), it is drawing current at unity power factor
at maximum modulation index, 1/+/3. This implies that the
dc-link voltage is \/§Vpr.

2) The DAB is modulated with phase-shift control and oper-
ated at 90° phase shift (one quarter of switching period) where

transferred power is maximum. The turns ratio is set at \/‘gd‘; .
pr

This ensures soft switching (ZVS) in both bridges.

3) The solution given in [14] is designed to operate at rated
condition with maximum utilization UF = 0.399, which occurs
at m = 0.45 and § = 0.0183. Section VI provides the details
of the design and computation of various performance related
quantities used for comparison. The computation of these quan-
tities for de—dc DAB and the solution presented in [14] can be
done in a similar way and are not included in this paper due to
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Experimental results for three-phase PET for power transfer from ac to dc side: (a) phase a voltage and filtered current (top) and phase b voltage and

filtered current (bottom) [50 V/div, 10 A/div], (b) phase a voltage (top) and filtered currents in three phases (bottom three waveforms) [50 V/div, 10 A/div], and
(c) phase a unfiltered current (top) [10 A/div] and unfiltered dc-link current (bottom) [5 A/div].
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Fig. 22. Experimental results for (a) positive J: frequency spectrum of un-
filtered phase a current (top) and unfiltered dc-link current (bottom), and
(b) negative d: frequency spectrum of unfiltered phase a current (top) and
unfiltered dc-link current (bottom).

size constraints. Appendix IX presents the computational details
of the quantities given in this section that correspond to the PFC.

The ac-side converter for PFC+DAB solution consists of
a three-phase (PFC) and single-phase bridge (part of DAB).
Weise et al. [14] deploy a three-phase bridge with bidirectional
switches, in this comparison, we have assumed that each of
these switches are realized with the common emitter or com-
mon source connection of two regular switches. For PFC+DAB,
[14], and dc-side converter of the proposed solution, a switch
implies a MOSFET or an IGBT with an antiparallel diode. From
Table IX, it can be seen that the proposed topology uses only 2
controlled switches along with 12 diodes. Although the blocking
voltage is twice when compared with other two solutions, this
is expected for push—pull configuration. While the rms currents
are comparable, peak current in [14] is quite high. The dc-
side converter in the proposed topology is a three-phase bridge,
while that of the other two solutions is a single-phase bridge.
Although the blocking voltage is same, the rms switch current
is low for the proposed solution. Both peak and rms currents
are high in [14]. The proposed topology uses minimum number
of controlled switches without employing any electrolytic dc
capacitor.

For the ac-side converter, the conduction loss is high in [14]
but the switching loss is zero due to ZCS (see Table X). While

the switching loss is higher in the proposed solution when com-
pared with PFC+DAB solution, the conduction loss is lower. All
three solutions achieve negligible switching loss in the dc-side
converter due to ZVS. The conduction loss is much lower for
the proposed solution.

The proposed topology deploys three HFTs where the primary
has two equal windings. The other two solutions use a single
two-winding transformer. As in the proposed solution, the entire
power flow gets equally divided into three transformers, the rms
winding currents are low in comparison with other solutions
(see Table XI). Note that the rms current in the secondary wind-
ing in [14] is quite high. The maximum applied volt-seconds is
comparatively low for the proposed solution. The area product
is a representation of the overall size of the transformer. The
value of this product for the proposed solution is approximately
one third of that of other solutions. The overall loss in the trans-
former (both core and copper loss) is slightly higher in case of
the proposed solution.

A. AC-Side Filter Comparison

Let us assume that at rated condition, the peak of the funda-
mental component of the input ac current be I, thus I,,, = 32?1;,
because we assume unity power factor. The base impedance
Z, and base admittance Y;, are given as Z, = ‘I/—;: = 1}—[ Also,
w, = 27 f,. For the PFC+DAB solution, L can be used to filter
out the HF components present at the switched output voltage
of the inverter (PFC) [see Fig. 1(b)]. Let the voltage THD in the
output line to neutral voltage of the inverter under SVPWM op-

eration at maximum modulation index (i.e., the dc-link voltage

of PFC is Vic,prc = V/3Vpr) be THD, = -, where - is the
rms of the ripple component of the voltage.

Now, if we assume that all the ripple is at the switching
frequency f; (this leads to slight overdesign of the filter [43]),

Vv
I

we want to keep I to be A fraction (<5%) of Iy, ie., I= Ay,
then per unit filter impedance at the switching frequency will be
inductive and is given as

)

the ripple component of the line current will be I =

(56)

Similarly, for the proposed topology, if we want the ripple
voltage V' to be a fraction A of V], then the per unit capacitive
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Fig. 23. Comparison of analytical, simulation, and experimental results for power transfer: (a) m = 0.2, (b) m = 0.35, and (c) m = 0.5.
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Fig. 24. Comparison of analytical, simulation, and experimental results for inductor rms current: (a) m = 0.2, (b) m = 0.35, and (¢) m = 0.5.

filter admittance is given as [C'y is shown in Fig. 1(c)]

(57)

So, the THD is a direct measure of the input ac-side per unit
filter impedance for a given specified A. The THD values for the
three compared topologies are given Table XII.

VIII. SIMULATION AND EXPERIMENTAL RESULTS

The operation of the proposed converter was simulated using
MATLAB-Simulink with PLECS blockset. The circuit param-
eters are given in Table XIII. The dc-link voltage V. was held
fixed at 135 V, and the power transfer was observed at different

values of modulation index m and phase-shift parameter J. The
turns ratio of the transformer is unity.

A laboratory hardware prototype has been developed. A
photograph of the setup is shown in Fig. 18. In the primary
push—pull converter, IXFX20N120 MOSFETs and C4D20120A
diodes are used, whereas in the secondary-side VSI, the
APTGF50TA120PG IGBT module is used. Concept 2SD106AI
and 6SD106AI drivers are used for driving the power devices
in the primary- and secondary-side converters, respectively. The
dSPACE DS1103 control platform was used in conjunction with
a Xilinx XC3S500E FPGA board to generate the gating sig-
nals. An L-C filter (L = 820 uH and C = 30 iF) is used to
filter out HF components from the ac line current. A clamp
circuit is included in the primary-side converter in Fig. 18 for
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Simulation results for soft switching for secondary VSI. (a) Positive 6, Mode II: Voltage across inductor in phase a (top figure) and current through

inductor in phases a, b, and ¢ (bottom three figures). (b) Negative §, Mode II: Voltage across inductor in phase a (top figure) and current through inductor in phases

a, b, and ¢ (bottom three figures).

TABLE XIV
EXPERIMENTAL EFFICIENCY

AC power (W) 442 360 304 166 —112 —-295 376

Efficiency (%) 81.5 83.8 84  84.1 88.9 89.7 80.5

preventing voltage spikes across S and Sy during switching
transitions.

The simulation and experimental results corresponding to
m = 0.5 and § = 0.2 (active power transfer from ac to dc)
are given in Figs. 19 and 21, respectively. It is observed from
Fig. 19(a) and 21(a) that the filtered ac line currents are nearly
in phase with the input ac line voltages, confirming open-loop
unity power factor operation. A small phase difference exists
between the currents and voltages due to the effect of the input
L—C filter. Figs. 19(b) and 21(b) confirm balanced three-phase
operation. Figs. 19(c) and 21(c)show the unfiltered ac and dc
currents. Figs. 20 and 22 show the spectrum of these currents.
From Figs. 20 and 22, it is possible to see that the ac currents
have the frequency components at the fundamental frequency
and multiples of switching frequency. Similarly, the dc-side cur-
rent has the dc component along with components at twice of
the switching frequency. The experimental and the simulation
results show a close correspondence, confirming the proposed
operation.

In order to validate the analysis done in Sections III
and IV, the rms value of the inductor current and the active
power transferred over a line cycle for various values of m and
o are observed both in simulation and experiment and compared
with the prediction of (21) and (23). The dc power is computed
by taking the average of observed product of dc current and dc

voltage both in case of simulation and experiment. Similarly, the
ac power is computed by taking the product of the instantaneous
input ac current and the ac line voltage. In case of simulation,
both the ac and the dc powers are observed to be the same
and match closely with corresponding analytical prediction, as
shown in Fig. 23. In case of experiment, the observed ac and
dc powers are not the same due to losses in the system, which
include losses in the converter, in the transformer windings, etc.
As in case of ac to dc power flow, the losses are supplied from
the ac source, the input ac power is higher than the output dc
power. Similarly, for negative values of 4, the ac power is lower
than the dc power. In Fig. 22, it is possible to see the fundamen-
tal component of the ac line current is bigger in case of ac to
dc power flow and the dc component of the dc-link current is
bigger when 4 is negative. In Fig. 23, it can be observed that the
difference between the experimental ac and dc powers increases
and diverges from the analytically predicted value in the active
power for higher values (magnitude) of 4. This is because for
higher values of §, more active power is transferred and the rms
inductor current is high, resulting in higher power loss. Fig. 24
showsw that both simulated and experimentally observed rms
values of the inductor current for various values of m and §
match closely with the corresponding analytical prediction. The
efficiency results for ac voltage with 82.67 V line—line rms and
dc voltage of 135 V are provided in Table XIV.

In order to demonstrate soft switching in the secondary-side
VSI, simulation results are presented in Fig. 25(a) at m = 0.35,
o = 25°in Sector 1, and § = 0.125, a Mode II operating condi-
tion. The voltage across the inductor for phase a and the currents
through the three-phase inductors are shown for one switching
period. Based on the discussion done in Section V and a compar-
ison with Fig. 9, it can be deduced that all three phases undergo
soft switching. The simulation results for m = 0.35, « = 25° in
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(b)

Experimental results, soft switching for secondary VSI. (a) Positive 6, Mode II: Voltage across inductor in phase a (top figure) and current through

inductor in phases a, b, and ¢ (bottom three figures) [100 V/div, 5 A/div]. (b) Negative 6, Mode II: Voltage across inductor in phase a (top figure), and current

through inductor in phases a, b, and ¢ (bottom three figures) [100 V/div, 5 A/div].
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Fig.27. Experimental result showing primary-side switches voltages: Collec-
tor emitter voltages of .S1 and S2 (top two graphs [50 V/div] and gate emitter
voltages of S7 and Sy (bottom two graphs [50 V/div]).

Sector 1, and § = —0.125 are shown in Fig. 25(b), and it can be
similarly concluded that all three phases undergo soft switch-
ing. The experimental results for these operating conditions are
shown in Fig. 26. The experimentally observed waveforms show
close correspondence with the simulated waveforms in Fig. 25,
confirming soft switching. Finally, Fig. 27 shows the collector
emitter and gate emitter voltages of primary-side switches S
and Sy during a switching transition in Mode II.

IX. CONCLUSION

This paper presents a single-stage isolated ac—dc converter.
The proposed scheme results in the following advantages:

1) HFT operation: high power density and reduced cost for
iron and copper;

2) open-loop ac-side power factor correction;

3) partial soft-switching; and

4) control of bidirectional active power flow.

The chosen topology has only two active switches in the ac-
side converter, whereas the dc-side converter is a VSI. The paper
identifies four possible modes of operation and then derives a
closed-form analytical estimation of the transferred active power
and rms of the transformer winding currents. Subsequent anal-
ysis shows partial soft-switching over a wide range of operating
conditions. Simulation results show a close agreement with ana-
lytical predictions, while experimental results slightly differ due
to power loss. However, with increasing frequency, transformer
losses may increase and to counter this effect a successful design

will require better core material and better winding structure.
Experimental results showing active power flow in both direc-
tions are presented at steady-state operating conditions under
open-loop control. Closed-loop control of this converter will be
a part of the future work.

APPENDIX A
PFC Loss COMPUTATION

The PFC is assumed to be conventional space vector modu-
lated, with unity power factor. Thus, the voltage on the dc side
is Vae,prc = \/ngr. The rms phase current is given as follows:

Vaop

_— 58
3 (58)

Irns,pre =

The devices share the current equally, and thus, the device rms
current is given as follows:

P 0.333P
IRMS switch, = o7y - 15 59
RMS,switch,PFC 3V, v (59)
The peak current in devices is
2P 0.667P
I)a switch = = — . 60
peak,switch,PFC 3V, i (60)
The conduction losses are given as
0.667P?
PPFC&OIld-loss - 6[1%\1\1s,switch,PFCROI\Wr - Vip% ON,pr-
(61)

Now, the peak of the sinusoidal current flowing between the grid
and the PFC is given as follows:

2P

I =
3V

peak,PFC = (62)

Since it is assumed that the conventional two-level SVPWM
is used, it means that there are two switching transitions in
each phase leg, per switching period; one top to bottom switch
transition and one bottom to top switch transition. Depending on
the direction of the current, exactly one of these transitions will
be hard switched. Therefore, the switching losses in all three
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phases are computed, as given in (63)

(1]

[2]

[3]

[4]

[3]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]
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PPFC,phasc,sw—loss = 3;5\/5‘/prfstsw,pr

™
X / Ipeak,switchﬁPFC sin 0df
0

= 1.104P f, prctawpr. (63)
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