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Abstract. This paper presents an analysis of the power transfer between two DC circuit by use a single phase galvanically isolated dual
active bridge — DAB. The analytical description of instantaneous values of the currents in both DC and in AC circuits of the DAB is done.
The influence of the dead time as well as voltage drops across the transistors and diodes of the bridges is examined. The different relations
between voltages of the DC circuits coupled through DAB and various phase shift ratios are considered. The analytical relations describing
the average values of the currents in DC circuits are derived. These currents can be used to predict the power in both DC circuits and power
losses generated in semiconductor devices of the converter. It is assumed that the voltage drops across these devices in conduction states are
constant. The calculation of the transferred power as well as power losses and energy efficiency for the DAB converter power rated 5600 VA
which is used to energy transfer between DC circuits 280 V and 51 V£20% is presented. The proposed relations and calculation results can
be useful for preliminary evaluation of power losses generated in semiconductor devices and for design of the cooling system. Due to the
high switching frequency of 100 kHz, the phase shift modulation for the control of DAB is used. To validate the theoretical investigations

a few experimental results are presented.
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1. Introduction

The converters which enable bidirectional energy transfer
mainly between DC circuits with different voltage levels and
also assure galvanic separation are more and more widely
used in power distribution systems (photovoltaic and wind
energy, energy storage such as battery and supercapacitor)
[1-7], automotive (hybrid and electrical vehicles) [8—11] as
well as aerospace [12] applications. These converters have a
topology consisting of two single- or three-phase bridges con-
nected by a single- or three-phase medium- or high-frequency
(e.g. 20-100 kHz) transformer providing galvanic separation
between low-voltage and high-voltage sides. The three-phase
topologies are generally appropriate for large power appli-
cations and require relative complicated control systems [4].
The DAB converters with single- or three-phase transformers
can be made with the use of resonant topologies to limit the
switching power losses [3—15]. However, the converters with
resonant ZVS and quasi-ZCS scheme need additional pas-
sive elements. Thanks to the high power density (more than
10 kW/dm?) the DAB converters without resonant circuits are
very interesting [5—12].

Achieving high power density is linked together with a
necessity of precise determination of the power losses gener-
ated in all components of the converter, including particularly
semiconductor devices and magnetic elements. Few papers
have dealt with the determination of power losses and en-
ergy efficiency of the DAB converters [6, 16-21]. Most of
them present complex mathematical relationships which are
difficult to use in practice [10, 17]. In the literature there are
presented also many experimental methods that enable global
losses determination without the possibility of identifying the
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losses in each elements of the converter [18, 20]. It is worth
to notice the work [21], where the authors present an ana-
lytical description based on a simplified model of the DAB
converter. In this work, the proposed analytical power transfer
model captures the power flow characteristics by accounting
the dead time and constant voltage drops on semiconductor
devices, however the authors discussed only the positive phase
shift between the both rectangular AC voltages applied to the
transformer windings by an assumption that the DAB con-
verter is fully symmetric and only a boost direction has been
investigated. A new steady-state model for the DAB was pre-
sented in [12]. The model produced equations for device rms
and average current, which can be useful in calculation the
power losses occurred in devices. However, the equations do
not take into account the impact of voltage drops on instanta-
neous values of AC voltage and currents in both DC circuits.

The subject of this paper is the DAB converter consisting
two, realized using MOSFETs, single phase H bridges, which
can serve as an interface between renewable energy sources,
such an photovoltaic array or fuel cell stock and energy stor-
age devices such as a supercapacitor bank or battery system
(Fig. 1). The full bridge H1 on the left hand side of Fig. 1a is
connected to the high-voltage DC port (£7) and the full bridge
H2 on the right hand side is connected to the low-voltage DC
circuit (E2). The AC sides of both H bridges are connected
through a high — frequency planar transformer (100 kHz) and
a coupling inductors 2x L4/2. The electrical connection be-
tween two bridges can be presented by the simplified scheme
shown in Fig. 1b, where the AC voltages u; and wuo/n are
referred to the HV side and L is the sum of the transformer
leakage inductance L, and the auxiliary inductances 2 x L 4/2.
The inductance L is a very important parameter, which has
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a strong influence on the power flow and the range of phase
shift ratio. It is assumed that the DC high-voltage is constant
(B = 280V, e.g. obtained by use DC/DC boost converter)
and the DC voltage F» can fluctuate in the range 51 V £20%.
Owing to a high switching frequency of semiconductor de-
vices in both converters the dimensions of transformer power
rated 5600 VA are small (ca 8 cmx6 cmx2.5 cm).

The operation range of the DAB can be divided into two
regions: A and B, which are defined as illustrated in Fig. lc.
For the region A the DC voltage E is in the range [40.8 V;
51 V] and for the region B this voltage can change in range
(51 V; 61.2 V]. For the both regions following relations are
valid

E E
A: BE; > =2 hence k,=-—2 <1, (1)
n nkn
E E
B: Fy <=2 hence ky=— >1, )
n nkn

where k, — DC voltage conversion ratio.

For transformer turns ratio n = No/N; = 2/11 and at
constant value of £; = 280 V the balance of the DC volt-
ages occurs for the nominal value of Fsz = 51 V. For the

40.8 V<F, < 61.2 V the voltage conversion ratio changes
between ky(min) = 0.80 and ky(max) = 1.20. The DAB con-
sidered in this paper allows bidirectional power transfer by
means of controlling the phase shift (expressed in time ore
angle domain) between square — waves u; and uy generated
by the bridges H1 and H2 [16, 17, 20, 21].

This paper presents the analytical description of the instan-
taneous (i1, i p2) and average (I g1, Ig2) currents in both DC
circuits considering not only the so called major parameters,
i.e. DC voltages and phase shift between the AC voltages, but
also the voltage drops across the semiconductor devices and
the dead time. As in [21], the formulas described the powers
in both DC circuits and the power losses generated in all semi-
conductor are formulated as function of the average currents
in DC circuits for different relations between the DC voltages
(F1, E>) and various shift modulation ratio. It is worthwhile
to point out, that this paper extends the analysis further and
provides unique equations determining the output and input
powers not only for positive but also for negative phase shift
between the AC quasi-rectangular voltages w1 and us.
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Fig. 1. Two single phase full bridges H1 (high — voltage bridge) and H2 (low — voltage bridge) coupled via high-frequency transformer and
two inductors (DAB converter): a) complete scheme of the converter; b) equivalent circuit with parameters referred to high-voltage side:
L = L, 4+ Lq = 21 pH; c) graphic representation of the DC voltages both DC circuits. Z — point corresponds with the nominal value
E5; =51 V for which the both DC voltages are balanced, i.e. E1 = F2/n, where n = N3 /Ny = 2/11 = 0.1818 — transformer turns ratio
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The rest of this paper is organized as follows. Section 2
is devoted to the presentation of the basic operation principle
and the analysis of the power flow in DAB converter neglect-
ing the voltage drop on the transistors (Ur = 0) and diodes
(Up = 0) and ignoring the dead time t 4.4, i.¢. the time inter-
val between the gate impulses of the transistors constituting
one branch in the bridges. Section 3 focuses on the analytical
description of power flow in the DAB according to the volt-
age drop across semiconductor devices (Ur # 0, Up # 0)
at dead time t4.,4 and phase shift ratio D equals to zero. In
Sec. 4 the power flow analysis with considering the voltage
drop on the semiconductor devices (Ur # 0, Up # 0) and the
dead time (t4.qq 7 0) at phase shift D equal to zero is given.
Section 5 presents the analytical relations suitable to determi-
nation the input and output powers and the power losses of
the DAB by accounting the voltage drop on semiconductor
devices and the dead time at positive value of the phase shift
ratio (D > 0). Similarly to Sec. 5, in Sec. 6 the analysis of
power transfer conditions but at negative value of the phase
shift (D < 0) are presented. In Sec. 7 there are presented
the calculated values of the powers in DC circuits as well as
power losses and energy efficiency (excluding the power loss-
es generated in transformer and inductors) for DAB converter
with the following parameters: Eq = 280 V; Ey = 51 V£
20%; L = 21 pH; Phax = 5600 VA. Several experimen-
tal results which validate the theoretical calculations are also
given. In Sec. 8 the conclusions are drawn.

2. Simplified analysis of the power transfer
in DAB (UT = 0, UD = O, tdead = O)

In the used phase shift modulation method each bridge is
controlled to generate a square wave (with 50% duty cycle)
voltage at its AC terminals. Neglecting the dead time and the
power losses generated in semiconductor devices, the value
and flow direction of the power transferred between two DC
circuits depend on the both DC voltages (E; and Es), phase
shift (expressed in angle ¢ or time delay t4.; domain) between
the two quasi-rectangular AC voltages u; and us, transformer
turns ratio n and the sum of inductances L in AC circuit. The
power flows always from the bridge generating the leading
square — wave. The phase shift (time delay ¢4;) is defined
as positive if the power flows from the F; side to the Eo
side. The opposite direction of the energy flow occurs at the
negative phase shift, i.e. if voltage us leaves the voltage u.
In this paper the phase shift is expressed using the so called
normalized phase shift ratio D = t4.;/(T/2), where T is the
switching period.

Operating with small phase shift (D7/2 = t4). Omitting
the power losses generated in semiconductor devices (Ur = 0,
Up = 0) and in magnetic elements the following relations are
accomplished:

Pp = EiIg1 = E1Igan, (3)
1

Pry = Eolpo = E21E1E7 4)

Pr1 = Pgo, (5

where Pg1, Pr2, Ig1, Ig2 — powers and average currents in
E, and Es side, respectively.
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For the small phase shift ratio D and at k,, # 1, in the
time interval DT/2 there is no change in direction of the cur-
rent 77, in AC link and currents ¢ g1, g2 in both DC circuits.
In this case the relation is satisfied: DT'/2 = t4 (Fig. 2). By
assumption that the DC voltages are constant, determination
of the powers Pg1 and Pgs is reduced to the determination of
the average currents /g1 and Igo. On the basis of Fig. 2, for
the conditions occurring in both ranges A and B (i.e. k,, < 1
and k,, > 1) at DT /2 = t4 can be written

nuy — Uy nuy —u2
1 T tp T A + Io, (6)
I3 = Mtc =—1Ip. 7
nlL
By assumption that Ur = 0 and Up = 0 it can be derived
FE, —FE Ei+FE
L=t MR L h ®
nlL nlL
FE,—FE
Iy = utc - 1. )
nlL

From equations (8) and (9) indicate that

nkq, — EgtB - nkq +E2t
nl nL

nki — Ey
nL

Iy = — A (10)

Iy = — to (11)

and hence
(nE1 + Eg)tA+(nE1 — Eg)tB—(nEl — Eg) tc =0. (12)

Taking into account that ty +tp+tc =T/2and t4 = DT /2,
from Eq. (12) the following equations can be derived

- ZTLEl 7E2 72DTLE1 ZnEl (172D)7E2

t -
BT 0T 2k — Ey) 4 nE - E,
(13)
T T nE1 - Eg - 2DnE1 T
o=y omE — By P2
B —
1 2 (14)

_ TnEi+E;(2D 1)
T4 nE, — E,

The average current /1 can be determined by a simple
manner through calculation the area between the instantaneous
waveform ¢p; and the time axis (triangles and rectangles) di-
viding the result by the half of switching period T'/2. Ac-
cording to Fig. 2a for the region A (i.e. for £y > Es/n) the
following equation can be obtained

211
IE1_|:§

1 1
(Io—I1)ta+ Lita + §IltB + 513150

T

1

T

For the operating condition in the region B (i.e. for F; <

Es/n), on the basis of Fig. 2b, the average current in the
circuit Fo can be expressed as

211 1 1
Ig1 == |=([1 — Iy)t It —Iit —Ist
E1l T{Q(l ())A+()A+21B+25C

} (15)
1 (ta +tB) + I3 (tc —ta)].

1 } (16)
= I (ta+tp) + Is (to — ta)].
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Fig. 2. Simplified waveforms of the transistors control signals (G1 + G8) as well as voltage and currents without consideration of the
voltage drop across semiconductor devices (Up = 0; Ur = 0) and dead time (tgeqq = 0) at small phase ratio DT/2 = ta: a) E1 > E2/n;
b) E1 < E»/n; positive instantaneous value of the voltages and currents correspond to the directions marked on scheme in Fig. 1

Using the formulas (3) and (4) as well as (15) and (16)
the power in both DC circuits may be determined

1
Pp1 = Pga = ?E1 [ (ta +tB) + I3 (tc —ta)]. (A7)

Operating with large phase shift ratio (D7/2 = t4 +
tp). In the case of the phase shift ratio D, large enough that,
regardless of the voltage conversion ratio k,, during the time
interval DT/2 there is a change in direction of currents ¢z, i g1
and i, from Fig. 3, for the regions A and B the following
can be written

812

— in the time interval t4:
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Fig. 3. The simplified voltage and current waveforms in DAB converter operating with large phase shift ratio D, which satisfied the relation
DT/2 = (ta + tB)I a) F1 > Eg/’n; b) E1 = Eg/’n; c) E1 < Eg/’n

— in the time interval ¢o:

E.
upic = By — =2, (22)
n
E, - & nE, + E nk, — E
Iy= Lt my, =2, LT P2 23)
L nL nL

From (19) and (23) the following relation can be formu-
lated
(nEy + E9)ta — (nEqy + E9) tp

24
—(nE1 —Eg)tc =0. ( )

Taking into consideration DT /2 ta +tp and to =
T(1—D)/2 from (24) the following equation can be obtained
. _TnB+ B (2D 1)

AT 4T B —E

For the given t4, tp and ¢¢, in accordance with (21) and
(22) the characteristic values I5 and I3 of the current ¢;, can

(25)
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be calculated. The average currents /1 and Igo in both DC
circuits are described by

2 1 1 1
Ipi =nlgs = — *IgitA + 512153 + 5 (I + I3) te

T
1
=7 Iz (tg +tc) + I3 (tc —ta)].
(26)
When DT /2 = t4 + tp, then the power in both DC circuits
is expressed as

1
Pg1 = Ppa = ?E1 ([ (ta +tB) + I3 (tc —ta)]. (27)

For k, = 1, i.e. By = E3/n, the equation describing the time
intervals ¢4, tp, tc and the characteristics value of the AC
current I5 and I3 (Fig. 3b) take the simple form as follows

T
ta=ts =D, (28)

nky+ Ey T
L=1I3=—1I)= #D? (29)
813
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In this case the average current in high-voltage DC side is
given by

TnE, + E>
Igi=nlgs=L(1—-D)=————=D(1-D) (30
g1 =nlgs = Iz ( ) TRy ( ) (30)

hence

TnE,+ FE
Py = Pgy = Byl = EIZ%DQ—D). (31)

Equations (17) and (27) can be simplified. Substituting (13)
and (25) in (17) and (27) well as considering relation t4 +

tp+tc = T/2, for lossless DAB converter at dead time equal
to zero, the known relation can be obtained
T _ E
Pgy = Pgy = 5E1 - D(1-D). (32)

It is worth noting that the sum nFE; + Es in (31) for &k, = 1,
can be presented as 2F5, which gives the relation (32).
Using the phase shift ¢ in angular domain, described by

p=mD. (33)
Equation (32) can be presented in the following form
ErEsp(m—|¢l) _ ErEap (m — |¢l)
Pg1 = Ppa = 3 =
22 Inf mnwL (34)
_ Bo(r—lel)
kym2nwl

Neglecting the power losses, for D = 0 and for DC voltage
conversion ratio k, # 1, the instantaneous current i;, has a
triangular form (t4 = 0, t = tc). The average values I
and Igo and the active power transferred between the DC
circuits are equal to zero.

3. Power transfer analysis including the voltage
drop across the semiconductor devices
at D =0 and tgead = 0

In the presented analysis, it has been assumed that the tran-
sistors in the two bridges have the same voltage drop (Ur)
and the diodes in the two bridges have the same voltage drop
(Up) in the states of conduction. The analysis was carried out
for the region A and B at D = 0 (Fig. 4). It is also assumed,
that the voltage drops across the semiconductor device are
constant and independent of current [21].

The voltage drop on transistor and diodes cause power
losses so that Pg1 # Pgo. In order to determination the power
Pp it is necessary to find the relation describing the average
current /g; in high-voltage circuit E;. According to Fig. 4a
for the condition Fy > FEs/n the following equations can be

written £ -
2 + v
Iy =— ~tp
L (35)
nky +2nUp — Ey + 2Ur
= - th
nlL
Ey—2Up— 2 - 2o

I=- -
(36)
nE1 — QTLUT — Eg — 2UDt

- nL o

By +2Up —

814

Having regard that Iy = — I, by using the Egs. (35) and (36)
the following relations can be obtained

(TLEl +2nUp — Ey + QUT) tp

(37)
= (nE1 —2nUr — By — 2UD) to,

hence
to o nk; — Ey 4+ 2 (nUp +UT).
From (37) it follows that for Ey > FE>/n the steady state op-
eration of the DAB is possible, if nE1 — Es > 2(nUr+Up)
and the following relation is satisfied: tp < t¢.
Given that t g +tc = T'/2, based on (37) it can be derived
tn = nE1 —Eg —Q(HUT—FUD) T
BT WE, —Es+(n—1)(Up—Ur) 4’
TLEl*EQ‘i’Q(nUD‘i’UT) Z
nEl—E2+(n—1)(UD—UT) 4

According to Eq. (40), the following relations can be formu-
lated: 2(nUp + Ur) > (n — 1)(Up — Ur) and te > T/4.

Using the formulas (35), (36), (39) and (40) the average
current /1 can be determined. Referring to the current wave-
form iy plotted in Fig. 4a it can be written

(39)

tc = (40)

T/2
2 (1 1
—Ipt — It
{2 ()B+22C]

2 .
Ig1 = T / ip1dt = T
0

1
= DLt —t
Tz(c B)

where Iy and I» — currents described by Egs. (35) and (36);
tp, tc — time intervals occurred in half cycle T/2, resulting
from (39) and (40).

For considered conditions (Ey > Es/n; D = 0; Ur # 0;
Up # 0; tgeaq = 0) the power drawing from the DC circuit
FE; can be expressed as

(41)

Ppi = Eripidt = EyIg:

(42)

Mo
o=

1
=—F1L(tc —t .
T12(c B) >0

The power Pg; is positive. The power delivered to the DC
circuit with the voltage F is described by the following re-
lation

T/2
2 ,
PE2 = ? / EQZEth = EQIEQ. (43)
Equation (43) can be presented in the form [21]
T/2
/ EllE—ldt ——PE1 = k,Pgi.  (44)

Because tc # tp, the powers Pg; and Pgs, though D = 0,
are different from zero. For the considered conditions the pow-
er Pgo is less than Pgy.
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Fig. 4. Simplified waveforms of the transistors control signals (G1 < G8) as well as voltage and currents with consideration of the voltage
drop across semiconductor devices (Up # 0; Ur # 0) for the phase shift ratio D = 0 and the dead time tgeqq = 0: @) E1 > Ea/n;
b) F1 < E» / n

Similar investigation can be done for DAB operating in  and

range B, in which the inequality E; < Es/n is validity. On t_B _ nky — By +2(nUp + UT)' (48)
the basis of Fig. 4b the following formulas can be determined tc  nEy— Ey—2(nUr+Up)
nky —2nUpr — E5 — 2Up Note, that for the relation nE; — Fy < 0 the quotient
o=~ nlL ts, (45) tg/tc < 1, and hence tp < tc.
Taking into account that tp + tc = T'/2, using (48), the
Ey | 2Ur
I = _El +2Up ; n T T te time intervals can be calculated as [21]
46
nE1+2’fLUD*E2+2UTt (0 tg = nk - Ey+2nUp+Ur) T (49)
B nL @ nE; — By — (n—1) (Ur — Up) 4
For Iy = —1I5, from (45) and (46) it can be derived nky—Ey—2(nUr+Up) T
te = —. (50)
(nEy — 20Uy — By — 2Up) tp nky — Ey —(n—1) (Ur —Up) 4

(47)

= (nEy +2nUp — Es + Urp) tc From formula (49) it -can be concluded that t5 < T'/4.

Bull. Pol. Ac.: Tech. 61(4) 2013 815



I

www.czasopisma.pan.pl P N www.journals.pan.pl

R. Barlik, M. Nowak, and P. Grzejszczak

Formulas (45), (46), (49) and (50) can be used for cal-
culation the average current in DC circuit F;. According to
Fig. 4b it can be written

T/2

2 211 1
Ipi = = | ipdt = = | zlotp + s latc
T T |2 2
) 51
= e —tn)
= gph(tc —ts).

Because [y < 0, the average current is negative and flows
into positive pole of the DC circuit E;. This current has op-
posite direction in respect to the direction marked on Fig. 1.
This means, that the high voltage circuit receives the power
determined by following equation

T/2

2 )
Pp = T / Eiipidt = E1Ig
) (52)

1
= —E1l (tc —tp) <O0.
7L (te —tp)

For condition F; <  FE3/n at D = 0 the power is trans-
ferred from low-voltage circuit (F5) to the high-voltage circuit
(E1) and the absolute value of the power Pgs is greater than
Pg;. The difference between the powers is equal to the power
losses generated in semiconductor devices.

4. Power transfer analysis including the voltage
drop across the semiconductor devices
and the dead time ({;,..,q # 0) at D =0

In order to avoid a short circuit, in real DAB converter be-
tween gate signals of two transistors in each leg of the H-
bridges must exist time delay t4cqq — so called “dead time”.
This time, although is very short (split of microsecond), es-
pecially at high switching frequency, causes the undesired
phase shift between the AC voltages u; and us. This addi-
tional phase shift, defined as phase drift [21] affect the power
transfer.

Discontinuous AC current. If the difference between [q
and F/n and the phase shift ratio are small, then the current
i1, is also small. Under such condition the situation in which
the current 77, becomes zero may occur (Fig. 5).

For By > Es/n (i.e. k, < 1), after the pair of transistors
(e.g. Ty and T3) turned off, there is a time interval t 4 < tgeqd,
in which the current i, passes through the diodes of the high
— voltages bridge D; and D4 and the diodes of the low —
voltage bridge Dg and D~ (Fig. 5a). During the time interval,
from the moment when the current becomes zero to the mo-
ment when the transistors T1, T4 and TS5, T8 control impulses
occur, i.e. during the time tg4eqq —t4 = tp, the current i, is
equal to zero. In this time all semiconductor devices are in
off state and there is no power flow.

At discontinuous current iy, for k, < 1, there is a posi-
tive phase drift Dgcqq, Which can vary in the range between
0 t0 tgeada/(T/2), depending on the current value and its time
derivative. According to Fig. 5a, the following formulas can
be derived:
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— in time interval ¢ 4

U E 2U
upeay =w — — =B +2Up+ —=+ =2, (53)
n n n
By +2Up+ £ + 2Up
Ip=-— = Pt
L (54)
nkE1 +2nUp + E9 + 2Up
= - tA7
nlL
— in time interval ¢
E. 2U
Uppoy = — 2 = By —2Up — =2 — 222 (55)
n n n
Ey—2Ur— 2 2Up
="2"2T " = n g,
L (56)
nE1 — QHUT — E2 — QUDt

nlL
Since Iy = —I3, on the basis of (54) and (56) the following
formulas can be written:

- (nE1 +2nUp + Eo +2Up) ta

(57)
= (nE1 — 2TLUT — EQ — 2UD)tc,
t_AinE17E272(nUT+UD) (58)
to - TLE1+E2+2(TL+1)UD ’

nE17E272(nUT+UD)
M B T B+ 2m+1)Up ©
n
1 2 D (59)

_nEl—EQ—Q(’I’LUT—f—UD) (T )

= = —tye
nky +Ey+2n+1)Up \ 2 4

Knowing the time ¢ 4, determined by the formula (59), and the
time tc = T'/2 — tgeqq currents Iy and I3 can be established.

In accordance with Fig. Sa, the average current /i can
be expressed as follows

T/2
2 211 1
]El == T / ZEldt == T |:§]QtA + §I3t0:|
0 (60)
1
= —1I3 (tc —ta).

T
The power in circuit F is defined by the formula
T/2

2 . 1

Pp1 = — | Eiigidt = E1lgy ==FE1I3 (tc — ta)
T T

0 (61)

T

Due to the fact that the average current I'p; > 0, the power
Ppgq is also positive. This means that it is drawn from the
circuit with the value F;. As it can be seen from Fig. 5a,
the voltage waveform u; leads the waveform wus/n. The de-
lay time between this waveforms corresponds to a phase drift,
which is in this case positive.

Taking into account the current waveform ¢go (Fig. 5a)
its average value can be determined.

1 T
= —F13 <5 — tdead — tA> > 0.

12 1 1
Ips = — = |—zlota + - I3tc
nT 2 2
(62)
e (ta+tc) >0
T T AT '
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Fig. 5. The influence of the dead time t4cqq (phase drift) between transistor gate impulses on the currents and voltages in DAB at small
current ¢z, for D =0, Ur # 0 and Up # 0: a) E1 > E2/n; b) E1 < E2/n

The power delivered to the E5 side can be described

as

The power will be transmitted to the circuit F» when Pg; >
Pro. This means, that the following condition must be satis-

T/2

Pry = T / Eyipadt = Eolps :TEQE (ta+te) ky < c—ta (65)

0 (63) lo+1a
_ 1 B I3 ; T ; 0 Due to the fully symmetrical topology of the converter,
T\ + g~ ldead | > 0. also in the in the region B (i.e. for k, > 1), for small phase
) ) shift ratio D the current 7, can be discontinuous. In this case,
Since Ey = kynE, the power Ppy is expressed by after turning off the transistor pair of low-voltage bridge (e.g.
1 I Ts and T7), the state (continuing for the time t4 < fgeqq)
Ppz = fkunElg (ta+to) wherein the current flows through the diodes in low-voltage
1 to —ta ta+to (64) bridge (D5 and Ds) and diodes in high-voltage bridge (D2
= TkuEl I3 (ta+tc) to—ta = hul'El to —ta and Dj3) occurs. The state without current occurs during time
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tp = tdead — ta. Basing on Fig. 5b the following equations
can be written

— in time interval ¢ 4:

Us E 2U
upeay =u — 2 =—E —2Up— 2~ =L, (66)
E 2nU. E 2U
IO:_TL 1+2nUp + L2 + DtA7 67)
nL
— in time interval ¢¢:
E 20U
uL0) —ul—; =B +2Up -2+ ==, (68)
nk1 +2nUp — Ey + 2Ur
I3 = to
nlL (69)
77LE1+271UD*E2+2UT Z,
- nlL 9 dead

Considering that Iy = I3, on the basis of (67) and (68) it can
be obtained

nEy — Ey + 2 (nUp + Ur)
nE1+Ey+2(n+1)Up
nEleQJrQ(nUDJrUT) T

CnEL+ By +2(n+1)Up (5 a dead)
Knowing the time interval t4 and ¢c the values of the cur-

rents / and I3 as well as the average current /FE; can be
determined which is described by the following relation

Ip = —/ZE1dt

1
= —=I5(t to).
T3(A+ c)

The power in circuit F is described as follows

ta=— to

(70)

1
[ Iota + 213tc}
(71)

T/2

2 . 1
Pp1 = = | Eiipidt = E1lg1 ==FE I3 (ta + tc)
T T 72)

1 T
= TE113 (tA + 3 tdead) < 0.

Due to the fact that Is < 0 the power Pg; is negative,
which means that it is delivered to the F; side (phase drift
Dgeaa < 0).

In accordance with Fig. 5b formulas for the average cur-
rent [po can be determined. Replacing the integration by cal-
culating the areas contained between the instantaneous current
1p2 and time axis it can be obtained

2 1 1 1
Ipo = = |—=1Ipt —Istc| = =I3(tc —ta). (73
nilgs T[20A+23c] T3(c a). (73)
The power received from the circuit 5 is given by
T/2
2 . 1 I
Ppy = = | Eyigedt = Eylpy ==Ey=> (tc —ta)
T T "n
0 (74)
g (L, ta) <0
= T 2 9 dead A .

818

The relationship describing the power Pgo can be transferred
thus ensuring express this value as a function of the power
Pg1. Given that E5 = Ejnk,, on the basis of (74) it can be

written
1 1
Ppy = =By~ (to —ta)
1 ! th— ta tc —1ta (75
= —E\Isk, (to —t = Pk, S A
7B (te A)tc+tA L r——,

The power is transferred from the circuit Fs to the circuit £

when
tc+1ta

toc—ta

ko > > 1.

(76)

Continuous AC current. If the current 7y, is so large that
after switching off the transistor pair, the current does not
reach a value of zero in the time interval t4..q, the phase
drift Dgeqq between the AC voltages u; and uo occurs. In
fulfillment of the condition k, < 1, phase drift is equal
t0 2tgeqad/T, while for ku > 1 it is negative and equal to
—2tgeqd/T (Fig. 6).

In the case of continuous current iy, in respect to k,, < 1
and k, > 1 the following can be written

u
I = %tc = —1I, 7
u u
I = — L‘L“” tg =1Iy+ Lg‘” ta, (78)

where ur(1a), Ur¢p), Ur(xc) — the instantaneous values of
the voltage on replacement choke with inductance L in the
AC circuit at intervals t 4 = t4eqq, tp and to, respectively.

Comparing the current value I determined from formulas
(77) and (78) the following relation can be obtained

urata +upeptgurecyte = 0. (79)

Since t 4 +tp +tc = T/2, based on equation (79) the general
formulas, defining time intervals ¢t and t¢ can be determined

ty = T UL(tC) _urga) t UL(O),
2upe) tuLpc) ULeB) tULEO)
B UL(tC)% — (urea) + uric)) ta 0
B UrLtB) T ULC) ’
to = urep) S + (Un@ay — ures)) ta 81

Ur+B) T UL®tCO)

In the region A, i.e. for £y > FE5/n (Fig. 6a) the following
relations are satisfied

U E 2U

Up(ta) = U1 — ;2 = By +2Up — (f - TD> , (82)
U E 2U

ULeB) = U1 — ;2 — By +2Up — (72 - TT> . (83)
U E 2U

uLuo) = U1 — ;2 =By —2Ur — (72 + TD) . (84)

From Eqgs. (80)—(84) it is obtained [21]
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by — (nE17E272TLUT*2UD)%*n(ElJrUD*UT)tdead (85)
B nE, — Ey+ (n—1)(Up — Ur) ’
o (nEy — By +2Ur + 2nUp) £ + (B2 + Up — Ur) tacaa (86)
“” nEy — Ey+ (n—1)(Up — Ur) '
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Fig. 6. Effect of the time delay t4cqq between the transistor control signals on the voltage and current waveforms for continuous AC current
at D =0:a) E1 > E2/n; b) E1 < Ex/n

Based on (77) and (78) and (82)—(84) characteristic values

7nE1 +2nUp — Ey +2UTt

I = 5. (88)

of the current iy, may be determined

nE1 — 2nUT — E2 - 2UD

I3 =

nlL
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tc = *IO;

Knowing
(87)

nlL

the time intervals t4 = tg4e, tp and t¢ and the

currents I; and I3 = —Ij, the formulas describing the aver-
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age values Ip1 and Ipo can be determined. On the basis of
Fig. 6a it can be written

N o
o\i

Ip = ip1dt

2 1 1 (89)
= — | I;t 1 1)t It — I3t

T[1A+ (Io — 1)A+21B+23C]

1

=7 [I1 (ta+tg) + Is(tc — ta)],

12 (1 1 1
Igo = —= | = (=1 1) ta — 11t -1t —Iat
B2 nT[2( o+1i)ta 1A+21B+23c}

= %% [Is (ta+tc)+ 1 (tg —ta)].
(90)
The average values of currents in DC circuits g and Igs
are positive, which means that they have a direction such as
shown in Fig. 1. The powers Pg; and Pgo in these circuits
are also positive and are determined by the formulas

T/2
2 .
Pg1 = T / Ervipdt = EyIpy
) On
1
= B [I (ta +t5) + Is (to — ta)] > 0,
T/2
2 .
Pg2 = 7 / Eyipydt = Exlps
92)
11
=~ 2B I (tp — ta) + I (ta + 1c)] > O,

wherein Pg1 > Pgo.
Given that F» = k,nFE7, on the base (91) and (92) fol-
lowing relations can be obtained

1
Ppy = TkuEl [Ih (tg —ta) + Is (ta + tco))
I (ta+tp)+ Iz (tc — ta)

I (ta+tg)+ I3 (tc —ta) ©3)
_ I (tg —ta) + I3 (ta + to)
— huyl E1
Il(tA+tB)+I3(tcftA)
and ; I
tg —t 3 (t t
1(tg —ta)+ I3 (ta+ c)<1. 94)

“Iy (ta+tg) + I3 (tc —ta)

In the operation region B, i.e. with E; < Es/n (Fig. 6b),
the instantaneous voltage of the replacement inductor L is
described as follows

Us E. 2U
uL(tA) = Uy — W = 7E1 72UD* <?2 + TD>
E 2U, ©3)
PR VIR - S L1:3
n n
U E 2U
UL(tB)Zul—f=E1—2UT— (f—f—TD)
E 2U %6)
=B —2Ur — — - =2,
n n

820

U L 20
UL(tC):UI*f =E1+2Up — <727T>
e

E 2U
_E1+2UD——2+TT

Using formulas (80) and (81) as well as (95)—(97) it can be
written
(nEl_E2+2nUD+2UT) % (E2+UD_UT) tdead
nEy — Ey+(n—1)(Up — Ur) ’
(98)
(nElengUDonUT) %—n (E1+UD*UT) tdead

nEleng(nfl)(UD—UT)

tp =

to =

(99)
Based on (77) and (78) as well as (95)—(97) characteristic
values of the current 7L, can be determined

Ei+2nUp — E5 + 2U:
Ig:n 1+TLZL 2+ thz—lo,
nE1—2nUT—E2—2UD
L =— ts.
nlL

From Fig. 6b, using formulas (98)—(101), it can be obtained

(100)

(101)

T/2
2 .
IE1:?/ZE1dt
0
1 ] (102)

1 1
[I1tA—§(Io—I1)tA+ —Iitg + -Istc

'ﬂlw

2 2

[Il (tB — tA) + I3 (tA + tc)]

T
2
Iy = T

% (Io—Il)tA+IltA+ IltB+ IL;tc}
1 1
= E_ [I3 (tc — tA) + I (tA + tB)]
(103)
The average values of currents [p; and Igs are negative,
which means that the power Pg; and Pgo are also negative.

These powers are expressed by formulas
T/2

2 .
Pg = T / Eiripidt = E1lp
(104)

1

= TEI [Il (tB - tA) + I3 (tA + tc)] < 0’
T/2
2 .
Pgo = T / FEoipodt = E5lpo
(105)

11
= ETE2 [Il (tA + tB) + 13 (tC - tA)] < 07
wherein | Pga| > |Pg1.

Considering that Ey = k,n[, it can be written

1

Pps = ko B [I1 (ta + 1) + I3 (tc — 1))
L (tg —ta) + I3 (ta + tc)
Li(tp —ta) + I3 (ta +tc)

L (ta+tp)+ I3 (tc —ta)
Li(tg—ta)+1I3(ta+tca)

(106)

= k'uPEl

Bull. Pol. Ac.: Tech. 61(4) 2013



www.czasopisma.pan.pl P N www.journals.pan.pl
S

POLSKA AKADEMIA NAUK

Power transfer analysis in a single phase dual active bridge

and
L (ta+tp)+1I5(tc —ta)

u > 1.
I (tB —tA) + I3 (tA +to)

ing the characteristic voltages, currents and powers are the

On the basis of Fig. 7a it can be obtained
— for time interval ¢ 4:

5. Power transfer analysis including the voltage
drop cross the semiconductor devices

and the dead time at D > 0

When the phase shift D is positive, for both conditions
< Fs/n, the relations describ-

E > EQ/TL and F,

a)

u; = B 4+ 2Up, (108)
E 2U
2_ = 2D (109)
n n n
U E 2U
Up(ea) = U1 — f :E1+2UD+72+TD, (110)
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Fig. 7. Control signals, voltage and current waveforms in the DAB operating with continuous AC current at D > 0: a) E1 > Ea/n;
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— for the time interval tg:

up = By —2Ur, (111)
E. 2
Y2 _ 2, ﬂ7 (112)
n n n
U E 2U
U By = U1 — ;2 = E, —2Ur + 72 — TT (113)
— for the time interval ¢¢:
up = B —2Ur, (114)
E. 2
Y2 _ B2, 27 (115)
n n n
E 2U
upGe) =t — % — By —2Up — 72 _ TD (116)
Based on Fig. 7 it can be written
U
Iy = *%M
(117)
nki +2nUp + E5 + 2Up
=_ ta = —1Is,
nL
U Ey —2nUr + E> — 2U
I = L(tB)tB:n 1 nUr + Lo TﬁB7 (118)
L nL
L(tC
Is — Ip = ‘Lt Jte, (119)
UL(tC) nk1 +2nUp + E5 + 2Up
Iy = —1Iy — tc = A
L nlL
nE1 — QHUT — E2 — 2UD
— to.
nL
(120)
Comparison of expression (118) and (120) gives
(nE1 +2nUp + E2 +2Up) ta
—(nEy —2nUp + Ey — 2Urp) tp (121)
- (nE1 - 2nUT - E2 - QUD)tC =0.
Taking into account that
T
ta+ip+tic= o (122)
T
tB:DEftA, (123)
T T T
c=73 5 =3 ( ) (124)

on the basis of Eqgs. (121) and (122)-(124), after the transfor-
mation it can be obtained

. Z2D(E2+UD7UT)+HE17E272HUT72UD

ta

4 nE1+E2+(n+1)(UD—UT)
(125)
From Eqgs. (123) and (125) it follows that
T
tp = DE —ta
B Z (142D)nEy—Ey—2Up (1—Dn) —2nUr (14-D)
74 TLE1+E2+(TL+1)(UD—UT)
(126)

Knowing the time intervals ¢4, tp and ¢t (formulas (125),
(123) and (124)) and the characteristics current values Iy, I

822

and I3 (formulas (117) and (118)) the average current Ig;
can be determined. Based on Fig. 7a the following equation
can be formulated

T/2

2 ‘
IEl = ? ZEldt

0
(127)

2 1 1 1
— | —=1I3t —Irt — (I I3)t
T{23A+22B+2(2+3)C}

1
=7 L2 (tg+tc) + I3 (tc —ta)).
The average value of the current in the high — voltage DC

circuit Ip1 > 0. The power in this circuits is also positive
and is defined by the following formula:

T/2

Ppi = / Eiipidt = EyIg:
0

Nl

(128)
1
= 5B L (ts +te) + Is (to — ta)] > 0.

The power Pg; reduced by the power losses generated in
semiconductor devices and magnetic elements flows to the
low — voltage side. The power can be determined on the basis
of DC voltage 2 and the average current which is given by

T/2
2 .
Iy = T / ipadt
0
1

211 1 1
= —— | =I3tqg — =Ist — (I Is)t
nT|:23A 22B+2(2+3)C:|

1
T nT
The average value of the current Igo is positive, which
means that the power Ppo is delivered to the low-voltage cir-
cuit 5. This power is described by

(129)
[ (tc —tp) + I3 (ta +tc)] > 0.

T/2

Ppy = / Esipadt = Eolps
0

Nl

(130)

1
= D [l (tc —tg) + I3 (ta +tc)] > 0.

Energy efficiency of the two bridges, taking into account the
power losses in eight semiconductor switches, under condi-
tions where energy is transferred from the high - voltage side
FE; to low-voltage side E» defines the relationship

 Ppa  ILy(tc —tp)+I3(ta +tc)
NH12 = 5— = ky . (13D
P L(tg+tc)+ I3 (tc —ta)

In order to determine the energy efficiency of the DAB
converter 112 of both bridges must be multiplied by the
efficiency of transformer and inductors.

The relationships presented in this section can be used if

T
ogtAgDE. (132)

According to Eq. (125), the condition (132) is satisfied for
the phase shift ratio D arising from the following relation
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—for k, <0
nE17E272(nUT+UD)
D > , 133
2n(E1+UD—UT) ( )
—for k, >0
D>E277LE1+2(7LUT+UD). (134)

2(E2+UD—UT)

6. Power transfer analysis including the voltage
drop across the semiconductor devices
and the dead time at D < 0

If the voltage waveform wuy leads the waveform u, i.e. when
D < 0, for the both conditions: Ey > E2/n and E; < E3/n,

a)
-DT/2
=
R i
\ tdead t
oz —— ——
| t
(H1) D203 [ %] D1p4 [T] D23 [T
\ I
H | tdeadl ‘ ‘
csre | - 1 4
. T T
e | Cot
G6/I7 L [ ——
[ I I [T
L | | | t
H2) TeT7[5S| " TsTe e[ et |3e[TsT8
L — ] f
EIRE T
u, Zl‘JD/‘n Txﬁ_‘*_lL_i r i» | 2UTin
" BT it vk, C T
oLn | V1
Ul 1 |y, o ! } t
L’—'—,,
1  \ T
2Up | 2LIJ-|- } } ) } | 207
R N
L
talts | tc [ }
|
| } ' }
! |
S — |1 t
| I
| I
\

u, I772 | l
|
|
|
|
|
|
|
|
|
|

Nig,

ol
e

the characteristic voltages and currents in the DAB are de-
scribed by the same relations. Using Fig. 8 it is possible to
write following equations

— for the time interval ¢ 4:

uy = —Ey — 2Up, (135)
E 2U,
Y2 _ L2 =0 (136)
n n n
E 2U
Upay = w1 — = = —By —2Up — = - =2 (137
n n n
b)
-DTP2
, : ‘
‘ dead t
e \
oo —— —
| |
| t
(H1) D203 [%] p1a [TT] Dop3 [
T
} ‘ ‘ tdead‘ ‘ ‘
) N — —

tdead

G6/7 t_ﬂ&

u,

Fig. 8. Control signals and voltage and current waveforms in the DAB operating with continuous AC current at D > 0: a) E1 > Ea/n;
b) Fi1 < Es / n
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— for the time interval tg:

uy = —FEy + 207, (138)
E, 2U
2o 2T (139)
n n n
Us E 2U-
upp) =1 — — = —Ey +2Ur — — + =L (140)
n n n
— for the time interval ¢¢:
uy = By +2Up, (141)
E, 2U
2 _=2 221 (142)
n n n
Us E 2U
ure) = — ~2 = Ey +2Up — —2 + —T. (143)

Using formulas (137), (140) and (143), on the basis of Fig. 8
following relationships can be written:

UL (tA) nEy +2nUp + Ey +2Up

Iy = — tx = ta=—1I
0 A L A 35
(144)
—nFE1 + 2nUp — Ey + 2U.
IQZUL(tB)tB: niyy + 2nUr 2+ TtB (145)
L nlL
and
UL(tC) —nFE1 —2nUp — Ey — 2UD
IQ = _IO — tc = ta
L nlL
nkE1 +2nUp — Ey + QUTt
_ o

nlL
(146)

A comparison of (145) and (146) yields the following ex-
pression

(nE1 +2nUp + E2 +2Up) ta

+ (—nEy +2nUp — Ey + 2U7p) tp (147)
+ (nE1 +2nUp — Ey + 2UT)tC =0.
After considering that
T
tA + tB == DE + tdeada (148)
T T
tc =——D— —tge 149
c=3 5 ~ ldead (149)

on the basis of (147) it can be obtained

(D+a) (nEl—QnUT—i—Eg—ZUT)
T + (D+a—1) (nEy+2nUp—E5+2Ur)
4

ta= ,
A nEy + Fs + (n+ 1) (Up — Ur)

(150)

T T
tB:DE‘i’tdead*tA:E(D‘i’a)*tAa (151)

T T T
to =% — D= —tgsda = = (1= D —a), 152
c=73 5~ ldead 2( a) (152)

where a = 2t4eqq/T — maximum phase drift.

Determined on the basis of (150)—(152) the time intervals
ta, tp and to can be used to calculate the characteristic val-
ues of the AC current Iy, I and I3 (Fig. 8, Egs. (144) and
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(145)) and the average currents I and Igs. By using Fig. 8
it can be written
T/2

2 .
Ip = T / ip1dt
2

1 (153)
== [51315,4 —=htp+ = (12 + 13)150]

T

1
= Z [l (to —tp) + Is (ta + )] <0,

2
T
1
= T (I3 (tp +tc) + I3 (tc —ta)] <O.
The power values in the two coupled DC circuits are de-
scribed by the following formulas

T/2
2 .
Pr = T / Eiipdt = E1lp
J (155)
1
= TEl [IQ (tc — tB) + I3 (tA + tc)] <0,
T/2
2 .
Pgy = T / Esipadt = Eolps
) (156)

1
— By (L (tg+t I (to —t .
= >[I (tg +to) + I3 (tc —ta)] <0

Negative values of the powers P and Pgo indicates that the
power is transferred from low — voltage circuit E5 to the high
— voltage side E', i.e. in the opposite direction than assumed
in Fig. 1.

At energy transfer from Fs side to the Ey at E1 > Es/n
and Fy < FEy/n the energy efficiency of the two bridges can
be expressed as follows

Por 115 (tc —tp)+ I3 (ta+tco)
Ppy  kyL(tp +tc) +I3(tc —ta)

The equations contained in this section are valid, if the fol-
lowing condition is satisfied

NM21 = (157)

OgtAgg(DJra). (158)

From equation (150) show that the condition (158) is satisfied
for the phase shift ratio D defined by the following relation-

ships
—fork, <0
nky — By + 2nUp + Urp
D > , 159
2n(E1+UD—UT) ( )
—for k, >0
D> E2(1—2a)—nE1—2UT(1—a)—2UD(n+a)

2 (EQ +Up — UT)
(160)
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7. Examples of calculation of power transferred
by DAB

Relation given in the previous section were used to assess the
power transfer and preliminary estimate power losses and en-
ergy efficiency of DAB converter at different phase shift ratio
D and various voltage conversion ratio k.

In presented in this section calculations it will be assumed
that the voltages of the coupled DC circuits are: F; = 280 V
and Fy = 51 V£20%, which corresponds to a voltage con-
version ratio k, contained in the range of 0.8—1.2. The other
parameters of the system under consideration are as follows:

e total transformer leakage inductance: L, = Ly1 + L/, =
1.52 pH,

e inductance of each of two identical inductors in the cir-

cuit of the high — voltage transformer winding: L;/2 =

9.75 uH,

resultant AC circuit inductance: L = Ls + Lg = 21 uH,

period of AC voltages of the bridges: T' = 10 us,

dead time: tgeqq = 0.125 us,

transformer magnetizing inductance: L,, = 0.7 mH,

voltage drop across each conducting transistor: Upr = 2V,

voltage drop across each conducting diode: Up =1V,

transformer turns ratio: n = No /N7 = 0.18,

It was assumed that the voltage drop on the semiconductor
elements are constant and have do not depend on the current.
Figure 9 shows the transferred power as a function of the
phase shift D for voltage conversion ratio as parameter. The
curves were obtained neglecting of the voltage drops on the
semiconductor devices and the dead time (Eqs. (47) and (48)).

6000 p k=1.2
W]
5000 /k,=1.0
/ /g
4000 / w=0.8_
I/
3000 / /
/
2000 y
1000
0.5 -0.4 -0.3-0.2 -0.1 01 02 03 04 05D
90° -54° 0 ’ 54° 907
-1000
7| |
/A -200T
'/ / -3000
k,=0.8
// / 4000
k=1.2/ 5000
/‘/ -6000

Fig. 9. The power transferred between the DC circuits calculated on
the basis of (47) and (48)
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If the semiconductor devices are ideal, the power trans-
ferred through the DAB is a parabolic function of the phase
shift ratio. In this case, due to the symmetry of the convert-
er, power values for |D| > 0.5 take the same values as for
|D| < 0.5.

Another results are obtained if the voltage drops on the
semiconductor devices and the dead time is taken into ac-
count. For such a condition the power transferred between two
DC circuits Pg; and Pgs at phase shift ratio D = 0 have been
calculated on the basis of formulas (87)-(94) and (99)—(106)
respectively to k, = 0.8 and k, = 1.2. Due to the phase
drift @ = 2tgeqq/T = 0.025 (i.e. ¢ = 4.5°), for k, = 0.8
the powers in DC circuits are positive: Pg; = 595 W and
Pro = 541 W. For k, = 1.2 these powers are negative:
Pg1 = —705.6 W and Pgy = —773.2 W. For k,, = 1.0 in
the range |D| < a there is no active power transfer between
the both DC circuits.

The calculations taking into account the voltage drops
Ur =2V and Up =1 V as well as dead time (a = 0.025)
were accomplished for D > 0 and D < 0 using appropri-
ate formulas (118)—(131) and (141)—(153). The limits of the
phase shift ratio, for which it is possible to use these formu-
las are determined from the conditions (133), (134), (159) and
(160).

The calculated powers Pg; and Pgo for positive and neg-
ative phase shift ratio D at k,, = 0.8; 1.0 and 1.2 are shown
in Fig. 10. To highlight the impact of the dead time the cal-
culations are limited to the scope of changes the phase shift
|D| < 0.3, which also covers the acceptable energy efficiency
of the DAB.

Figure 10 indicates that:

o the characteristics determined by the formulas taking into
account the voltage drops on semiconductor devices and the
dead time (continuous line) are different from the charac-
teristics of the ideal (dotted line) for all considered voltage
conversion ratio (k, = 0.8; = 1.0; = 1.2),

e presented in a simplified manner the power flow character-
istics at small phase shift D significantly differ from the
ideal characteristics mainly due to the phase drift caused
by the dead time,

e the power transfer characteristic for the positive and nega-
tive phase shift ratio D at a given voltage conversion ratio
k, are not symmetric, which is caused not only by the
phase drift but also by difference in power losses generat-
ed in the semiconductor devices.

The graphs depicted in Fig. 11 allow the assessment of
energetic properties of the DAB converters. The power losses
(with respect to only the power losses generated in semicon-
ductor devices) A Pg and the energy efficiency 7 are described
as follows:

APg = |Pg1 — Pga|, (161)
P
n=nms = —= for D >0, (162)
Prn
P
n=nge = —= for D <O. (163)
Pro
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Fig. 10. The power transfer characteristics of the DAB made considering the voltage drops on the semiconductor devices (Ur = 2 V and
Up =1 V) and the phase drift (a = 0.025) for k, = 0.8; 1.0 and 1.2
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A
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Fig. 11. Calculated power losses (a) and energy efficiency (b) of the two bridges in DAB converter for different voltage conversion ratio.

A few experimental results are marked: () — measurements for k, = 1.0; A — measurements for k, = 1.2
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Figure 11 shows that:

e in considered range of phase shift ratio D the energy ef-
ficiency of the converter for the positive values of D is
higher than for negative,

e in the case of D > 0, in the high — voltage bridge (operat-
ing in inverter mode) dominate the power losses generated
in transistors, which however, conduct a small current, and
in the low-voltage bridge (operating as rectifier) dominate
the power losses in diodes, which, although they conduct
high current, have a small voltage drop, which makes the
total power dissipation in all semiconductor devices rela-
tively small,

e the most favorable conditions, in terms of minimizing the
power losses in both bridges occur when the time-duration
of the on-state of transistors in low-voltage bridge is as
small as possible, which occurs at k, = 1.2 and at low
phase shift D.

It is worthy to notice, that the results of power losses cal-
culations, although they are inaccurate, have far-reaching con-
vergence with the results of measurements made by infrared
camera [22]. Experimental investigations were carried out in a
laboratory model power rated 5600 VA/100 kHz. A descrip-
tion of these tests and measurement methods is beyond the
scope of this work.

8. Conclusions

The presented in this paper analytical description allows to
determine the power transferred through the DAB converter
between two DC circuits. The calculation of this power is
based on average values of currents in DC circuits by taking
into account the voltage drops on semiconductor devices and
the dead time. The power losses generated in these devices,
as differences of the powers in DC circuits, can be used for
a pre-selection of the phase shift ratio ranges so that they
correspond to the acceptable energy efficiency of the DAB
converter. Due to very simple models of the semiconductor
devices, power loss calculation results should be regarded as
indicative, however, give information about the requirements
for the cooling system of transistors and diodes.

Presented waveforms allow the evaluation of the condi-
tions for which there is a soft switching of the transistors in
two bridges.

In assessing the energy efficiency of the DAB converter,
the power losses generated in transformer and inductors in
AC circuit should be also taken into account. However, they
are far (up to ten) smaller than the losses in semiconductor
devices.
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