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Abstract

A design procedure for the Dual Active Bridge (DAB) con-
verter is presented, which aims to optimized power density and
computational effort. When designing a DAB, the selection of
circuit design parameters such as switching frequency, leakage
inductance and semiconductor technologies is a complex ques-
tion when targeting losses and weight minimization of the final
design. In this paper, analytical models of the operating wave-
forms, the losses and the weight of all DAB components are
developed. The proposed design algorithm is used for designing
a 3kW high frequency DAB for an aircraft DC power system.

1 Introduction

The concept of the More Electric Aircraft (MEA) promotes the
use of electrical instead of traditional hydraulic, pneumatic or
mechanical systems [1, 2]. The advantages are reduced cost,
reduced fuel consumption, lower weight and less environmental
impact. This results in an increase in the power rating of the
aircraft power system and imposes the use of high voltage DC
buses. Hence, DC/DC converters will play an important role
in the management of electrical power in future aircraft. The
ASPIRE project, part of the Clean Sky 2 Joint Undertaking, aims
to design an electrical power system for next-generation aircraft.
One goal of the ASPIRE project is to design an ultra-light
and efficient Isolated Bidirectional DC/DC Converter (IBDC),
interfacing the 28 V and 270 V DC buses at 3 kW rated power.
The Dual Active Bridge (DAB) is a suitable topology [3] for
such application.

The design of the DAB implies the choice of many converter pa-
rameters such as switching frequency, leakage and magnetizing
inductances, semiconductor devices and transformer materials
in order to minimize the total losses and weight of the converter.
Such large numbers of design parameters make the design of
the DAB a tedious and complex process.

Existing analytical modeling based design approaches rarely
consider modeling of power losses or weight of converter com-
ponents [4-8]. Moreover, many DAB designs are very specific
to the target application [9-11].

In this paper, an efficient design procedure based on analytical
modeling of the DAB is proposed and applied to optimize the

converter for the highest power density with minimal computa-
tional effort. The proposed optimization technique, visualized
in Fig. 1, consists of three steps. It starts with the calculation
of the current and voltage waveforms and other electrical vari-
ables of the DAB, e.g. the RMS current. In the second step,
those variables are used to assess converter losses. The third
layer of the optimization technique is an analytical model of the
component weights used to assess the power density.

The paper is organized in six sections, section 2 gives an
overview of the DAB. Section 3 introduces the analytical model
of the DAB operating waveforms. In sections 4 and 5, loss and
weight analytical models are given. Finally, section 6 gives an
example design of the DAB for the ASPIRE project.

2 The Single Phase Dual Active Bridge

The DAB was first proposed in 1991 [3] and its generic single
phase variant is depicted in Fig. 2.

The single phase DAB consists of two active H-Bridges and
a high frequency transformer. Vp and V5 denote the primary
and secondary side DC voltages, respectively. The original
modulation strategy is called Single Phase Shift Modulation
(SPS), which is depicted in Fig. 3 [3]. Both H-Bridges operate
at 50 % duty cycle, but phase shifted in time by the angle ¢.
The output voltages of the primary and secondary side H-Bridge
are denoted vp(¢) and vs(¢), respectively. Using the transformer
turns ratio n, all secondary side quantities are referred to the
primary side and indicated by a dash. The waveforms vp () and
V,s (¢) are shown in Fig. 3a. The voltage difference vp(r) — vlS (1)
drops across the leakage inductance L of the transformer and
results in a quasi-square wave AC current in the transformer,
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Figure 1: Flowchart of the proposed design algorithm.
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Figure 2: The Dual Active Bridge topology, single phase.

ir.(t) (see Fig. 3c). As shown in Fig. 2, the input currents of the
primary and secondary side H-Bridge are denoted i p(¢) and
i;‘ (7). respectively. They are plotted in Fig. 3d and Fig. 3e,
reépectively. The current ripples are filtered by the DC-link
capacitors Cp and Cs. The average currents provided by Ehe

primary and secondary side DC buses are denoted /1 p and 7L,S~
The transferred power P is given in (1), where ¢ denotes the
phase shift angle between vp(¢) and v/S (¢) and fiy denotes the
switching frequency [3].
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Maximum power is transferred for a phase shift angle of /2
and the turn-off of the devices in both H-Bridges is generally
hard-switched, but for the turn-on, zero voltage switching (ZVS)
is achieved for most operating points.

3 Analytical Model of SPS Modulation

Before analyzing the losses and the weight of the DAB, the
analytical model of SPS modulation is derived from two current
waveforms, namely the current i (®syt) in the AC link and the
magnetizing current iy, (@sw?). Because of waveform symme-
tries (see Fig. 3), it is sufficient to regard half a switching period.
The following conventions are made, which are visualized in
Fig. 4: For positive phase shifts ¢ > 0, the rising edge of the
primary voltage vp(¢) is located at syt = 0 and the rising edge
of the secondary voltage V,s (¢) is delayed to @swt = ¢. For nega-
tive phase shifts ¢ < 0, the rising edge of the secondary voltage
is located at @gwt = 0 and the rising edge of the primary voltage
is delayed to @t = |9|.

3.1 Line Current and Derived Quantities

The current waveform i (@Wsw?) is obtained by integrating the
output voltage difference of the H-Bridges, vp () — vg(¢). For
keeping the model simple, ohmic resistances and the magnetiz-
ing inductance Ly, are neglected. The resulting current wave-
form as well as its initial values at @t = 0 and Ot = |@| are
given as follows:
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Figure 3: The generic Single Phase Shift (SPS) modulation. (a) Output voltages
of the H-Bridges. (b) Transformer flux linkage. (c) AC link current. (d) Primary
side rectified current and primary side DC current. (e) Secondary side rectified
current and secondary side DC current.
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Depending on the sign of the phase shift angle ¢, the two H-
Bridges either switch at the time instant @yt = 0 or Ot =
|¢|. For example, for ¢ > 0, the primary H-Bridge switches at
0wt = 0 and for ¢ < 0, it switches at wgyt = |@|. Therefore, it
is important to calculate the current which has to be switched off
by the H-Bridges, regardless of the respective time instant. For
the primary and the secondary H-Bridges, the turn-off currents
are given in (5) and (6), respectively.
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From (5) and (6), the conditions for ZVS of the primary and
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Figure 4: Timing conventions for the analytical models.

secondary side H-Bridge, respectively, are derived. At the turn-
off instant, the current flows in the antiparallel diode of the
switches. This is formulated as follows:

Iwp <0 = Vp > Vg (1—2'32) ©)

/ !

ISW,S > O - VS > VP (1 —2|i> (8)

As |¢| < /2, the second term in (7) and (8) is always positive.
It is clear that if the ratio of the DC voltages does not match the
transformer turns ratio n, i.e. Vp # VS/, the ZVS conditions will
be violated at low load [12].

The peak value of the AC link current iy, is denoted Ii:
I = max [|i(0)], |i.(|9])]]
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By squaring (2) and integrating, the RMS value of the AC link
current, I, is also derived:
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The input currents of the two H-Bridges, i p(¢) and ii.s (1), as
shown in Fig. 3d and Fig. 3e, are obtained by changing the sign
of i;, in a way such that it accounts for the switching state of
the respective H-Bridges. From the waveforms, the average DC

_ !
currents /i, p and /1 g are obtained by averaging:
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Multiplying the currents (11) and (12) with the respective DC
voltage yields the power transfer equation (1). If pure DC cur-
rents are assumed at the two ports of the DAB, the current ripples
of i p(¢) and iL.s (¢) are assumed to flow into the DC-link capac-

itors Cp and Cs. The ripple charges AQp and AQ’S are derived
from the areas enclosed by the waveforms (iL.p(a)swt) — YL’p)

and (zi‘ s (@ewt) —7L7S). The results are shown in equations
(29) and (30).

The required DC-link capacitor sizes are calculated by dividing
the ripple charges given in (29) and (30) by the permissible
voltage ripples AVp and AVs. The energies needed to be stored
in the capacitors Cp and Cs are given by Ecp and Ecg in (13)
and (14), respectively.

1 VEAQp AVpAQp
Eep = = AVp)2 = B VpA 1
CP 2CP(VP +AVp) 2AVe + VpAQp + 5 (13)
1 VZAQ, . AVSAQ.
Ecs = - AV)? = ST¥S A S
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3.2 Magnetizing Current and Derived Quantities

The transformer is modeled by its T-equivalent circuit, which
is shown in Fig. 5. The inductances Lps and LlS o describe the
leakage inductances of the transformer on both the primary
and secondary windings, so that L = Lpg —|—LISG. The ratio of
leakage inductances r, the ratio of voltages d and the transformer
utilization factor A are defined as follows (15)-(17):
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Using definitions (15)-(17) and the assumption that the leakage
inductances are much smaller than Ly,, the virtual voltage vy, on
the magnetizing inductance can be calculated from the circuit
in Fig. 5 as in (18):

o 0 vp (1) forr=0

vp(t)+rv ) o
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vg (1) for r — e

By integrating the voltage of equation (18), the magnetizing
current waveform i,, (@sw?) is obtained:
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The flux linkage in the transformer core is given by W = Ly,
(see Fig. 3b). In analogy to (9), the peak magnetizing current /, "
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Figure 5: T-equivalent circuit of the transformer.

and the peak flux linkage r are calculated:

Iy = max[|i (0)], [in(l@])I]

Vb + Vg (Vo4 rVg) — Vo — V]
= - o] (22)
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From (23), it becomes clear that the maximum peak flux linkage
in the transformer core, Wpnax, is given as follows:

Vb + Vg

21 1o @4

N
Ymax =

The flux density B cannot be calculated as the number of turns
and the core area are still unknown. However, if a reasonable
value is assumed for the maximum flux density Biax, the per-
unit utilization of the transformer can be derived as given by
(25), based on the utilization factor A defined in (17).

g A
LI A
Bmax  Wmax T

(25)

4 Analytical Loss Model

A loss model is required to evaluate efficiency and the cooling
effort. For the DAB under design, MOSFETsSs are used. The
conduction losses are calculated using the on-state resistances

Rps.p and Rps s of the MOSFETs in the primary and secondary
side H-Bridges, respectively. The AC link current always flows
through two switches of each H-Bridge simultaneously. Also the
transformer contributes to conduction losses with its total equiv-
alent copper resistance Rcy. High-frequency loss components
due to skin and proximity effects are neglected for simplicity.
Therefore, the total conduction losses of the converter, Peond, ot
are expressed as a function of a total equivalent resistance Ry

Riot = 2Rps p +2n*Rps s + Rey (26)

Peond.tot = Reot - I 27)

The share of conduction losses with respect to the transferred
power, Fendiot/P, is plotted as a function of the phase shift angle
in Fig. 6. The maximum phase shift should be limited to a value
below the theoretical limit of 7r/2, to enhance efficiency.
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Figure 6: Share of conduction losses in transferred power. Vp =270V, V5 =
28V, n =10, fow = 100kHz, L = 25pH, Riot = 0.2Q.

Furthermore, the overall power which is required to drive the
power MOSFETs is calculated using their gate charges Q, p and
Q. s and the gate voltages Vg p and Vg s:

Pgate = 4fsw Qg,PVg,P + 4fsw Qg,S Vg,S (28)

During the dead time periods 74 p and #4 s, the body diodes of
the power MOSFETSs conduct, causing additional losses due to
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the forward voltage drop Vsp p and Vsp s:

Py =4fw- (td,PVSD,P|Isw,P| +td,sVSD,s|n1;w,s\) (31
The switching losses of the MOSFETsS are hard to describe
analytically and as the DAB operates under ZVS, only the turn-
off losses have to be considered. For estimating the switching
losses, it is possible to use the following approaches, which are
sorted in decreasing order of accuracy and in increasing order
of ease of implementation:

1. Experimental data

2. Device models by the manufacturers

3. Switching loss data from the datasheets

4. Analytical estimates, e.g. as shown in [13]

Finally, the iron losses of the transformer are calculated using
the improved generalized STEINMETZ equation (iGSE):

S [dB|* | g
Pre = Volge fus /O K|S | ABR “arwhere  (32)

k
ki = 33)
Y @2m)ot 27| cos 8] - 28-adO

k, @ and B are material specific data, Volg. is the iron vol-
ume and Aépp is the peak-to-peak core flux density. The cross-
sectional area of the core and the number of turns are unknown
design information. Therefore, the per-unit quantity /8, from
(25) is used in (32), which now can be solved analytically:

) B—a
Pre = 2% PVolpek f% BE o (1 ) %) (1 — A @) (34

d* o
where la—1(| r>

d+r

The transformer core volume can be calculated using the stored
energy En. It is expressed by the peak flux linkage and the
magnetizing current on the one hand and by the peak flux density
on the other hand:

_ 1 72 _ 1 ~ 7o érznax
En= ELmIH = Ellfmaxlu = Volpe - T
N xi
= Volg, = % (35)

max

5 Analytical Weight Model

In this section, all components of the DAB as well as the losses
are mapped to weights. Losses affect the weight in terms of the
size of the heat sink. Its thermal resistance is denoted Ry, ys.
Research [14] proposes a figure of merit, which is a material
constant, to estimate the weight of a heat sink mys.

1

FOMys = ——
mys * R Hs

(36)

The weight of the input and output capacitors is proportional to
the stored energy. To evaluate the weight, energy densities of
suitable capacitor technologies may be researched.

Literature [15] states that the weight of the transformer mr; is
proportional to the area product Ap, i.e. the product of core area
A and winding window area Ay, by a factor Kyw:

mre = Kw -Ag' (37)

Describing the window area in terms of the copper fill factor
ky, the number of turns N, the peak current density Jmax and the
maximum AC link RMS current I, max, and describing the core
area in terms of maximum flux linkage Ppyax and maximum flux
density Bpax, the area product is found:

l,\I’max . 2NIL,max o 2Pmax

Ap=Ac-Ay = —2 omax L.
NBmax ku-]max 4fswkuBmameax

(38)

An alternative to this approach is to research existing transform-
ers and find empirical relationships of weight and power.

6 Optimization Example

Combining the equations from the previous sections connects
basic design parameters to the weights of the DAB components
and enables optimization of power density. As an example, a
preliminary design of the DAB of the ASPIRE project is pre-
sented in this section. Table 1 lists the converter parameters.
The analysis is performed for a wide range of switching fre-
quencies and different MOSFETs, including modern SiC and
GaN devices. For minimization of the conduction losses, the
maximum phase shift is reduced below the theoretical limit of
7 /2. This decides the leakage inductance according to (1).

Table 1: Parameters of the ASPIRE converter design.

DC voltages Vp, Vs 270V, 28V

Rated power P 3kW

Ambient temperature Tamb 70°C

Switching frequency fow 50 ... 1000kHz

Transformer turns ratio n 10

Max. SPS phase shift angle [0 max 45°

Max. magnetizing current IAH 1A

Max. junction temperature T} max 125°C

Max. transformer temperature T, max 125°C

Permissible ripple voltages AVp, AVg 4V, 1V

Magnetic material Ferroxcube 3C96

Maximum flux density Binax 0.5 Bgyt

Primary side MOSFETs Infineon IPT65R033G7 (Si)

Wolfspeed C3M00650907 (SiC)
GaN Systems  GS66516T (GaN)

Secondary side MOSFETs Infineon IPTO12NO8NS (Si)

EPC 4x EPC2021 (GaN)

For estimating the switching losses, the equations from [13]
are used. The thermal figure of merit for an aluminum cooling
system including fan is needed. From the results of [16, 17],
a value of FOMys = 15 % is a reasonable choice. Addition-
ally, for the filter capacitors Cp and Cs, a research of ceramic
capacitors with suitable voltage ratings gave power densities of
41 kj—g and 19 kig, respectively. For the transformer, an efficiency
of 99 % is assumed, yielding a copper resistance of Rcy = 0.2Q.
A ratio of r = 1 for the leakage inductances is assumed. Planar



transformers with similar power ratings from different compa-
nies have been researched and the following empirical weight
model has been fitted to the collected data:

kg
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Figure 7: Weight data of existing planar transformers and empirical model.

The researched transformers weights as well as the empirical
model from (39) are shown in Fig. 7. The STEINMETZ material
parameters k, @ and f3 are obtained from the loss density graphs
from the datasheet. Moreover, a net weight of 140 g for the
PCB, the hardware, the semiconductors and additional circuitry
as gate drivers and sensors is assumed.

In Fig. 8, the theoretical power density for this example design
is shown. The proposed target design is indicated by the dot.
It reaches a power density of 6 % at fyw = 250kHz. Finally,
Fig. 9 shows the weight and the loss breakdown of the design
which is indicated by the dot in Fig. 8. Generating those results
in MATLAB requires few seconds of computation time.
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Figure 8: Power density as a function of switching frequency.

7 Conclusion

In this paper, analytical models of the operating waveforms, the
losses and the component weights of a single phase DAB are
developed and used in a design optimization algorithm. The
design approach is easy to implement and is computationally
efficient. The developed design optimization algorithm is a
useful tool for the designer to obtain initial and fast designs of
DAB and to identify the impact of specific design decisions on
the power density of the DAB.
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Figure 9: Left: Weight breakdown of the example design (total weight: 500 g).
Right: Loss breakdown at P = 3kW of the example design (total losses: 111 W).
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