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Optimal design methodology for Dual Active
Bridge for Flow battery application

Sourabh Singh*, Jelle Zeilstra, Aditya Shekhar and Pavol Bauer
dept. Electrical Sustainable Energy, Delft University of Technology, Delft, Netherlands.

Abstract—The Dual Active Bridge (DAB) is a popular DC-
DC converter for bidirectional power transfer in applications
such as the re-emerging technology of flow batteries. For such
applications, it is essential to design the DAB for the wide
voltage range operation of batteries, specifically focusing on its
non-linear characteristics. The existing design methods utilise
an optimisation algorithm to minimise the losses of the DAB
at various equidistant voltage points in the voltage range. The
resulting design is less efficient as it gives too much weight
to insignificant operating points. This article proposes a new
method that uses the flow battery characteristics to determine
the operating points at which minimisation should be performed.
The proposed method is validated with simulation results.

Index Terms—Optimization, Dual Active Bridge, Reliability,
Efficiency, Design, Flow Battery

I. INTRODUCTION

With the growing portfolio of renewable energy sources
today, the composition of wind and solar sources in the overall
energy mix has increased. Due to their intermittent nature,
a focus on energy storage mediums such as batteries has
emerged. In a similar pursuit, this paper will focus on the re-
emerging technology of Flow batteries for grid energy storage
[1].

For this application, a bidirectional converter to manage the
power flow of the Flow battery with a grid-connected AC/DC
converter is necessary. A Dual Active Bridge (DAB) is a
popular DC/DC converter topology with the additional benefit
of galvanic isolation. However, the design of such a DAB is not
straightforward because of the non-linearly changing voltage
of the battery during charge and discharge. The DAB has to
perform efficiently with minimum switching and conduction
losses throughout the different operating points arising from
the variable voltage. Generally, for applications with constant
voltages on both terminals, the transformer ratio (n) is simply
the ratio of the output voltage (V,) with the input voltage (V;).
On the other hand, such a simple solution is hard to find for
a battery application due to the variable voltage.

The design of the DAB to deal with power transfer with
a battery has caught the attention of some researchers [2,
3, 4]. [2] proposes to optimise the operation of the DAB at
different power levels along with voltage variation on both
terminals. However, the focus is on reducing peak current
or back power flow. [3] focused on decreasing losses for the
whole voltage range but only did it considering constant power
(CP) operation. Only the terminal connected to the battery had
voltage variations. [4] considered constant current (CC) and
constant voltage (CV) both, as the operational power decreases

considerably during CV. The general idea in these papers
is to minimise the losses at various voltages in the battery
cycle using an optimisation algorithm. However, all three have
divided the operating voltage range into linear equidistant
points, and the losses at those points have been minimised.
This does not consider the battery’s non-linear characteristics,
which is fundamental to this application. Equidistant points
give the same weight to the power losses in the usable range
of the battery and those at the end of charge or discharge.

This paper proposes a new design process that reflects the
battery’s characteristics. The proposed method leads to more
points in the usable region of the battery, which is the voltage
range where the battery operates for a significant part of its
cycle. This is done by dividing the voltage range into equal
parts with respect to the battery’s state of charge (SoC). Hence,
the operating points thus obtained to undergo minimisation
are concentrated along the usable region of the flow battery.
The resulting DAB design will be more efficient compared to
the method discussed in the literature. The total energy loss
throughout the operation is reduced as well. This can also lead
to less device stress and a longer lifetime.

This paper is organised as follows. Section II describes the
analytical model of the DAB used to evaluate the current
through the devices and the corresponding power losses.
Section III describes the proposed optimisation problem and its
significance. Section IV describes the results obtained with the
proposed method and compares it with the previous method.
Section V provides concluding remarks.

II. DUAL ACTIVE BRIDGE CONVERTER

The DAB is a bidirectional DC/DC converter initially pro-
posed by Kheraluwala et al. [5, 6] as shown in Fig 1. This
paper analyses the DAB converter with bridge B connected
to the constant voltage source and the bridge B> connected to
the flow battery stack.

A. Simple model of the DAB

Single-phase shift (SPS) modulation is used in this work
and is the most widely used control algorithm for DABs. Fig.
2 illustrates the basic characteristics of the converter using
SPS, including the phase-shifted gate pulses and the inductor
current. The phase shift of the converter d is defined as (1)

d== (1)

i
The currents I; and I, as defined in Fig. 2b are inductor
currents at the instant when the bridges B; and By switch,
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Fig. 1: Dual Active Bridge converter with the terminal V5 connected to a flow battery.

respectively. Their values and the time instants are calculated
as shown below
nVi — Va(1 — 2d)

L = 1fLn (2)

~_nVi+(2d - 1)V,
BT+ ) ®

nVi(2d — 1)+ Vs
I, = 4
? AfLn @
(2d — 1)nVq + V4
4f(nVi + Va)
The average and RMS currents for the MOSFET and the
diode of both bridges are calculated separately [7, 8], as shown
below. This ensures that the calculation of device losses in the
next part is accurate.

®)

ty =

2htof + (I + I2)(1 —d)

lovg—1GBT—B, = 1 (6)
lavgDiotes, = 2] ™)
lavg—1GBT-B, = I;f;f (®)

Lovg—piode—py = 10T F (Znﬁ LA=d)

(1—d)(I? + L1z + 13) + 213t f
6

IrMS—1GBT—B, = \/

(10
12t

IRMS—Diode—B, = 1T1f (11)
12t

IRMS—1GBT—Bs = 237;}0 (12)

(1—d)(I? + Lo+ I3) + 213t f
6n

IRAMS—Diode—By = \/
(13)
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Fig. 2: (a) DAB Gate Pulses. (b) Leakage inductor current.
Note: ¢t = t1 + to.

B. Power loss model

An approximate loss model is used in this work, focusing on
the losses in the semiconductor devices used in the converter.
The conduction losses of a MOSFET are modelled as shown

Peona—mosrer = ThysR (14)

where R is the on-state resistance of the MOSFET used. The
switching loss of a Power MOSFET depends on the switching
current and whether the DAB is in ZVS mode. The turn-on
loss of all the MOSFETs is evaluated based on the ZVS region,
as shown in (15)

0 if[1,[2>0

. (15)
A4fE,, iflL <0orl; <0

Psw—on—MOSFET = {
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where f is the DAB’s operation frequency, E,, is the turn-
ON switching energy. The devices on both bridges are the
same: C3MO0030090K SiC MOSFET from Wolfspeed. The
turn-off loss of all the MOSFETs is calculated as shown in
(16)

Pow—off—mosrer = 8fEofy (16)

Similarly, the conduction loss in the anti-parallel diode to
the MOSFET can be expressed as

Pcond—Diode = Vdroplavg + I}%MSR (17)

III. OPTIMAL DESIGN OF THE DAB

The objective is to design a DAB with the least energy
losses during power transfer to and from the flow battery. To
maximise the energy transfer through the DAB, the overall
efficiency of the DAB during the charge and discharge of the
Flow battery should be enhanced.

The flow battery characteristics shown in 4 and 3 have
been taken from [9]. It’s usual for many such cells of flow
batteries to be connected in series to achieve a higher voltage
and capacity. For this work, the voltages were multiplied by
550, denoting the number of cells in the series. However, a
similar analysis can be made for different numbers of series
cells.

The previous work on the design of DAB for working with
a battery such as an EV charger [3, 4], has divided the battery
voltage variation into equal parts according to the voltage, as
shown by the “Equidistant Voltage” points in Fig 3 and 4.
Further, they calculate and minimise the norm of losses or
inductor currents at these points. During discharge, the points
bunch up closer to the start of the operation, as seen in Fig.
3a. Hence, to minimise losses, they have focused heavily on
the losses at the start. In contrast, the losses during the rest
of the operation are covered by fewer points. Similarly, for
charge, as shown in Fig. 4a, several points bunch up closer to
the 100% SoC mark. This leaves fewer points for the usable
region of the battery and leads to a higher weightage to the
losses at the extreme. A total of ten points is just chosen for
the ease of explanation. However, this explanation will hold
true for a division with even more points.

The proposed design method, the “Equidistant SoC”, has
been shown with blue points in Fig 3 and 4. This equally
divides the curve into distinct parts with respect to the SoC of
the battery. It can be seen that the operating points found with
this method cover the usable region of the battery operation.
In the charge operation, most points are between the 320V
to 420V range and between 400V to 510V in the discharge.
Fig 3b and 4b show the projection of operating points of
both methods on the voltage axis. They better describe how
significantly the shift in operating voltages occurs with these
two optimisation methods.

To evaluate the total energy losses, the power losses at
the first operating point are multiplied by the time duration
between the first and second operating points, and so on. This
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Fig. 3: (a) [lustration of flow battery discharge characteristics.
The points on the curve marked with x denote the equidistant
voltages, which divide the curve into equal parts by voltages
and the points marked as “Equidistant SoC” divide the curve
into equal parts according to the SoC of the battery. (b) Both
groups of points are projected on the voltage axis and shown
as such to show the differences in the operating points with
both methods. “eqSoC” refers to the “Equidistant SoC” and
“eqVolt” refers to the “Equidistant Voltages”.

process is done reverse for the discharge, i.e. the first operating
point is at 100% SoC. It is noted here that the losses calculated
at the final point during discharge (at 0% SoC) and charge (at
100% SoC) will be multiplied by zero time as the discharge
ends at that time, and no further losses are expected.

The proposed optimisation problem has been formulated
with the power loss vector,

F_;loss = [Plossl ]Dlossz s F)lossn] (18)
the norm of which is to be minimised.
Minimise ||Poss|| (19)
with the following constraint
dmin S d S dmax (20)

(20) lists the only constraint on the optimisation algorithm.
This means that all the operating points are to be kept within
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Fig. 4: (a) Illustration of flow battery charge characteristics.
(b) Both groups of points are projected on the voltage axis and
shown as such to show the differences in the operating points
with both methods. The labels are the same as described in
Fig. 3.

the possible DAB range of phase shift. Here, d,,;,, and d,q.
are kept at -0.5 and 0.5.

Furthermore, the previous work has constrained itself to
the operating region where both the H-bridges experience
Zero Voltage Switching (ZVS). It’s possible that a small
part of the operating points from the non-ZVS region will
be included, and the overall efficiency will still be lower.
Hence, no limitations are put on the operating region in the
optimisation problem.

This optimisation has been performed using the python’s
publically available scipy library. In particular, the “L-BFGS-
B” minimisation method has been used.

IV. RESULTS

The optimisation has been performed for two cases: charge-
only and charge and discharge. For the case of charge-only,
only the operating points for charge characteristics of the
battery were included to minimise losses. However, both the
charge and discharge characteristics were considered in the
second case. Table I lists the DAB parameters and operating
conditions.

TABLE I

Parameter Values
Terminal Voltage - V1 500 V
Switching frequency - f 20 KHz

Constant Current 20 A

MOSFET C3M0030090K Wolfspeed

TABLE II: Optimised parameters obtained from minimising
the losses for battery charging operation by the two discussed
methods.

Method n L (uH) | Energy Losses (Wh)
Equidistant SoC 1.05 11.8 15.44
Equidistant Voltages | 1.16 12.5 16.34

Table II shows the optimised parameters obtained from the
discussed methods. The proposed method reduces the energy
losses by 5.5%. For the charge-only case, Fig. 5a illustrates
the power loss characteristics of the DABs with optimised
parameters obtained from both methods discussed earlier. It’s
interesting to notice that almost all of the markers (filled
circles) in the case of Equidistant SoC have lesser power losses
than the other method.

In the second case, where both the charge and discharge
operating points were included for minimisation, the optimised
parameters are shown in Table III. Fig. 5b illustrates the power
losses of the DAB modelled with the optimised parameters
obtained from minimising the power losses for charge and
the discharge operations. The proposed optimisation method
didn’t result in lower losses throughout the operating range,
as some points during the discharge resulted in higher losses.
Moreover, the higher losses during the charge have been
reduced considerably, while only a slight increase in losses
is noticeable during the discharge.

V. CONCLUSION

This paper proposed a new design optimisation method
based on the non-linear characteristics of flow batteries. The
proposed method increases the number of operating points in
the usable region of the battery in the minimisation function
by dividing the SoC of the battery with multiple equidistant
points. The proposed method was compared with the methods
from the literature by simulation results with an analytical
model of the DAB. The results show that the proposed method
leads to lower power losses through most of the battery’s
operating region and overall lower energy losses. The proposed
method may be more suitable for charging applications due to
the higher increment in energy efficiency.

TABLE III: Optimised parameters obtained from minimising
the losses for the battery charging and discharging operation
by the two discussed methods.

Method L (uH) | Energy Losses (Wh)
Equidistant SoC 12.2 29.00
Equidistant Voltages 12.6 29.47
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Fig. 5: (a) Power losses of the DAB during the charge of the
flow battery stacks, using the optimised system parameters
calculated from the proposed and the previous methods. (b)
Power losses of the DAB using the parameters obtained
from both optimisation methods for the combined charge and
discharge case. Note that the markers (filled circles) represent
the operating points where the respective method calculated
and minimised losses.
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