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Abstract—Growing interest in dc-type energy storage systems
(ESS) and dc/dc converters has led to increased power ratings of
such devices, which often requires parallel connection. The process
of energy efficiency optimization of such modular systems is de-
scribed in literature mainly in terms of the varying power demand,
but the problem is more complex and not analyzed yet in relation to
varying energy storage (ES) voltage level and bidirectional energy
transfer at the same time. Therefore, this article considers the
input parallel output parallel (IPOP) connection of two dual active
bridge (DAB) modules as a representative modular converter, and
to answer a question of: how to improve (maximize) efficiency
of such a system, at different power demands and varying ESS
voltage, only by a turn ON/OFF operation of the module without
any circuit and control algorithm changes. The proposed solution
defines an operating area (enclosing different ES’s voltage levels
and loading power conditions) showing where one or two modules
should operate to improve the overall efficiency. A curve fitting
approach and polynomial approximation of the single module’s
input/output power curves are utilized for the proposed algorithm
based on parametric functions. After simulation study, the method
is validated with two 1.4 kW SiC-based DAB converters, operating
at 100 kHz of switching frequency within a wide (0–270 V) ES’s
voltage range.

Index Terms—Dual active bridge (DAB), energy storage, parallel
operation IPOP, optimization.

I. INTRODUCTION

DUE to continuous development of smart grids (SG) an
increasing interest in energy storage systems (ESS) is

observed [1], [2]. A primary goal of ESS is to provide energy
buffers for SGs (with their renewable sources) and utility grids,
so they may perform a power smoothing operation [3]. Among
many energy storage (ES) solutions such as flywheels, com-
pressed air, pumped water, the dc-type storage systems such as
supercapacitors and batteries are of special interest. Addition-
ally, by merging the latter ones an interesting solution has been
proposed that results in hybrid energy storage system (HESS)
[4], which offers good dynamics, sufficient storing capabilities,
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and does not require special terrain conditions. This HESS’s type
may be characterized by a wide-range of voltage changes (from
zero to a rated value) when the supercapacitor in parallel active
HESS topology is considered. Similarly, the battery-type HESS
have varying voltage levels as well, however, in a much narrower
range, which depends on the number of batteries connected in
series.

To overcome a problem of interfacing different voltage levels
in the dc-type ES systems a number of novel topologies has been
presented in [5] and [6]. However, still one of the most popular
solutions is a typical dual active bridge (DAB) converter [7].
Its wide range of operating voltages, ability of bidirectional
energy transfer, and basic phase-shift control make it a simple
and suitable choice.

However, when it comes to the increased power rating and
physical limitations of DAB’s components, this topology can
be extended to a three-phase DAB [8], [9] or even a six-leg
converter [10]. Another approach, to meet higher power require-
ments, is to increase a voltage level and modify the DAB circuit
to an input serial output parallel (ISOP) topology. It consists of
cascaded H-Bridges on high-voltage side and their parallel con-
nection on the low-voltage side. This approach is often utilized
in a smart transformer applications [11]. There are a few other
connections possible as mentioned in [12], however, an input
parallel output parallel (IPOP) one is especially interesting [13].
This choice offers a simple solution to increase a system’s total
power capability. Moreover, such configuration provides follow-
ing benefits: reliability improvement due to additional level of
redundancy, simplicity of maintenance as whole module can be
replaced, lowering manufacturing costs due to components stan-
dardization, more flexible converter design and reduced product
development costs due to utilization of smaller modules, as well
as simplified system reconfiguration, as mentioned in [14] and
[15]. Finally, it is worth mentioning that the DAB module may
be easily disconnected from operation by setting zero signals
to all its switches, which allows to avoid any additional circuit
modifications and significantly reduces losses of this idle state.

Thus, the IPOP DAB approach seems to be an interesting
solution to increase HESS power capability. However, a problem
of efficiency at light-loads conditions persists. Although it is
undertaken in literature, in most cases it considers a single
converter system and the most common approach to tackle this
issue is by the DAB’s phase-shift modulation modification as
presented, e.g., in [16] and [17]. A number of papers presents
approaches where similar improvements may be obtained by
the DAB’s topology modifications [18]–[22], e.g., by additional
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transformer tap, or by application of variable inductor, etc.
Another interesting literature study of DAB converter modified
operation is presented in [23] where varying switching frequency
mode, burst operation, and other methods are discussed. There
are several papers that undertake this problem in the IPOP and
ISOP systems as well, and they proposed similar solutions.
Topology and modulation changes are introduced in order to
improve the overall efficiency [11], [14], [15], [23], [24]. Ad-
ditionally, the parallel IPOP configuration gives an opportunity
for a number of optimization methods utilizing unequal power
allocation between the modules. Papers [13], [25]–[28] present
advanced algorithms for different converter types including:
particle swarm optimization, genetic algorithms, etc. Strong
emphasis is put on adequate current control method and proper
communication between the modules [29], [30]. Finally, one
of the simplest ways to optimize the IPOP system operation is
to turn-ON and -OFF particular modules to increase the system
efficiency. Some attempts were presented in [31] and [32].
Although, they describe cases of nonisolated and unidirectional
converters.

However, none of the mentioned papers solve the optimization
problem by showing how many modules, in the existing DAB
IPOP system, should operate when at least two parameters of
operating conditions (i.e., the ES’s voltage level and different
power demands) change. This problem should be tackled for all
possible conditions considering energy flow direction. There-
fore, this article presents an approach that allows to determine
a number of simultaneously operating modules as a function
of these two variables—which is a main contribution of this
article. This article describes an example of a two-module DAB
IPOP system, providing results in form of the optimal operat-
ing area obtained for different ESS voltage levels and power
demand conditions, with the emphasis on maximization of total
efficiency. Additionally, the proposed method includes finding
proper initial control values allowing for switching between sys-
tem configurations (i.e., number of operating modules) without
any power changes. A proposed algorithm is based on parametric
functions that require only single module input/output power
curves as the input data. Next, the proposed method is validated
on a detailed simulation model. Finally, an experimental study
is performed in the laboratory to verify simulation results.

This article is organized as follows: Section II presents the
two-module DAB IPOP topology and explains the problem
in detail. Section III proposes a solution for the selection of
optimal configuration. Section IV presents results obtained by
a detailed simulation model; additionally, a validation method
is introduced and tested. Automated bench test method and
experimental validation of the proposed solution are shown in
Section V. A summary is made in Section VI.

II. SYSTEM OVERVIEW AND PROBLEM DESCRIPTION

A. System Overview

The IPOP connection of two identical DAB dc/dc convert-
ers is shown in Fig. 1. It must be stated that both H-bridges
in each DAB module operate with rectangular voltage output
waveform and 0.5 duty cycle assuring simple phase-shift control.

Fig. 1. General scheme of two-module IPOP DAB topology.

Power transferred by a single ideal module is described by the
following:

P (φ) =
nU1U2φ (π − |φ|))

2π2Ltrfsw
(1)

where: P−transferred power, n−transformer turns ratio,
U1−constant dc voltage, U2−varying voltage of the ES,
Ltr−corresponds to a total lumped leakage inductance of the
high-frequency transformer and auxiliary inductance, fsw− is a
switching frequency of the converter, and φ is a phase-shift be-
tween voltage waveforms generated by each of H-Bridge within
single DAB module. The φ’s sign defines a direction of energy
transfer, and it is assumed that the positive sign corresponds to
positive energy being delivered to charge the storage element,
and negative sign corresponds to the discharging process. Fur-
thermore, it may be noticed in (1) that the amount of energy
transferred depends linearly on U2 voltage, which is important
for the dc-type ES with wide-range voltage changes. For further
analysis, a per-unit value is introduced, which is calculated in
reference to the maximum output power value of the single DAB
module. Thus, the whole system offers a total maximum power
of 2 p.u.

Unfortunately, (1) describes an ideal lossless model and its
efficiency is not taken into account. Therefore, example power
curves showing differences between nonideal (blue and red solid
lines for pU1

and pU2
, respectively) and ideal (black dashed line)

are presented in Fig. 2. They were obtained for U2 rated voltage
[see Fig. 2(a)], and half of the U2 rated value [see Fig. 2(b)] to
show that change in U2 not only changes the output power but a
ratio of the nonideal input/output curves which, in turn, affects
the efficiency as well. The pU1

and pU2
are in fact the averaged

power values of theU1 andU2 voltage sources, respectively. The
pU1

is an input quantity and the pU2
is the output quantity when

the DAB converter charges an ES, whilepU1
is the output andpU2

is the input quantity when the converter operates in the discharg-
ing mode. Differences between the ideal and nonideal power
curves shown in Fig. 2 result from detailed losses inclusion.
This process is described in the further sections of this article.
Having detailed input/output power curves that correspond to a
real device is especially important for the presented optimization
method.
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Fig. 2. Comparison of ideal (black dashed-line) and nonideal (pU1
, pU2

)
power curves of a single DAB module for: (a) U2 = 1.0 p.u.; (b) U2 = 0.5 p.u.,
respectively.

Fig. 3. IPOP DAB overall efficiency problem illustration. Power curves of
1×DAB (blue line) and 2×DAB (red line), and efficiency curves for: (a) U2 =
1.0 p.u., and (b) U2 = 0.5 p.u., respectively.

B. Problem Description

To clearly illustrate a problem of optimal configuration se-
lection the output power and efficiency curves are shown in
Fig. 3. They are presented for the positive φ phase-shift values
(ES’s charging) at rated [see Fig. 3(a)] and half of the rated
ES’s voltage [see Fig. 3(b)], respectively. The top graphs present
the output power curves of the single-module (blue)—and will
be further denoted as 1×DAB, and two-modules in parallel
(marked in red)—that will be further denoted as 2×DAB. The
bottom graphs present efficiency curves of single DAB module
for two different U2 voltages. As mentioned before, here it may
be observed that the efficiency function changes not only with
the phase-shift value but in reference to the ES’s voltage as
well. When both modules operate with equal phase-shift the total
maximum power equals 2 p.u. but there is only single efficiency
function as all the modules are the same.

Here, it may be observed that for a case where IPOP system de-
mands power level of 1 p.u. at rated voltage value [see Fig. 3(a)],
there are two possible solutions: first—where 2×DAB operate
with φ2 phase shift; second—where 1×DAB operates with φ1

whose value is greater than the φ2. While both cases assure
the same power level they operate with different efficiencies
of 96.3% and 93.8%, respectively. Thus, it is recommended to

operate with 2×DAB in these conditions. An opposite situa-
tion takes place for U2 = 0.5 p.u. and P = 0.25 p.u. shown in
Fig. 3(b). It may be noticed that for these operating conditions, it
is more efficient to use 1×DAB with φ1 phase-shift and 92.5%
efficiency instead of 2×DAB with 87.1% efficiency.

As both loading power (P ) and ES’s voltage level (U2) vary
during the system operation, the operating point change may be
addressed by finding the optimal number of working modules
that assures the highest available efficiency for given operating
conditions. The problem can be defined as a function returning
the number of working modules k out of the total parallel
modules m in the system, and for the considered case (i.e.,
m = 2) it may be described as follows:

F (U2, P ) = {k : ηk = max (η1(U2, P ), η2(U2, P ))} (2)

where

ηk =
pk,out

pk,in
(3)

and as mentioned before the pk,out and pk,in can swap places in
accordance with the energy flow direction. Moreover, when a
bidirectional operation is considered the solution is limited to
the following operational conditions:

U2 ∈ (0, 1〉
P ∈ 〈−2, 0) ∪ (0, 2〉 (4)

where the 0 values are excluded due to lack of energy transfer.
In addition to obtaining the k number, an adequate pair of φk,stop

and φk+1, start values has to be found for each corresponding k
value. This is to allow for starting the configuration of (k + 1)th
converters at the same instant (power level) that stops the kth
configuration. Any transient states of particular setup are beyond
the scope of this article.

III. PROBLEM SOLUTION

A problem solution—that assures all the unknowns discussed
in Section II—may be found by searching for intersection points
of parametric curves traced for different voltage U2 levels. It can
be derived, that for givenU2’s voltage level parametric equations
of each system’s configuration may be expressed as follows:

hk (φ) =

{
x = pk,out(φ)
y = ηk(φ)

(5)

where φ is the phase-shift parameter. Fig. 4 (plotted for an arbi-
trary input/output power functions) illustrates this idea showing
(5) for two parallel modules. It shows the positive φ values at
U2 = 1 p.u. [see Fig. 4(a)] and U2 = 0.5 p.u. [see Fig. 4(b)], re-
spectively. Arrows indicate increase of the φ phase-shift. It may
be observed in what power range (denoted with k = 1) the single
module offers higher efficiency. Similarly, the operation range
for two-modules performing together is denoted with k = 2. It
has to be mentioned that the intersection X point’s coordinates
are common for the h1 and h2 functions, but parameters φ for
each curve is different. For instance, for the h1 it is a phase-shift
value that the single module should stop to operate at, and may be
denoted as φ1,stop. Furthermore, for the h2 it describes an initial
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Fig. 4. Arbitrary parametric functions illustrating the proposed method for
following system configurations: 1×DAB (blue) and 2×DAB (red) which are
plotted for: (a) U2 = 1.0 p.u., and (b) U2 = 0.5 p.u., respectively.

phase-shift value (named φ2,start) that two-modules should start
to operate at, in order to continue the power increase from the
value the 1×DAB stopped at.

The most challenging issue in this approach is to introduce an-
alytical equations for the power and efficiency functions. Some
attempts can be found in [7], however, it provides significantly
complex equations that resulted from symbolic solver. Addi-
tionally, these equations include only inductors’ and MOSFETS’
resistances. On the other hand, the efficiency function may be ob-
tained by power losses estimation using the second-order poly-
nomial approximation as presented in [25]–[27], [30], [33]. Ob-
tained polynomial’s coefficients correspond to: constant losses
(e.g., control power), linearly dependent losses (e.g., diode’s
conduction losses), and quadratically dependent losses (e.g.,
MOSFET’s resistance losses). However, additional nonlinearities
caused by, e.g., switching losses are neglected and they are
especially important for the DAB topology operating outside of
the zero voltage switching region [34], what is typical for varying
U2 voltage level. Nonetheless, the proposed method is based
on the approximation of a single module’s input/output power
curves, and not on the module’s losses, and may be presented
as an N th order polynomial approximation with phase-shift as
a variable

pU1
(φ) = aNφN + aN−1φ

N−1 + · · ·+ a1φ+ a0 (6)

pU2
(φ) = bNφN + bN−1φ

N−1 + · · ·+ b1φ+ b0 (7)

It may be noticed that a power equation of the DAB (1) is
already a second-order function and it is a lossless model. Then,
to verify the proposed approach, within this article, the N = 3
order is used as the smallest possible polynomial’s order that can
include additional nonlinearities resulting from losses. Finally,
the efficiency function may be expressed as follows:

η (φ) =

{
pU2

(φ) /pU1
(φ) for charging the ES

pU1
(φ) /pU2

(φ) for discharging the ES
(8)

this is due to bidirectional energy transfer ability of the power
converter. Having all functions dependent on singleφphase-shift
variable, and assuming that all parallel converters are the same,
it is now possible to use the parametric functions (5) to find
optimal configuration for given operational conditions. Here, it

Fig. 5. Flow chart diagram for the algorithm which finds optimal configuration
selection in the two-module IPOP DAB converter system.

is stressed, that due to chosen polynomials order and presence of
these polynomials’ quotients a numerical methods are utilized
to find the intersection points.

As mentioned before, system’s power, and thus its efficiency
curves strongly depend on the U2 voltage. First of all, the
necessary data (i.e., input/output power curves) of the single
module have to be collected for different voltage levels. This
may be done by measuring these quantities with J resolution
of φ phase-shift values for I different voltage levels; both the I
and J numbers are integer values. Then, an input data structure
consists of

vi =
[
p11×Jp21×J

]T
, ui = i/I (9)

where:p1 andp2 of length J are the sampledU1 andU2 voltage
values at averaged power level, and ui is the U2 voltage value
for ith voltage level. The values that are being searched may be
presented as the output vector that is defined as follows:

oi = [k φk,stop φk+1, start ui pi] (10)

where: i = 1, 2, . . . , I and pi is a power coordinate of the
intersection point, that along with ui, are required by (2).

Then, for each voltage level the polynomial approximation
has to be performed separately for charging and discharging
modes. This allows to define the efficiency function, and in turn,
the parametric functions for different systems configurations.
Having the parametric functions, it is now possible to find the
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Fig. 6. Optimization method results based on the simulation model for two-module DAB IPOP converter: (a) Three-dimensional (3-D) curves of φ1,stop and
φ2,start for charging operation; (b) P − U2 projection of φ1,stop for charging operation resulting in optimized area for k = 1 (blue area); (c) 3-D curves φ1,stop and
φ2,start for discharging operation; (d) P − U2 projection of φ1,stop for discharging operation resulting in optimized area for k = 1 (red area).

intersection point that allows to determine which system’s con-
figuration assures best efficiency in given power ranges. Finally,
it is required to calculate the φ1,stop and φ2,start, respectively, and
save all the data to the output vector. Proposed approach may
be addressed in a form of an algorithm shown in Fig. 5. It is
worth to stress that power curves of a real converter’s module
change in a long-run due to components’ aging, and may require
periodic updates of the optimized operating areas.

IV. SIMULATION STUDY

To conduct the optimal configuration selection analysis non-
ideal power curves of a single DAB’s module model are col-
lected for different ES voltages and saved in sets. Calculated
operation range should be verified with a proper testing method
performed independently on 1×DAB and 2×DAB simulation
models, respectively. Proposed validation method is also tested
in this section to ensure its correctness for further laboratory
research.

A. Model

A simulation model was built in PLECS software and in-
cludes transformer magnetizing inductance Lm, transformer’s
core losses modeled as resistorRm parallel toLm, and switching
losses. It is worth noting that transformer’s winding and auxiliary
inductance’s resistances are lumped together as Rtr similarly to
the transformer’s leakage inductances Lσ combined with auxil-
iary inductor into Ltr. A complete list of the model’s parameters
is shown in Table I in the Appendix. Important factors such
as conduction losses of the temperature dependent MOSFETS’
channel resistance and switching losses, are calculated from a
detailed manufacturer’s models in a form of adequate look-up
tables [35]. Additionally, a SiC diode losses are modeled ac-
cording to the manufacturer’s library [36]. Due to temperature
dependent parameters thermal steady-states simulations are re-
quired to be performed for every operating point.

B. Simulation-Based Analysis

For the analysis, a set of 30 (J = 30) discrete φ phase-
shift angles are subsequently generated within a range

[−15/18π,+15/18π] for every of 18 (I = 18) U2 voltage lev-
els. This low value of the measurements’ resolution is chosen
to reflect experimental conditions assuring a reasonable tests
duration.

Performing the optimization algorithm (e.g., in MATLAB
software) presented in Fig. 5 on the datasets taken from the
simulation circuit results in final solutions presented in Fig. 6.
Pairs of figures [see Fig. 6(a) and (b)] and [see Fig. 6(c) and (d)]
correspond to the charging and discharging operation modes,
respectively. The 3-D solid lines [see Fig. 6(a) and (c)] present
the φ1,stop with regards to varying power (P ) and U2 voltage.
This indicates at what phase-shift value (z-axis) 1×DAB should
be replaced by 2×DAB operation. Additionally, the colored
dashed-lines represent the φ2,start values. The gray lines are
the φ1,stop projections on the P − U2 planes. Fig. 6(b) and
(d) presents the solutions in so called top-view, and show the
operation range (blue and red areas corresponding to k = 1)
for 1×DAB that has higher efficiency than two modules, and
it is limited by 3-D curve projection on P − U2 plane and the
U2–axis. The remaining area (i.e., between colored region and
the 2×DAB black solid line) corresponds to area where k = 2
configuration allows to achieve higher efficiency. The black solid
lines labeled 1×DAB and2×DAB show maximum power values
for different U2 for particular modules’ configurations. It may
be observed that the maximum power of each configuration
increases linearly with the U2 voltage, what agrees with (1).
Furthermore, it may be observed in Fig. 6(b) that for the opera-
tion point R1 (P = 0.41, U2 = 0.63) it is better to operate with
1×DAB instead of 2×DAB. It is reasonable as the operating
power is within range of single converter. However, if the op-
erating point is R2 (P = 0.87, U2 = 0.9) it is more efficient to
use 2×DAB instead of single module. This is counterintuitive as
this power is still within single module’s power range. Similar
reasoning may be conducted for the S1 and S2 operating points
for the ES discharging operation presented in Fig. 6(d).

C. Simulation-Based Validation

Proposed analysis method is based on a fact that in multi-
module IPOP dc/dc converter consisted of identical devices,
an optimized operation region may be obtained from power
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Fig. 7. Validation method’s results of the simulated model for optimized IPOP DAB operation: (a) efficiency surfaces for 1×DAB (blue) and 2×DAB (gray) for
the ES charging; (b) top-view of the Fig. 7(a); (c) efficiency surfaces for 1×DAB (red) and 2×DAB (gray) for the ES discharging; (d) top-view of the Fig. 7(c).

functions of a single module. Then, an open-loop validation
method is introduced to examine the solution. It is important
for this method to be easily applied for the real test-bench
validation during a laboratory experiment. This method uses
simple efficiency measurements for varying P (obtained by
changing the phase-shift) and U2 voltage as performed sepa-
rately for 1×DAB and 2×DAB configurations. This may be
done by performing phase-shift “sweep” (including steady state,
however) for each U2 voltage level and by plotting efficiency
surfaces. In Fig. 7, the two-module operation is depicted in
gray, and single module performance is denoted with color
(blue and red for the ES charging and discharging, respectively).
The number of measured points is the same as for the previous
analysis—that is 18 power characteristics of 30 phase-shift sam-
ples each. Due to constant samples number for everyU2 voltage,
the collected data points (not displayed to show uncluttered
figures) have to be interpolated with computational software in
order to obtain efficiency surfaces. Fig. 7(a) and (c) presents
surface-to-surface intersections for charging and discharging
operation, respectively. For sake of clarity Fig. 7(b) and (d)
shows the solutions’ top-views that allow to inspect the operation
area obtained analytically. Surfaces’ colors were set to different
levels of transparency to illustrate their intersections. It may be
observed that the Fig. 7(b) confirms the prediction of Fig. 6(b)
as well as the Fig. 7(d) matches with Fig. 6(d). Worth stating is
a fact, that the area’s regions close to U2 axis were colored for
sake of clarity, because the energy flow direction’s change does
not occur at constant φ = 0 value but varies with changing ES’
voltage. Nonetheless, the convergence of analytical results and
the output of independent validation technique allows to assume
that the proposed method for optimal configuration selection is
correct.

V. EXPERIMENTAL RESULTS

A. Automated Test-Bench

Two modules were built to validate the proposed approach.
One of which is shown in Fig. 8. Every converter’s switch
consists of two C3M0065090 J SiC MOSFETs connected in
parallel to reduce channel’s resistance. Additionally, to avoid
a high forward voltage drop of the MOSFET’s body diode

Fig. 8. Single DAB module build for the experimental test-bench.

the external STPSC6H065 freewheeling SiC diode is used.
The auxiliary inductance equals Laux = 62 μH. Parameters of
the laboratory single DAB converter are listed in Table I of the
Appendix and correspond to the simulation ones.

To collect real-power curves of the single DAB module,
and for further validation process, an appropriate test bench
is required. A general scheme of the two module, IPOP DAB
laboratory setup is presented in Fig. 9. It consists of two main
parts: control/measuring circuit and power circuit. Control sig-
nals for the converters are delivered by TMS320F28379 micro-
controller that is connected to the MATLAB software through
the MODBUS protocol. Moreover, this software is also used
as acquisition tool—logging i1(t), u1(t) and i2(t) and u2(t)
(from a power analyzer), which are required for the pU1

and pU2

approximation.
Proposed test-bench scheme is a result of low operating

voltage test conditions of the system, where U1 equal to 270 V
U2 and varies from 0 to 270 V. This resulted in the inability
to use of commercially available active rectifiers. Then, two
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Fig. 9. General scheme of the two-module DAB IPOP laboratory test-bench.

programmable ac/dc industrial power supplies with parallel
resistors R1 and R2 on their outputs were used. This connection
assures a constant current across the resistors, which allows for
bidirectional energy transfer of the DAB converters. The U1

voltage source’s loading increases when the ES is being charged
and the U2 becomes unloaded to keep the R2 current constant.
For the ES’s discharging process, the situation is opposite. If the
R2 resistor is a rheostat with remotely changed resistance, the
required datasets (similarly to the efficiency surfaces) may be
easily collected in a fully automated process.

B. Experiment-Based Validation

In order to calculate optimal operating area, it is necessary
to obtain power curves of single DAB module. Again, the same
measurement resolution of 18 voltage levels, and 30 phase-shift
points were utilized in order to shorten the experiment’s duration
time. The top graph of the Fig. 10 shows a 3rd order polynomial
approximations (solid lines) of the single module’s input/output
power curves. Samples are measured for the ES charging opera-
tion at U2 = 0.5 p.u. conditions. Acquired samples are denoted
with ◦ and � for p1,p2 vectors, respectively. The bottom graph
shows the efficiency function (solid black line) for the considered
U2 = 0.5 p.u. voltage. An additional gray dashed-line shows the
efficiency curve for the ES voltage of U2 = 1 p.u. to present the
single module’s maximum efficiency of 96.84%.

The final solution, based on the real test-bench power curves is
shown in Fig. 11. Fig. 11(a) and (b) presents obtained operation
regions for ES’s charging and discharging, respectively.

Finally, the open-loop validation method may be applied to
verify the calculated solution. The results are presented in Fig. 12
as the efficiency surfaces for the ES charging and discharging
operation. In this case, the measured data points are marked
explicitly. For more detailed results’ presentation their top-views
are shown in Fig. 13(a) and (b), respectively. Again, it may be
observed that for a chosen condition such, e.g.,R2(P = 0.8 p.u.,

Fig. 10. Example of experimental input data obtained from the single DAB
module. Top graph: input/output power curves data with the 3rd polynomial
approximation. Bottom graph: module’s efficiency curves obtained for U2 =
0.5 p.u. (solid black line) and for U2 = 1.0 p.u. (gray dashed line).

Fig. 11. Provided solution (colored area) based on 540 samples points obtained
from experimental power curves of the single DAB module for: (a) charging and
(b) discharging mode, respectively.

Fig. 12. Validation method’s results on the experimental test-bench for
1×DAB (colored) and 2×DAB (gray) operation with surface interpolation
of 540 samples points for: (a) charging, and (b) discharging operation mode,
respectively.

U2 = 0.9 p.u.) an operation of 2×DAB may be advised to obtain
higher efficiency. It is important that this point is within a single
module’s power range. On the other hand, for lower values of
the ES voltage range it is advised to utilize 1×DAB up to its
maximum power before switching into 2×DAB operation.

It is easy to notice that the 2×DAB operation does not reach
2 p.u. power for rated U2 voltage. This may be a result of
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Fig. 13. Top-view of the Fig. 12: (a) Charging. (b) discharging the ES,
respectively.

Fig. 14. Efficiency improvement for a single (blue) and two-module (red)
DAB converters for the: (a) charging operation at U2 = 1.0 p.u.; (b) discharging
operation at U2 = 0.9 p.u.

additional currents circulating between modules that have not
been taken into account during simulation and analysis. Addi-
tionally, some inaccuracies may occur due to chosen measure-
ment resolution and surfaces’ interpolation.

Finally, a quantitative representation of the overall efficiency
gain, for chosen voltage levels, is shown in Fig. 14 for charg-
ing [see Fig. 14(a)] and discharging [see Fig. 14(b)] modes,
respectively. The blue color depicts the single module data,
whereas the red one corresponds to the two-module configura-
tion. Dashed lines overlaying measured points are the parametric
functions obtained due to 3rd-order polynomial approximations
of measured input/output power functions. The efficiency deltas
were measured between those approximated curves. It may be
observed that for charging operation U2 = 1 p.u. (an arbitrary
choice) in Fig. 14(a): for lower power’s ranges such as for
P = 0.25 p.u. a significant efficiency gain of 7.1% is obtained;
on the other hand, at the maximum power of single converter
(P = 1 p.u.) the efficiencies difference equals to 2.2%. For the
discharging conditions atU2 = 0.9 p.u. (an arbitrary choice): for
the lower power level such, i.e.,P = −0.25 p.u. the efficiencies’
difference equals to 6.7%; on the other hand, the efficiency gain
forP = −0.9 p.u. equals 1.2%. Some differences in input/output
power curves approximation may be noticed for those two
cases, what suggests to pay more attention of the polynomial
approximation order for larger U2 values.

VI. CONCLUSION

An IPOP connection of DAB dc/dc converters is a suitable
solution for increased power requirements of ESS applications,
where high power demands occur together with wide range
voltage changes (as in, e.g., hybrid energy storage). Additionally,
they offer beneficial, but simple and cost-effective, solution for
maximizing efficiency in different operating conditions that may
be obtained by turning-ON and -OFF particular modules without
any additional circuit and control algorithm modification.

This article proposes a method for defining at which operating
conditions one or two DAB modules should operate together
in order to fully utilize the existing DAB IPOP system and
maximize its overall efficiency. The proposed method delivers a
solution for a two-variable problem as the wide-range ES voltage
changes and a full range of demanded power have to be taken
into consideration including the bidirectional energy transfer.
Described approach bases on polynomials’ approximation of
a single DAB’s input/output power curves that are applied into
parametric functions. The solution clearly indicates where a sin-
gle module offers a higher efficiency than two-modules sharing
power equally. The presented approach was successfully vali-
dated, at first, by the detailed simulation models, and followed
by the laboratory tests performed on the test-bench consisted of
two 1.4 kW SiC-based DAB converters operating at 100 kHz
switching frequency.

Obtained results showed that for a wide range of voltages
(from 0 to about 0.8 p.u.) it is more efficient to fully utilize a
single DAB module up to its maximum power, instead of sharing
it between the two modules. This operation region refers mainly
to the supercapacitor-type ES, where significant voltage changes
are possible. On the other hand, interesting results were found,
that at the ES’s voltage close to its rated value, there is an area of
operating conditions (within the single module’s power range),
where two-modules should be employed to achieve higher ef-
ficiency. This is especially important for the battery-type ES,
where voltage does not change in a wide range.

APPENDIX

See Table I.

TABLE I
SIMULATION AND EXPERIMENTAL SINGLE DAB’S PARAMETERS
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