This paper describes objective technical results and analysis. Any subjective views or opinions that might be expressed in

the paper do not necessarily represent the views of the U.S. Department of Energy or the United States Government.

Integrated power converters for optimal operation of
Hybrid battery packs

Oindrilla Dutta, Jacob Mueller, Robert Wauneka, Valerio De Angelis, and David Rosewater, Members, IEEE
Sandia National Laboratories, Albuquerque, NM 87185
email: odutta@sandia.gov, jmuelle @sandia.gov, rwaunek @sandia.gov, vdeange @sandia.gov, and dmrose @sandia.gov

Abstract—This work demonstrates a method to build and
operate hybrid battery systems, which can serve the need for
Long-Duration Energy Storage (LDES). LDES systems have to
provide energy at different timescales to compensate for the
intermittency of renewable resources, supply peak power, support
black-start, and serve loads with variable power factor. It is
cost prohibitive to use a single battery technology to provide
both high power and energy services. Therefore, integration of
hybrid technologies is essential. Here, a scalable and flexible
method is proposed to build such a hybrid system, where DC-
DC converters are integrated between battery packs and a
DC-AC converter. The DC-DC converters implement battery-
specific charging/discharging protocols, and the DC-AC converter
establishes the DC bus voltage and synchronizes with the grid.
A hardware-software testbed has been built for operating Lead-
Acid battery cells by integrating a commercial DC-AC power
conversion system (PCS) with a custom-built Dual Active Bridge
(DAB) DC-DC converter. The results validate this method’s
effectiveness in controlling hybrid battery strings and preventing
battery degradation. The authors plan to make the software
and hardware design available to the power electronics and
battery community, and add support for other DC-DC converter
topologies and battery technologies.

Index Terms—DAB, DC-AC converters, hybrid batteries.

I. INTRODUCTION

Easy implementation and testing of battery energy storage
systems (BESSs) are essential to facilitate renewable inte-
gration. BESSs are required to operate for different time
spans to provide reliability, stability, and resiliency. Several
battery technologies are used in grid applications, such as Pb-
Acid, Li-ion, NiCd, VRB, NaS, ZnBr,, regenerative fuel cell,
and metal air [1]-[3]. However, a single battery technology
cannot support all the grid functionalities. Pb-Acid batteries
are extensively used for their low capital cost and wide
availability. However, they are heavy, with low energy density,
and short life span of < 500 cycles [4]. Li-ion batteries have
high efficiency, energy, and power-densities. However, they are
expensive, and can degrade quickly if utilized at a high depth
of discharge [S] or improperly charged. NaS batteries have
excellent pulse-power capability, but are expensive and have
high operating temperature. VRB batteries can provide long-
duration storage services, but are slow to ramp up. The widely
varying benefits/drawbacks of different battery technologies
makes Hybrid Energy Storage Systems (HESSs) necessary to
support the power grid with flexible energy storage systems.

The applications of HESSs have been extensively studied
[6]. Three types of connection topology, viz. passive, semi-
active, and active, have been proposed. In passive topology

the HESSs are directly connected to each other and form the
DC bus, which is tied to the grid through a DC-AC converter.
In semi-active mode, a DC-DC converter is connected between
a high power storage (like a capacitor bank) and a DC-
AC converter, whereas the high energy storage is directly
connected to the DC-AC converter. In active topology, DC-DC
converters are integrated between a DC-AC converter and all
the HESSs. Most demonstration projects have implemented the
passive topology [7]-[10]. This topology offers a low degree
of control and cannot accommodate different battery cycling
methods. It also fails to handle the high range of voltage
variation across the different technologies, which regularly
occurs during charge-discharge and increases as batteries age.
Also, replacement and maintenance of a single battery string
can only be performed by completely disabling the entire
system. Finally, commercial single phase PCSs, which are
popular for their low-cost, introduce ripples at the DC bus.
This may cause considerable acceleration of battery aging
[11]-[14]. The active HESS topology could accommodate
different charge/discharge procedures for each type of batter-
ies, and has been adopted in literature [15]-[19]. However, a
practical example of an active HESS topology is only found in
electric vehicles, where the storage consists of Li-batteries and
ultracapacitors (UCs). Li-ion batteries are used for a few hours
(~250 miles) and UCs are used to handle acceleration and
regenerative braking. Grid applications require energy storage
to provide power reserve (hours to days), peak shaving (hours),
load regulation (minutes to hours), and black-start support
(down to milli-seconds). In fact, the trend is now to design
Long-Duration Energy Storage (LDES) that can provide en-
ergy for more that 4-6 hours and up to days. Therefore, Li-
batteries and UCs need to be complemented by other longer
duration battery technologies. All these technologies operate
in different voltage windows and cannot simply be directly
connected on a DC bus. The alternative to connecting all these
resources on the DC bus (which is currently done) increases
costs and management complexities.

This work aims to provide an expandable and modular
framework that is based on open-source software and a flexible
DC-DC converter topology that can be used to build HESS
with an active topology that accommodates any energy storage
technology. The approach has been demonstrated using a hard-
ware testbed for cycling strings of Pb-acid cells at different
voltages by integrating a Dual Active Bridge (DAB) DC-DC
converter with a commercial PCS. This initial system ad-
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Fig. 1. Proposed system for connecting hybrid battery technologies for long
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duration energy storage in grid applications. The system relies on one AC/DC
converters and still allows managing each type of battery independently.
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(b) DAB converter designed and built at Sandia National Labs.
Fig. 2. Dual Active Bridge (DAB) DC-DC Converter.

dresses the practical challenges of system integration, includ-
ing coordination among the multiple control loops, monitoring
of the different parameters without sample aliasing, alongside
ease and safety of operation. The hardware set-up along with
the control firmware can be expanded to accommodate other
types of batteries and DC-DC converters.

II. PROPOSED SYSTEM

This section describes our proposed method, shown in
Fig. 1, where each type of battery is connected to a DC-DC
DAB converter. These converters form a DC bus, where the
DC-AC PCS integrates to the grid. In this work, the most
widely used commercial PCS has been implemented in the
test setup. This facilitates the use of existing commercial
converters, instead of building a customized DC-AC converter.

A. Dual Active Bridge Converter

This section provides a brief overview of the DAB topology
and the converter developed at the Advanced Power Electronic
Conversion System laboratory (APEX) of Sandia National
Labs (SNL), shown in Fig. 2. This topology provides the
advantages of high power density, high switching frequency
with soft switching, and galvanic isolation [20]. The power
transfer, represented by (1), between the two bridges in the
DAB is guided by the phase difference () between the
primary (V) and secondary (V) voltages [21]. In this work,
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Fig. 3. Test set-up comprising battery packs, DAB DC-DC converter, Outback
DC-AC converter, with their respective controllers and communication layer.

the DAB parameters have been designed for a nominal power
of 75W with nominal V,, and V; of 12 and 24V, respectively.
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B. Test Set-up

The test set-up comprising a hardware test bed and a
communication layer, as shown in Fig. 3, is described here.

1) Hardware Test Bed: The hardware test bed, illustrated in
Fig. 4, has been built for Pb-acid batteries, where each Pb-acid
cell has a nominal voltage of 2V. 12 such cells, forming a 24V
battery stack, have been connected to the high voltage (HV)
side of the DAB converter. Another string of 12V, containing 6
cells, forms the low voltage (LV) side of the DAB. This DAB is
integrated to a Outback PCS at the 24V DC link. The Outback
PCS is connected to a regenerative grid emulator at the grid
voltage and frequency of 120V and 60 Hz, respectively.

Each battery stack is provided with an Orion battery man-
agement systems (BMS) which provides cell voltage and string
current measurements among other parameters. Monitoring
and control of the DC-AC converter is performed by the PCS

EMS, BMS, DAB Controller,

Netgear Outback Controller
router

Pb-acid cells

Fig. 4. Hardware test-bed comprising Pb-Acid battery packs, DAB DC-DC
converter, Outback DC-AC converter, BMS, and system controllers.



Controller (PCS-C). Both the BMS and PCS-C communicate
using the Sunspec Modbus interface specified by IEEE 1547-
2018 [22]. The DAB Controller (DAB-C) is a C200 series
microcontroller from TI, where a feedback control loop that
modulates the phase-shift has been implemented. The EMS
functions as a central controller, which receives monitoring
signals from the BMS, PCS-C and DAB-C, based on which it
regulates the charging/discharging operation of the batteries.
Interoperability of the BMS, PCS-C, DAB-C and EMS are
performed by an operator from a computer, to which the
components are connected via the Netgear router.

2) Control Protocol : The sequence of control commands
and monitoring signals are depicted in the flowchart in Fig. 5.
The different sampling time for the four controllers, and
assorted timestamps for data exchange are described below:

1) The EMS starts two parallel threads, viz. Battery and
Inverter threads, which correspond to data to/from
Orion BMSs and Outback PCS, respectively. These
threads initialize a battery and an inverter object,
which are shared with the Inverter and the Bat-
tery thread, respectively. Hence, the Inverter thread is
started with a delay of 1s after initializing the battery
thread. The battery object is used to obtain string
currents (Ip_pgyv/rv), and cell voltages from which
string voltages (Vp_py/ry) are estimated. The in-
verter object provides DC voltage/current (Vpc/Ipc),
and AC voltage/current (Vac/Iac). Prior to starting
the two threads, charging/discharging current limits
(Ich/dis—1im) are specified in the PCS registers.

2) The EMS also starts a GUI that lets the operator set
desired charging/discharging voltage (V,er), which is
sent to the PCS via the inverter object.

3) The battery object is sent to the EMS at an interval
of 3s, whereas the inverter object is sent at 10s and
5s interval for charging and discharging, respectively.
Determination of these time-steps are based on the speed
at which data can be sent over the Modbus without
congesting the communication channels, and is crucial
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Fig. 5. Control flowchart consists of BMS, EMS, PCS, DAB Controllers.

for operating the integrated system reliably so that
performance of all the constituents are synchronized.

4) According to the charging protocol for Pb-acid batteries,
Vier is set as the float voltage by the PCS-C, whereas
the absorb and refloat voltages are set as Vier £ AVep,
respectively. For discharging, the PCS-C sets V;..; as sell
voltage, and float voltage is specified as Vyey + AVgys.

5) If Viey > VB_Hv, then the PCS-C is set to charge the
battery on the HV side. A 1.5 minute moving average of
Ip_gv is provided as I,y to the DAB-C, which initi-
ates charging on the LV side. I, is updated every 10s.
Similarly, the PCS-C discharges when V,..; < Vp_gv.
The DAB-C sends switching signals to the control card,
based on I,y and its feedback control loop.

6) This cycling process can be stopped/reset from the GUI.

III. RESULTS & DISCUSSION

The system in Fig. 4 has been used to cycle the 12V
and 24V battery packs, with an objective of incorporating
flexibility in the charge/discharge procedure so as to conform
to the recommended principle of cycling Pb-acid batteries. The
24V battery pack represents the traditional solution adopted
in most demonstration projects, and hence will be used to
evaluate the performance of the existing topology, whereas
the voltage and current profiles at the 12V battery pack will
represent the potential of our proposed solution.

In a typical single phase AC-DC PCS, the DC bus is
characterized by an AC ripple with a frequency equal to twice
the line frequency [23]. As mentioned earlier, these ripples
cause significant degradation of batteries, and Fig. 6 shows
that existing commercial PCSs do not filter out these ripples.
The charging current in Fig. 6a shows that the Outback PCS
introduces a current ripple with a magnitude of 1.23A along
with other noises at the 24V DC link. A zoomed in view
showing I'z_ 1y and the 120Hz ripple at I5_ g7y are illustrated
in Fig. 6b. I'p_1 has a much smaller ripple with a frequency
equal to the DAB switching frequency of 100 kHz, as shown in
Fig. 6¢. Thus, the DAB is able to filter out the 120 Hz ripples,
thereby avoiding faster degradation of the 12V battery pack.

A similar experiment has been performed for discharging
the batteries and the corresponding results are illustrated in
Fig. 7. The impact of DC to AC conversion by an inverter
on the DC side current is that the current is no longer a pure
DC. It is characterized by a second harmonic component of
the line frequency, along with other high switching-frequency
components [23], as represented by (2).
ipc(t) = Wcosqﬁ—%cos(%mct—qﬁ) 2)
Fig. 7a demonstrates Ig_ 1y of the DAB, and the ripples intro-
duced by the PCS on the 24V battery pack during discharging.
A zoomed in view of Ip_ry in Fig. 7b shows that much
smaller ripples, occurring at the DAB switching frequency of
100kHz, are introduced by the DAB on the 12V battery pack.
Magnitude of the harmonics in Ip_ gy during charging and
discharging are shown in Figs. 8a and 8b, respectively, with a
total harmonic distortion (THD) of 56.67% and 13.56%.
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Fig. 6. Charging current measured at three different points (24V DAB output, 24V, and 12V batteries) showing high magnitude ripples of 120Hz at 24V link

and very low magnitude ripples of 100kHz at the 12V battery.
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Fig. 7. Discharging current measured at three different points (24V DAB
output, 24V, and 12V batteries) showing high magnitude ripples of ~120Hz
at 24V link and very low magnitude ripples of 100kHz at the 12V battery.

Alongside ripples, another limitation of traditional con-
nections is the lack of flexibility in regulating the cycling
of batteries. Hence, charge-discharge cycling of the Pb-acid
battery packs have been performed following the control
protocol in Section 1I-B2, where I.;/4i5—1im = 3 and 2
A; Vier = 25 and 238 V; AV 9 = 1.2 and 0.2V,
respectively, for charging and discharging. A portion of this
cycling is demonstrated in Fig. 9, where high magnitude
ripples can be observed at the 24V DC link. However, the
current and voltage at the LV side of the DAB contains
very low magnitude ripples during both charge and discharge
cycles. Besides, Fig. 9a shows that the LV battery can be
disconnected (Ip_ry = 0), without making the entire system
offline. This provides flexibility in situations where a specific
battery string requires replacement/maintenance.
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Fig. 8. Fourier analysis of the charging and discharging currents of the 24V
battery pack showing a high percentage of total harmonic distortion.

IV. CONCLUSION AND FUTURE WORK

This study proposed and demonstrated a method to facilitate
the integration and testing of hybrid battery technologies. This
method is based on integrating DC-DC converters between
each battery pack and a DC-AC PCS. The DC-DC converters
are responsible for implementing varying control protocols that
are specific to the battery technologies. The PCS is responsible
for establishing and regulating the DC bus voltage and also
synchronizing with the grid.

A hardware testbed has been developed using a DAB
DC-DC converter, a commercial DC-AC converter and Pb-
acid battery packs. The control firmware for this testbed has
been built using open source software, and is expandable to
accommodate other battery technologies. This test-bed has
been used to cycle two Pb-acid battery packs. A 24 V pack
was directly connected to the DC-AC converter and a 12 V
pack was connected on the low-voltage side of the the DAB.
The high-voltage side of the DAB was connected in parallel
with the 24 V pack and integrated to a commercial DC-
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Fig. 9. One charging and discharging cycle of the 24V and 12V battery packs showing high magnitude ripples at the 24V DC link, and smooth current as
well as voltage at the 12V battery pack, along with selective disconnection of the 12V stack.

AC PCS. Experimental results show that the DAB accurately
charges the 12V pack at the same rate at which the 24V
pack is charged. In addition, the current and voltage of the
high voltage (24V) battery show high magnitude ripples of
120 Hz, along with other noises during both charging (THD
= 56.67%) and discharging (THD = 13.56%). However, the
low voltage (12V) battery pack shows negligible ripples at the
DAB switching frequency of 100 kHz. The results also show
that the low voltage battery can be stopped (to be, for example,
maintained or replaced) without disabling the entire system.

As part of the future work, the test set-up will be expanded
to accommodate hybrid battery technologies and their specific
control protocols. In addition, predictive cell degradation mod-
els will be used to adjust the charge protocol and voltage limits
of each battery pack as the batteries age.
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