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Abstract

The market for Battery Storage Systems is showing significant growth due to the decrease of pho-
tovoltaic module prices but also due to decreases in Lithium battery costs. Battery storage can be
used in conjunction with net metering systems, as UPS systems for extended power outages, in
partially electrified grids in developing countries or in autonomous operation. Our goal has been
to design a Flexible Battery Storage system (FBS) that can be used in all above cases, as well as
being an intelligent component of an Internet-of-Things (1oT) environment.

Net metering and telecom applications generally have limited space for the PV arrays and the
inverter/storage cabinet, so the system was designed to be compact. Reliable operation requires
function of the batteries at normal temperatures. For this reason, the system enclosures have to
include active cooling which is an additional load and should be accounted in the overall system
efficiency.

The system that was designed and tested contains inverter units, MPPT chargers for coupling with
solar arrays, and Lithium-lon Batteries. These offer multiple benefits compared to lead-acid ones.
They are easier to parallel and the storage capacity can be field adjusted. However, Li-lon Batter-
ies require a central control system to regulate their charging and to check their health conditions.
As such, software development is paramount to the safe, reliable and cost-effective operation of

the battery system.



Optimal operation of battery systems for net metering applications depends on load characteristics
and in most cases requires prediction of the solar production for the next day. Thus, monitoring
and control is very important and due effort was put to the design and implementation of such a
system. It contains a GSM router and a single-board computer which exchange data with a remote
server which can be used to oversee the system. Smart software has been developed to appropri-
ately control the system’s interaction with the grid, e.g. using stored energy over grid energy when
a renewable energy surplus day is predicted.

Performance testing has been performed by researchers in the CRES. The testing included using
the PV chargers with PV arrays on site for round-trip efficiency tests to establish the long-term
behavior of the system as well as testing of the individual battery cells in lab conditions. Lab tests
have shown efficiency of the lithium battery cells close to 99%.

The design principles and a detailed account of the performance testing are presented.

NepAndn

H ayopd tov cuotpdtov anobfkevons oe pmatopieg Exel NUAVTIKY avaTTLEN AOY® NG peimwong
TOV KOGTOLG TV PMOTOPOATAIK®V oToLyEi®V Kot TV pratapidv Abiov. H amobnkevon oe umo-
Tapiec ypnoonoteiton og epappoyég net metering, oe cvotiuata UPS yio eKTETANEVES TTOGELS
1000, KOOMG KoL Yo gV LEPT NAEKTPOSOTNHEVA SIKTVO GE AVATTTUGGOUEVES YDPEG 1] GE AVTOVOLUN
Aertovpyia. O o0T1O)X0G LG NTAV 0 GYEOUGHOG EVOG EVEMKTOV GUCTHUATOS OTOOKELONG e IO
Tapiec 10 omoio pmopet va ypnopomombel oe OAeg TG TOPUTAVED TEPIMTMOGELS, KOl EXIONG V. O-
notelel éva €€vmvo ototyeio piag epapuoyng Internet-of-Things (10T).

Ot epappoyég o€ net metering Kot 6€ TNAETIKOW®VIEG YopaKTNPILOVTOL 0O TOV TEPLOPIGUEVO dla-
Béo1o yodpo Yo TIg cvotoryieg pmToPoitaik®my tov Inverter kot twv pnatoapudv, ondte T0 V-
OTNUO GYEOAGTNKE Y10l VO UV Katalapupavel meptrtd yopo. [Na agidomotn Aettovpyio arotteitot
Ol UITOTAPiES VoL AEITOVPYOVV GE 100VIKEG BEpIOKPAGIES, KOt Y10l LTO TO AOYO 0 EYKAELGTOG YMDPOG
TOV GLOTNUOTOG TPETEL VO TEPLEYEL EvepYT| YO&N. H yoén amotekel éva emmAéov poptio To omoio

pEnEL Vo, LTOAOYILETAL Y10 TNV GLVOAKT OTOS0GT TOL GUGTHULATOG.



To ohotnua 10 omoio oyedidotnKe Ko e EYYOnKe mepiéyel povadeg inverter, poptiotéc MPPT yia
ovlevén pe ovotoyieg pwtofoltaikdv Kot uratapieg Mbiov-1ovimv. Ot pmotapiec MBiov mpo-
oQEPOLY TOALOTTAG 0QEAN o€ GYéom Le TIg uratapieg poivBoov. Eivar wo ebkoro va mapaiinit-
OTOLV KOl 1] YOPNTIKOTNTA TOV GUGTHLOTOC UToPEl Vo Tpocapootel 6to tedio. Opmg, ot umoto-
pieg ABiov amattobv Eva KEVIPIKO GUGTNIO EAEYYOL TO 01010 PLOUILEL TNV POPTIOT) TOLG KOl EAEY-
YEL TNV Katdotoon TG vyeiag Toug. [Ma avtd Tov Adyo, N avaTTLEN AOYIGUIKOV Eivat KaBopIoTIKY|
YL TNV 00POAT, a&LOTIGTI KOl OIKOVOUIKA OTOSOTIKT AEITOVPYI0 TOV GUGTHHOTOC UTATOPLDV.

H 1davikn Aertovpyio Tov cuothpaTog yio epapuoyég net metering Paciletot oto yopoKTNPIOTIKA
TOV POPTIOL KOl GTIC TEPICCOTEPEG TEPUTTAOCELS YPELALETOL TPOPAEYT TNG NALOKNG TOPAYMOYTG TNG
emopevnc nuépas. 'Etot, n enifreyn kot o €heyyog elvar moAd onuovtikd Kot £yve avaioyn tpo-
omabelo Yoo TOV oYeSoUO KoL TNV €papuoyn vog T€totov cvotnuatog. Ilepiéyet évav GSM
router kot évav single-board vroloyiot) péom tov omoiov avtalldccovtal SedopéEVa. LE EVa o~
TOLOKPVGUEVO SEIVEr, 0 omoiog ypnotponoteitat yo v enifreyn tov cvotiuotoc. 'E&vmvo do-
Yoo Exet avamtuyOel yio TV 6ot AAANAETIOPOGT TOL GLGTHLOTOG LE TO HIKTVO, T.). Yo TNV
xpPNomn omodnKev eV EVEPYELOG EVAIVTL EVEPYELNG ATt TO dIKTLO OTOV TPOPAETETAL 1] EMOUEVT] LEPQL
Vo €€l LEYAAN TTOPAy®YN EVEPYELNS OO OVOVEDCEG TN YEG.

[Ipaypatomomnkay dokipég g amddoong Tov cuotnatos. Ot dokég meptAdpfoavay yprion
Tov MPPT @optiot®v pe cuototyieg mtoBoltaik®y yia va edeyyOei n round-trip amddoon Kot va.
doKipaotel N paxpompOBeoun Aettovpyio TOL GLGTHUATOS, KOOMS Kot SOKIUN TNG ATOS0CTG TMV
EMUEPOVS KEMADV TOV UTATAPLOV GE EPYUSTNPLOKEG cLVOTKEC. O1 SOKIUEG OTO EPYACTNPLO £OEL-
Eav oyedov 99% amdooomn TOV KEM®V pratopldv Abiov.

210 GpOpo mapovsidloviat ot apyEg oYESOGHOD Kl AVOAVTIKY TEPLYPOUPT TV SOKIUDV 0TOO0-

omng .



Introduction

The price of solar energy production has been steadily decreasing according to the latest reports.
Solar energy is projected to become cheaper than coal and gas-fired turbines by 2024. To most
effectively utilize Renewable Energy Sources (RES), forms of storage are required. Lithium-ion
batteries are a perfect candidate for that job, as they offer great round-trip efficiency and large
cycle count compared to the currently commonly used lead-acid batteries. In addition, the cost of

them has been rapidly decreasing and is projected to further decrease.

Solar’s Price Plunge
Cost per megawatt hour, in 2016 dollars. Solar power is projected to become cheaper than coal in 2024 and wind in 2029,

Figure 1 Bloomberg Report on Solar Energy cost
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Figure 2 Bloomberg Report on lithium battery prices



Battery storage can be used for peak-shaving, in RES-coupled UPS systems, in partially electrified

grids in developing countries or for fully autonomous off-grid operation. The goal while designing

our systems has been to accommodate all previous cases, as well as making it capable of being a

component in the ever-increasing number of Internet of Things (1oT) applications.

System Design

There were a number of goals to be met in the design of the system:

Compact design

Such systems are often to be installed on rooftops, next to houses or other space-limited
sites, so it was important that the system has a small footprint. Adding to that, a compact
design increases the ease of transportation to the installation site.

Intelligence capabilities and Network accessibility

The vast advancements of modern computing and ease of information network access have
made it possible for most devices to acquire a degree of smart automation and remote mon-
itoring. Our system was designed to have both basic remote monitoring and Al functions,
as well as to be expandable to more complicated ones should the need for those arise.
Multi-purpose use

Expecting the need of multiple different applications, the system was designed to be adapt-
able to use in applications such as net metering, off-grid electricity supply, telecom stations
and electric vehicle charging with RES.

Field-adjustable

Needs for higher or lower capacity of storage are likely to arise in many applications. Hav-
ing lithium batteries which have a battery management system for their charging makes it
easy to change their amount without compromising the electric stability of the system.
High efficiency

For net metering applications to be viable, the ratio between the energy we store in the
batteries and the energy they can give back has to be high. Lithium batteries serve that
purpose with efficiencies higher than 95%. MPPT chargers were included for efficient use

of the coupled PV arrays.



e Low switch-over time

For Uninterruptible Power Supply (UPS) applications, it is important that the system can

switch between AC and DC supply without a delay in power supply. The inverter chosen

for this system fulfills that criterion.

Figure 3 Pictures of the installation
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Figure 4 System Block Diagram
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System communication is facilitated via a single-board computer. It was fitted with hardware

interfaces capable of communicating with the inverters, chargers and batteries of the system, as



well as a GSM router for network access in remote areas. Software was developed for the com-
munications with the various different protocols of the equipment, using node-red, a flow-based
development tool based on Javascript. The batteries communicate via a custom MODBUS like
protocol through a RS485 connection, while the acquisition of data from the inverters and chargers
is done viaa local MQTT server. The computer also receives binary signals installed on the system
(ex. doors opened or closed).
The data acquired is sent to a remote server which serves for storing the data for possible long-
termuses. The server is also capable of sending information to the installation, allowing for remote
control. Of course, local control is also possible, both through connection to the local network, as
well as through displays installed on the system.
The software developed offers several advantages:
e The user interface designed is easily customizable because of the advantages of the devel-
opment platform chosen
e The data acquired is rounded up in a common interface, something that the market is cur-
rently lacking an integrated solution for.
e The system can be a platform for easily implementing smart charging and consumption

efficiency software.
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Figure 6 Node-RED software development tool

Figure 7 User Interface

Testing Results

Testing of the system was performed in the facilities of the Centre for Renewable Energy Source
(CRES) in Pikermi, Attica.

Three types of tests were performed. The first included round-trip and long-term performance
tests. Each of these tests lasted several days. The second type included an efficiency test of single
lithium cells and was carried out at a separate laboratory of CRES’ PV department, i.e. the battery

testing laboratory. Apart from the accuracy that the specific lab’s equipment offered to our tests,



the use of completely different equipment made it possible for them to be run in parallel. The third
type included interoperability tests of the communication with the Battery Management System
(BMS), inverters and chargers that could be carried out without affecting the execution of the
efficiency and long-term performance test.

Type 1 Tests: This type includes three round-trip efficiency tests and one long-term performance
test. The first test (Testl) had a duration of slightly longer than 3 days and resulted in a calculated
round-trip efficiency of 96%. This value is considered very satisfactory as it agrees with the spec-
ifications of this battery type provided by most manufacturers and scholars. The load profile over
the test is shown in Figure 8. It is evident that the load is used only during the discharge phase
which takes place only during the first day of the experiment. Variations of the load are due to
temperature variation in the room where the air-conditioning unit was as well as the cabinet’s
temperature. The latter aspect results in activation/deactivation of the cooling equipment. A better
overview of the load behavior during this test is provided by zooming into the interval in which
the load is active (see Figure 9). In this figure the base load is the office’s air-conditioning unit
which operates continuously at almost constant power. Also, the switching on and duration of the
cooling equipment in the cabinet is distinct. The diagram shows that, in principle, the specific day

resulted in little use of the cooling system due to relatively low ambient temperature.
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Figure 8 Load profile during the whole 3 days of Test1’s duration
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Figure 9 Load profile during the first six hours of Testl

In addition to the load profile in Figure 8 we examined the profile of the power at the input of the
two inverters. The examination reveals that the inverter power is always higher than the AC load
power by a factor that is approximately equal to the efficiency factor of the inverter. During the
recharge phase the inverters still run without load. Therefore, as it can be seen from the diagram,
there is a small amount of power above zero that accumulated over time which results in a signif-

icant amount of energy consumed during the recharging phase of the test.
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Figure 10 Total power absorbed by the inverters during Testl

In addition to the above results, Figure 11 shows the profile of the PV power to the battery (output
of the chargers) for the 3 days of Testl. The diagrams show that there was no PV power available



during the first six hours of the test (discharging phase), whereas the power reached up to 1600W
in total during the recharging phase. Apart from the fluctuations in the PV power due to insolation
changes there is another factor that leads to some regularly occurring fluctuations. This specific,
regular fluctuation is of short duration and is due to the Maximum Power Point Tracking (MPPT)

algorithm of the chargers.
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Figure 11 Total power supplied by the PV chargers during Testl
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Figure 12 Total power supplied by the PV chargers during a short duration of Testl

This is better shown in the diagram of Figure 12 which illustrates a part of the PV power profile
during the test. Last but not least, Figure 13 shows the battery voltage profile. As it is obvious,
the voltage of the battery presents a very stable profile most of the time, which is in line with the



specifications of the specific technology. During the 3™ day of the test, around noon, the battery

is fully charged and the voltage increases to 56.5V. This indicates the end of the specific test.
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Figure 13 Battery voltage profile during Testl

The second test (Test2) is a repetition of Testl in order to validate the obtained results. The dura-
tion of the experiment is also slightly longer than 3 days. From the data of this test, Figure 14

shows the voltage profile which is similar to the one in Test1.
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Figure 14 Battery voltage profile during Test2



A similar to the above test is repeated with the only difference that for the recharging phase of
the battery the inverters are used instead of the PV chargers. During the recharging phase, the
inverters draw power from the grid while they are not loaded. The specific test had duration of
approximately 2 days and the round-trip efficiency from this experiment is calculated at 89.14%.
Some key results from the specific tests are shown in
Figure 15 which illustrates the profiles of the AC load and the grid supply during the test. In the

same figure the battery voltage is also depicted.
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Figure 15 Test results for round-trip efficiency test with the use of inverters only

The last test of this type involves the operation of the equipment in the long run. The purpose of
this experiment was to illustrate that the device is capable of properly operating within its specifi-
cation for a duration of 8 days with the combined operation of all charger and inverter units. In
this case the battery efficiency measurement is out of scope and the main focus is on the battery
voltage and SOC. From Figure 16 the load and inverter power profiles for the specific test are
shown. The loads were used only during working hours of the laboratory; thus, the power con-
sumption shows substantial interruption intervals. In conjunction with these profiles we can see
the PV chargers’ power profile in Figure 17 which shows the continuous PV production throughout
the experiment. As a result of this combination of production and consumption, the battery voltage
remains always above 52V which means that the battery is never deeply discharged, and four days
into the test the voltage of the battery reaches its maximum (absorption charging phase) which
indicates that the battery was full. The indication of the equipment’s own monitoring system re-
garding SOC showed that the specific value never fell under 83% during the experiment. It is

worth noting that the initial SOC was nearly 100%.
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Figure 16 Load and inverter power during the long-term test
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Figure 17 Power supplied by the PV chargers during the long-term test
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Figure 18 Battery voltage profile during the long-term test

In order to verify the good performance of the components during the long-term operation test, a
number of thermal images was taken. Some of these measurements are shown in Figure 19. Ac-
cording to the infrared images, the operating temperature of the components is within acceptable

limits.




Figure 19 Thermal images of batteries (left column) and charger (right up) and inverter (right

down)

Type 2 Tests: This type of tests deals with the performance characterization of single battery cells
of similar technology to the main battery of the equipment. In order to do so, we have used the
equipment of the battery testing laboratory in which with the use of a controllable charger/dis-
charger device and data logging with a lab PC we obtain the operating characteristics such as
round-trip efficiency and voltage. Table 1 provides an overview of the measured efficiency for
one of the cells. According to the results of this table the efficiency of the cells is as high as 98.4%
for low discharge/recharge current while on average it is 97.52%. Moreover, the diagrams in Fig-
ure 20 and Figure 21 show the voltage behavior of these cells during charging and discharging
respectively. The test results reveal the high stability and reliability of the voltage level at a wide

range of SOC (or DOD respectively).

Table 1 Round —trip efficiency of a single battery cell

Test no. Ah discharged Ah charged Wh dis- Wh charged | Efficiency

charged (%)
2 81.8 (@7.5) 82 (@7.5) 301 307 98.0
3 81.8 (@15) 81.9 (@15) 301 308 97.7
4 82.2 (@25) 82 (@25) 302 310 97.4
5 83.4 (@3.75) 83.8 (@3.75) 307 312 98.4




7 81.9 (@37.5) 82 (@37.5) 299 311 96.1
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Figure 21 Single cell voltage variations as a function of DOD during discharging tests

Type 3 Tests: Interoperability tests with regard to the BMS were realized by means of a Node-
RED application that uses a proprietary (Modbus-like) protocol in order to acquire various read-
ings from the BMS. A snapshot of the specific Node-RED application is shown in Figure 22. This
application consists of two parts. One is concerned with reading data from the management system

of the equipment while the other sequentially queries the batteries of the equipment in order to

acquire their measurements.
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Figure 22 Node-RED application used for the interoperability tests

The type of information that the application sends to the specific COM port of the PC in order to
get the data of one battery is an ASCII code such as: ~26004642E00202FD2F

This particular command regards one battery only and is appropriately modified for the other bat-
teries. The result of this querying process is stored a *.txt file that contains all available measure-
ments of the BMS. This file contains information such as the timestamp, battery address, battery
remaining Ah, battery voltage etc.

43263.37493372685|18|49.7|53.44|654. 44| 0@ | 02
43263.37498001158|11|49.21|53.38|e|ee|e2
43263.375234583335|2|49.72|53.4|e|ee| 62
43263.375281053246|3|49.71|53.44|e| 6| e2
43263.37532716435|4|49.7|53.07|651.86| 00| 02
43263.37537363426|5|39.87|53.36|e|ea| 2
43263.375443067125|6|49.69|53.36|@| 06| 02
43263.37548935185|7|49.74|53.38|@|ea|e2
43263.37553564815|8|49.67|53.41|8|ee|e2
43263.375581932865|9|49.69|53.4|e|ea|e2
43263.375628229165|108|49.62|52.87|650.77| 00| 02
43263.37567450231|11|49.21|53.34|e|ee|e2
43263.37592909722|2|49.69|52.89|648.23|ee| 02
43263.37597538195|3]49.66(52.9|648. 34| 00| 02
43263.37602167824|4|49.62|52.84|658.63|ee| 02
43263.37606795139|5|39.87|53.34|@| 60|02
43263.37613738426|6|49.66|52.86|646. 14| 00| 02
43263.37618368056|7|49.74|53.32|e|ee|e2
43263.37623015046 | 8|49.67|53.35|e|ea|e2
43263.376276435185|9|49.69|53.34|8|e0|e2

Figure 23 Node-RED data file containing measurements from the BMS

All in all, the tests of all types showed that the equipment is a high-performance device with in-
creased reliability and efficiency even under some of the hardest operating conditions (outdoor

placement, operation with real sources and loads etc.). The tests that regarded the efficiency of



the equipment itself showed very high efficiency and reliable performance under highly variable
loading and generation conditions. In particular, the performance of the LiFePO4 batteries was
according to the specifications since it presented stable voltage profile under varying power con-
ditions and high capacity which allowed for prolonged discharging at relatively high load. The
performance of the technology has also been validated by testing the operation of single cells in
fully controllable environment. Last but not least, the communication of third-party applications

with the BMS system was feasible which validates the interoperability of the equipment.

Conclusions

All in all, the designed system has shown great efficiency because of the lithium batteries it in-
cludes and is considered to be ideal for a variety of applications. The control unit we developed
for this system can host 10T and machine learning/artificial intelligence applications. These can
be used in smart grids. The drop of lithium battery prices as well as PV panels, coupled with the
increased RES penetration, introduction of electric vehicles and the popularity of Internet of
Things applications is expected to make systems such as the one we developed, increasingly pre-

sent in the coming years.
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