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ARTICLE INFO ABSTRACT

Keywords: This work compares and quantifies the annual losses for three battery system loss representations in a case
Battery energy storage system study for a residential building with solar photovoltaic (PV). Two loss representations consider the varying
Lithium-ion batteries operating conditions and use the measured performance of battery power electronic converters (PECs) but

Solar photovoltaic system

differ in using either a constant or current-dependent internal battery cell resistance. The third representation
Battery performance

is load-independent and uses a (fixed) round trip efficiency. The work uses sub-hourly measurements of the

Applied research load and PV profiles and includes the results from varying PV and battery size combinations. The results
reveal an inadequacy of using a constant battery internal resistance and quantify the annual loss discrepancy
to —38.6%, compared to a case with current-dependent internal resistance. The results also show the flaw of
modelling the battery system’s efficiency with a fixed round trip efficiency, with loss discrepancy variation
between —5 to 17% depending on the scenario. Furthermore, the necessity of accounting for the cell’s loss is
highlighted, and its dependence on converter loading is quantified.

1. Introduction efficiency characteristics [14]. In many cases, the losses in the PECs and

the battery itself are combined and represented by a constant value,

In recent years, the market for behind-the-meter electrical storage e.g., [3,5,6,12]. A constant efficiency is thus a static and simplifying

has grown significantly, partly driven by the related development in assumption and might not accurately reflect the dynamic operation

the solar photovoltaic (PV) market [1]. The homeowners’ incentive for ~ observed in reality as it misses out on the loss variations both in the
coupling battery storage with PV generation is partly associated with battery cells and the converter.

the ambition to increase the self-consumed share of locally generated In [15], a battery storage-size determination is done for a PV and

renewable energy. The storage possibility also offers grid reliability, battery system, and the authors acknowledge the limitation of using a

peak shaving, market arbitrage, and resilience. fixed round trip efficiency and in the article propose that a dynamic ap-

In literature related to PV/battery systems modelling, works are
found on the system’s techno-economic performance when adding
battery storage. These works typically evaluate the increase in self-
consumption (SC) and self-sufficiency (SS), e.g., [2-6] or the prof-
itability [7-9]. Typical for these works is the usage of a fixed round
trip efficiency, ranging from 85% [5] to 98% [10] when dealing with
the battery associated losses. Other studies on PV and battery systems
identify the round trip efficiency as a critical parameter for the system’s
performance [11-13]. As pointed out in [5], the losses from the battery
system both originate from the battery itself (mainly the cells), as well
as the power electronic converter (PEC) required for discharge (DC/AC
conversion) and charge (AC/DC conversion), both with load-dependent

proach is preferred in future studies. Dietrich et al. [5] acknowledge the
non-linear power-dependent characteristic but still use a fixed round
trip efficiency for their profitability study. Despite the comprehensive
techno-economic assessment in [16], the authors use a fixed round trip
characteristic. Parra et al. [11] acknowledge the PECs load-dependent
losses and refers to [17] for the its efficiency characteristics. In [11,18],
models of the battery’s voltage and state-of-charge (SOC) are used, but
it is not clear whether they consider the battery’s cell losses. Munzke
et al. present a detailed loss analysis of 12 PV and battery systems [19]
in a laboratory setup. The measurements in the referred work are
done on single sample days extracted from synthetic data and scaled
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Nomenclature
AQ Change in battery capacity
€ State variable for OCV approximation
Npait Round trip efficiency
Hen Charging efficiency
Neonw Converter efficiency
ncfo",ﬂu Curve-fitted conv. efficiency
Nais Discharging efficiency
My Battery system eff. with r(i,,;)
1R, Battery system eff. using R,
o 90% round trip efficiency
ot Battery system efficiency
Kpo/load PV to load energy ratio
Epou Battery energy capacity

IRM Battery system losses using R

1{; ’:fd Battery system losses using 7,
E, Battery system throughput
grid Power to/from the grid
ipart Battery current
fcelr Cell current
Ljimic Maximum converter current
M prings No. of parallel strings
Aol No. of series-connected cells
no, Total number of battery cells
Py Curve fit constant, n € 1-3
Pbatt Battery power
P Maximum converter power
Pc";’:b Minimum converter power
p}fm Battery resistance losses using R
DUy Exported PV power
q, Curve fit constant, n € 1-2
Oparr/ art Battery charge level
Qrated Rated battery capacity
O.n Battery charged energy [Wh]
Qyis Discharged energy [Wh]
el Cell capacity [Ah]
() Varying battery resistance
R, Battery internal resistance
rigt Curve-fitted internal battery resistance
el Measured cell resistance, f(i,.;)
s Converter loading [%]
S0C,, .« Maximum battery SOC
50C,,;, Minimum battery SOC
Upasr Battery voltage
upen Nominal battery voltage
uif/ld” Cell voltage (charge/discharge)
ueell Nominal cell voltage
ugone Mean operating converter voltage
F(igors SOC) Current and SOC dependent battery resistance

to full-year operation. Results include efficiency curves for different
power conversion pathways and conclude that the dominating losses
originate from the power electronic converters and emphasis the effect
of the partial load operation. However, the referred work treated the
internal battery losses with a constant round trip efficiency value.
Munzke et al. [20] list previous works on PV and battery systems and
conclude that the vast majority of the studies use simple fixed values to
represent the battery system’s (combined cells and converter)

“:e/ . Measured (reference) cell voltage

ulin Linear approximation of OCV(SOC)

uean OCV(SOC) approximation of mean value from
charge and discharge

RMSE Root-Mean-Square Error

R Battery resistance, R, or r(i..;)

AC Alternating current

DC Direct current

OoCcv Open-circuit voltage

PEC Power electronic converter

PV/pv (solar) Photovoltaic

SOC State of charge

efficiency, e.g., [21-23]. In [20], studies are identified which acknowl-
edge the load-dependency and models the efficiency characteristics of
the PEC, e.g., [24-27]. However, the referred studies, including [20],
treat the battery internal losses using a constant round trip efficiency.

To capture the loss characteristics of the battery cells under dynamic
operation, methods and models to predict the battery’s current and
voltage relation are available in the literature. Examples of this are
found for electrical vehicles (EVs) using a resistance [28] or resistance
network representation [29,30]. These representations are applicable
when studying fast phenomena >1 Hz. However, for buildings—with
less rapid changes—it is proven in [31] that a single resistance rep-
resentation is sufficient to represent the voltage—current relation in a
battery cell for slower current changes. Chaudhry also acknowledges
the scarcely treated subject of relating the battery’s internal resistance
variations to the current level, which is important [31].

A critical research gap is the lack of studies that quantify the effect
of the battery system’s partial load operation, that is, to consider the
load-dependent efficiency characteristics from both the power electron-
ics and battery cells and their effect on the system’s performance in a
residential building. To fill this research gap, this study presents battery
and converter loss models extracted from laboratory measurements,
applies these to a residential PV and battery system, and quantifies the
discrepancy using different existing battery system loss representations.
The proposed dynamic loss representation is compared to the com-
monly used round trip efficiency and a current dependent loss model
with a fixed battery cell internal resistance. Measured load and PV
data from the annual operation of a single-family residential building
is used for the base case. The study extends by varying the PV, load
and battery sizes to analyse the effect on multiple combinations in 16
cases for each loss representation. Another problem not discussed in the
literature is the limited data sheet descriptions. Often a single resistance
value is given, sometimes with a frequency where this value is valid,
and sometimes not. So, an essential question is: How valid is such a
value for loss representations?

This work aims to compare the effect of different battery system
loss prediction models by means of modelling the annual losses and
resulting system self-consumption. A relevant and realistic comparison
is achieved by including models of the efficiency characteristics for
the battery converter and cells, and apply these on measured PV and
load profiles for a residential building. To the best of the authors’
knowledge, no other studies are found that include the load-dependent
efficiency variations for both the PEC and battery cells and quanti-
fies the loss discrepancy between loss representations. The specific
contributions from this article are thus:

(i) Experimentally supported battery cell and power electronic loss
models, as a function of loading.

(ii) Demonstrating the loss models extracted from measurements,
here applied to a case of a residential building with PV and
battery storage.
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Fig. 1. The principle design of equivalent battery circuit with inductance, L, series resistance, R,, and n parallel circuits with resistance, R, and capacitance, C.

(1)

Fig. 2. Simplified equivalent battery circuit model [35].

(iii) Quantifying the loss discrepancies of three battery system loss
representations and their effect on the system’s performance.

(iv) Verifying the results in an extended analysis for a PV and battery
system, i.e., for a combination of PV, load and, battery system
sizes.

2. Battery loss modelling

An equivalent battery circuit model is shown in Fig. 1 for n num-
ber of parallel RC links. This model is typically used when studying
a fraction-of-a-second temporal resolution [32,33]. In this work, a
simplified circuit model is used neglecting the series inductance (L) and
the parallel-connected resistance and capacitor elements (RC) since
the temporal resolution of the available data is coarse enough to be
represented by full polarisation [34]. Fig. 2 shows the resulting Rint
battery circuit model [35] used in this work. This model consists of an
ideal voltage source to represent the open-circuit voltage (OCV), upcy,
and a series resistance, R, which describes the cell’s internal ohmic
resistance. The cell’s terminal voltage, u,,,, can then be approximated
from [36] as

Upart (1) = upcy () + ipa (DR (€Y

where i,,, is the battery cell’s current and defined negative for dis-
charging and positive for charging. This is a simplification that neglects
the hysteresis and voltage measurement noise.

The battery’s operating voltage is determined by the OCV, which is
a function of the battery’s state-of-charge (SOC). The battery’s SOC is
a representation of the charge content and calculated as
SOC(1) = Gpari (1) _ / ipan (D1 @)

Qrated rated
batt batt

where ¢, () and szjfd are the battery’s charge level and rated capacity
respectively.

2.1. Battery loss representation — constant ohmic

One way of representing the battery’s losses is to base them on the
internal resistance, R, and current [37]. The battery current, i,,,, varies
with the power charged or discharged, p,,,, and the instantaneous
battery voltage, u,,,, where the battery’s SOC level mainly governs the
latter. The battery current for each discrete time step, #,, is related to
the power and battery voltage as

Ppari (1)
Upar (i)

In case of m parallel connected strings and an assumed cell uniformity,
the cell current is calculated as

Poari (1) 1

Upart (tk ) mstringx

3)

Ipan (1) =

fen(t) = (€]
Assuming that the total battery current, iy, is divided equally on all
parallel strings, the power loss as a function of the battery cell current,
icon(ty), is defined as

R s 2
p[oss(tk) - ROlcell(tk) ncellmstrings (5)

where, R, is the cell’s constant internal resistance and #,,; the number
of series-connected cells per string. With this approach, the battery’s
ohmic losses, pf}‘;x are related to the current.

2.2. Battery loss representation — dynamic resistance

A battery has an internal resistance dependency as a function of its
current [38,39]. For this representation, the current-dependent resis-
tance is found through the voltage-current ratios at different charge
and discharge rates (C-rates), making it possible to establish the inter-
nal resistance variation per cell as a function of current. The current-
dependent resistance, r(i.,;), is calculated using the following relation

h (. dis (-
Ueg Geet!) = Uggp Ucerr)
2y (1)

where ”i?,,(iceu) and uifjl(ice,,) are the charge and discharge voltages
respectively at a certain SOC level for the current i_,;. The cell losses
are then calculated using (5) while considering the variation in the

internal resistance from (6) as a function of current as

©

r(icell) =

rGceir) i : 2
ploxs” = r(lfell)leell(tk) nccllmxtrings (7)
where i, is given from (4). Using (7), the loss determination utilises
the fact that the loss varies with the current squared and that the
internal resistance is set by the current found using (6).

2.3. Battery loss representation — fixed round trip efficiency

A fixed round trip efficiency is commonly used in the applied energy
genre. Examples of this are presented in technical studies of solar
photovoltaic and battery systems [2,5,6,15,40-42]. Here follows a brief
definition of these relations.
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Table 1
Technical specifications from the manufacturer of the
LiFePO, battery cell used for testing and modelling.

Parameter Value
Chemistry LiFePO,
Nominal capacity, Q¢! 12 Ah
Nominal voltage, Uc!! 32V
Charge/discharge cut-off voltage 3.65/2 V
Internal resistance, R, 3 mQ

Fixed charge and discharge efficiency’s, 5., and 5,;, respectively are
defined in [43,44] as

40(t;)
= 8
Nen(ty) 0.0 8)
Quis(t)
. = =45 K 9
Nais(ti) 20G,) ©

where AQ(t,) is the change in battery capacity (Wh), and Q.,(t,) and
Q,:5(t,) the charged and discharged energies respectively at time 7.

The fixed round trip efficiency, #,,,, without considering any
throughput dependency, is defined for instance in [43,44] using (8)
and (9) as

Qdix

Npatt = Men X Nais = Q (10)

ch

Thus, the battery losses assuming a fixed round trip efficiency and
identical start and end battery SOCs, are given as the difference in
charge and discharge energies as

) T T
E/"ed = / Ut iy (ndt — / ulls ()i, (Ddt (11
0 0

defined for the time period, T.
3. Battery & power electronic converter characterisation

As acknowledged in the literature, the losses from a battery stor-
age system basically originate from two sources: the cells and the
power electronics [5] needed to control the battery, both with load-
dependent loss behaviours [14]. Individual tests are made on a battery
cell and a power electronic converter (PEC) to accurately determine
these respective characteristics.

3.1. Battery cell

To accurately represent the battery’s characteristics, tests were done
on a single cell to establish the internal voltage as a function of SOC.
From this, it was then possible to determine the internal resistance
variation as a function of current using (6). Table 1 shows the technical
specifications given by the manufacturer for the LiFePO, battery cell
used in the laboratory tests.

3.1.1. Open-circuit voltage and resistance determination tests

To establish the relation between battery SOC and voltage, uy,,,
charging and discharging of the battery cell were done using a 0.12 A
current (0.01 C). The lower C-rate was chosen as per recommendation
from previous works [36,45,46] to reduce the dynamics excited in the
cells. The test was done for the complete SOC interval (0%-100%) at
room temperature using a Gamry REF 3000 and a PEC ACT 0550 instru-
ment. Further measurements were conducted in the range 0.36-18 A
(0.03-1.5 C) to determine the resistance value for higher currents to
cover the battery system’s operating range in a residential application.
The results were then fed into (6) to determine the internal resistance
dependency as a function of the battery current. The same resistance,
r(ion), is assumed for charge and discharge in this work.

Journal of Energy Storage 70 (2023) 108048

Table 2
Modelled relation between the battery’s current and internal resistance,

cell

o surea icen) for @ single-variable resistance representation.

Current, i,,; [Al C-rate [Ah~'] reell vedlic) Q]
0.12 0.01 185.4

0.36 0.03 78.3

1.2 0.1 36.1

2 0.17 29.0

3 0.25 23.6

6 0.5 19.1

12 1.0 14.0

18 1.5 11.0

3.1.2. Results — open-circuit voltage

The result from the charge and discharge measurements outlined in
Section 3.1.1 is shown in Fig. 3 together with the battery’s SOC limits
used in the system modelling (15%-90%). The selected SOC range
allows for a stable voltage output to the battery converter. The cell
has a significant difference between the OCV for charge and discharge,
caused by a significant hysteresis effect which is confirmed in other
studies on the same battery chemistry, LiFePO4 [38,39]. To account
for the observed difference in voltages during charge and discharge, a
linear approximation of the OCV, as the average value from charge and

discharge [36] (“f;ic"v) is given as

u'" (SOC) = 0.00133 x SOC + 3.234 (12)

ocv

for the operating range V15% < SOC < 90%.

3.1.3. Results — resistance determination

Using (6) and the average value for SOC €15%-90% for different
C-rates gives the relation between the battery’s internal resistance, r,
and current, i, as presented in Table 2. The measured resistance as
a function of current can be expressed with a curve fit as

2 .
Pitiy + Palcens +P3

icell +4q;

where the numerical values (p;—p; and ¢;) are shown in Table A.4. The
measurements and resulting curve fit are also shown in Fig. 4 together
with the data sheet value, R, from Table 1. There is an explicit current
dependency on the resistance value, especially prominent for low C-
rates. It is also evident that the resistance value given in the data
sheet (3 m«) does not accurately represent the internal resistance and
is significantly erroneous at low C-rates. Even at a C-rate of 1.5, the
internal resistance value is more than three times the value given in the
data sheet. Results from a high-frequency Electrochemical Impedance
Spectroscopy (EIS) sweep showed that the resistance in the range of 1-
10 kHz was around 2 m£, i.e., in fact even lower than the data sheet
value [34] also for low currents. Accordingly, the effective resistance is
much lower for an application with high-frequency content. However,
in the building application investigated here, assuming full polarisation
in the battery cells, the data sheet value becomes far too low, as can
be noted in Fig. 4. Fig. 4 also shows the cell losses using r(i.,;) and the
tabulated internal resistance, R,, where it is evident that the current
is the driving force for the losses, and when ignoring the resistance’s
current-dependency, that is, using R, the losses are underestimated.

’{;:;(icell) = (13)

3.2. Battery model verification

To quantify the accuracy of the Rint battery models, the measured
current from Section 3.1.1 is used to calculate the cell voltage and
are then compared with the measured (u:el l). Five battery models are
evaluated:

* u'i" + Ry — linear approximation of the open-circuit voltage (OCV)

as a function of SOC (see Fig. 3), and with the internal battery
resistance, R, from the data sheet, see Table 1.
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(data sheet value). The resulting cell losses using r(i.;) and internal resistance, R, (red lines). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

uli" 4+ r(i.;;) — linear OCV approximation and with current-
dependent resistance, see Table 2.

unea + Ry — OCV approximation of the mean value of charge and
discharge (see Fig. 3) and R,

ule™ +r(i.,;;) — mean OCV approximation and current-dependent
resistance.

U +r(i 3 SOC) — mean OCV approximation and acknowledg-
ing the resistance’s SOC [47] and current dependency. The SOC
dependency is found for the modelled SOC range using (6) and

calculated for each measured current.

Fig. 5 shows the measured (u:e”) and the modelled voltages. In
Fig. 5(a), the results are shown for the whole measurement period using
the mean OCV approximation (¥2%’"), and in Fig. 5(b), a close-up is
shown for i.,; = 0.36 A. Using R, underestimates the voltage during
charge and overestimates it during discharge, a finding valid for all cell
currents. Using «/*?" from Fig. 3 gives an accurate representation of the
curve shape, but for R), the modelled voltage has an offset from the
measured values. This offset thus confirms that the data sheet value for
R, is inaccurate for modelling the voltage profile for a single-resistance
loss model. For the Rint model with a current-dependent resistance
(r(ie1)), the values align better with the measured voltages. Similarly,
in Fig. 5(c) with the linear OCV approximation, the single-resistance
model using R, gives an offset to the measured voltage.

The modelled discrepancy from the measured cell voltage is quan-
tified by the Root-Mean-Square Error (RMSE) in Fig. 6. As aforemen-
tioned, the negligence of the resistance’s current dependency results in
the most significant discrepancies from the measured voltages. For the
linear and mean approximations, the RMSEs are 38.3 and 37.3 mV, re-
spectively. The resistance modelling has a much more significant effect
on the discrepancy than the OCV approximation. Also, the inclusion of
the SOC dependency only marginally improves the modelled accuracy
(1.4 mV), comparing the last two bars.

3.3. Battery converter

The connection between the PV array and the battery storage can be
made via AC or DC coupling, where the common point of connection
in the former case is AC and DC in the latter, both configurations
offering different advantageous [48,49]. The battery converter can also
have a single or two-stage topology, where for a single-stage converter,
the battery is connected directly to the converter’s DC link, whereas,
in a two-stage topology, a DC/DC converter regulates the voltage to
boost the DC/AC conversion performance [50]. This work studies an
AC-coupled system.

To get the full efficiency characteristics of the battery converter,
measurements were made on a bidirectional 14 kVA transformerless
AC/DC converter with a neutral point clamped (NPC) topology. The
DC side voltage was fixed during the measurements at +380 VDC and
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Fig. 5. Measured (), thick black line, and modelled cell voltages for the measurement period (a) and a close-up (b) for i.; = 0.36 A, both using the mean OCV approximation,
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Fig. 6. Root-mean-square error (RMSE) from measured cell voltage for the compared
models.

the AC side voltage at 400 VAC RMS at 50 Hz. Table 3 shows the
technical specifications of the converter. Measurements were registered
over the whole working interval, using a Norma D6100 A 3-phase
power analyser for the AC quantities and a Yokogawa WT1600 for the
DC side. The efficiency was then calculated with a 0.2% uncertainty.

Table 3
Technical specifications of the AC/DC power electronic
converter.

Parameter Value

Power rating 14 kVA

Voltage (RMS, AC side) 400 VAC

Maximum current (DC side) +20 A

Voltage (DC side) +380 VDC (nominal)

3.3.1. Results — power electronic converter measurements

From the measurements outlined in Section 3.3, a curve fit is done
to obtain the efficiency characteristics as a function of loading. The
curve fits is done to the polynomial

PSS+ Py (14)

L) = =
sc+sq +q

conv

where s is the converter loading, in percent of rated power, and the
numerical values are presented in Table A.5. Fig. 7 shows the mea-
surement points and the curve-fitted efficiency characteristic, n{;,',v from
(14). Worth noting is that for <10% of rated power operation, a sig-
nificant efficiency drop must be acknowledged for accurate converter
modelling.

4. Applied case & system modelling

To quantify the effect of the three battery system loss representa-
tions, these are applied to a use-case of a single-family building and
evaluated for a full year’s operation.
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4.1. Case setup

The applied case for system performance evaluation is a single-
family residential building located in Boras, Sweden. Measured data
of the load usage and PV generation with a temporal resolution of
15 min are used as a basis for this study. The annual load usage in 2016
was 6354 kWh, and the PV array with 3.68 kWp generated 3113 kWh
(846 kWh/kWp). Fig. 8 shows the daily energy amounts.

Several PV and load sizes were derived from the reference case to
extend the case analysis. If the reference PV array size (3.68 kWp) is
denoted 1 PV and equals 50% of the annual energy demand (k500 =
0.5), the other array sizes used are 2 and 4 PV. Furthermore, two load
cases are included; ‘low’ (1 Load) and ‘high’ (2 Load). To summarise,
the analysis includes the following scenarios:

A. 1 PV/1 Load; /100 = 0.5
B. 2 PV/1 Load; K000 = 1.0
C. 2PV/2 Load; k10 = 0.5
D. 4 PV/2 Load; K,y/ipeq = 1.0

where B. equals a net-zero energy building x,,/,0¢ = 1.0, C. the same
PV-to-load ratio as the reference case but with an increase power
throughput from both PV (charging) and load demand (discharging).
And D. that combines the net-zero case with an up-scaled PV and load

scenario.
4.2. System modelling

The scaling from battery cell to pack level is done by matching
the nominal battery voltage, Ul with the mean operating voltage,
U,on”?, of the measured converter (see Table 3) to give the required
series-connected cells, n,;, of the cell-type tested in this work. The

number of cells is given by the ratio

Uconv, Jj

nom
Ueell (1 5)

nom

Reent =
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where U¢¢!! is the nominal cell voltage from Table 1. The battery energy
capacity is given as

_ greell cell
Ebmt - Uy,gm Neelr Qnom mstrings (1 6)

where Q°!! is given from Table 1. Using the converter’s nominal
voltage and m,;,,; € 1:2 and the ”big cell” approximation [51] give
two battery sizes; 9.1 kWh and 18.2 kWh. The maximum battery power
(priax for charge and discharge) is restrained by the PEC and in this
work, two sizes are modelled; 3.6 kW and 7.2 kW. Where the former is
the size of the PV array in the reference case (see Section 4.1) and the
latter a doubling to match the "2 PV’ case.

The battery system operates according to the ”Target Zero” dispatch
algorithm adopted from [52], and Algorithm 1 describes its operation.
Here, #,,, represents the combined efficiency for the battery cell and
converter, or the fixed round trip efficiency depending on the modelled
representation. The maximum and minimum values for the battery’s
SOC levels are denoted SOC,,, and SOC,,,, respectively, and the
instantaneous SOC as SOC(r). Minimum and maximum battery power
throughput’s are defined as P™" and P™%* respectively. P™" is set to
1% to avoid the initial loss peak from the converter as seen in Fig. 7.
The battery pack voltage, u,,,(t) is compensated for in the next time
step using the internal resistance, R as either R, or r(i.,;), depending
on the representation.! Lastly, the battery’s SOC level is adjusted for
the next time step using (2).

Algorithm 1: Battery dispatch

if pv(t) < load(t) then
if SOC(t) > SOC,,;,, & max[SOC,,;,—SOC(t), pv(t)-load(V)]
< —Pmn then
Pran(®) = max[SOC,,;, — SOC(L), pu(t)—load(t),

—Plonol/thors
grid(t) = ppa (0 + load(t) — pu(t);
€ =-1;
else
| grid(t) = load(t) — pu(t)
end
else
if SOC(t) < SOC,,,, & min[SOC,,,. — SOC(D), pv(t)—load(t)]
> P™i" then

conv

Ppar () = max[SOC,,,, — SOC(1), pv(t)—load(t), P Tn,,;
PUeyp(1) = pu(t) — load(t) — pyg, (1);

e=1;
else
| PUex, (D) = pv() — load(t);
end

end

ipart (1) = Dpars () tpay ();

Upat HHAD) = upey (1) + Ripy, (8;
SOC(t+4t) = SOC(H) + [ g (Ddt/Q"%e;

batt

In the modelling, the losses for the round trip efficiency represen-
tation are given by (11). For the other two representations outlined in
Sections 2.1 and 2.2, the battery system losses are given as

L4
e[ggg(t) = / (Rige”(t)ncellm:tring + [1 - nconu(t)]pbatt(t))dt (17)
5]

where R is either taken from the data sheet as R, (see Table 1) or from
the measurements as a function of current, r(i.,;) (see Table 2). 5,,,,(®)

1 This is only done for the Rint representations having a voltage—current
dependency. Thus, no voltage compensation is made when using the round
trip efficiency.
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Fig. 9. Loss split between converter and cell losses using P;>"? = 3.6 and 7.2 kW and
with a varying resistance, r(i.,;), over the battery system’s loading range.

is the power electronic converter efficiency (see Fig. 7) and p,,,(t) the
battery power. Using (17), both the cell’s and the power electronic
converter’s losses are thus accounted for.

Fig. 9 shows the share of converter and cell losses for the 9.1 kWh
battery for P¢”"? = 3.6 and 7.2 kW, and with an internal resistance as
a function of current using (6). The coloured areas show the split over
the converter loading for P¢”"? = 3.6 kW and the dashed line the shift
in the loss split for P¢%" = 7.2 kW. At lower loading, the losses are
dominated by the converter’s performance. However, as the loading
increases, the cell losses become more prominent and driven by the
increased current and better performance of the converters at higher
powers, see Fig. 7. At full converter loading, the loss share becomes
60%; thus highlighting the necessity to account for these to have an
accurate loss representation.

5. Results — applied system case

The effect of the three loss representations on the system’s perfor-
mance is evaluated for the case described in Section 4.1, using the
modelled procedure outlined in Section 4.2. The results for the fixed
round trip model include the combined losses from the battery’s PEC
and cells. In this work, 5z is set to 90%, which is typically used in
related works, e.g., [2,7,13,53]. The load-dependent representations
are modelled with a fixed and current-dependent resistance (75, and
f,(;) respectively) and with the PEC’s load-dependent efficiencies from
Fig. 7.

The results from Section 3.2 show marginal improvements using the
mean values from charge and discharge for the OCV approximation
(uZ’:“") compared to the linear (uf)"c"u). Thus, the latter is used in the

11
system performance evaluation.

5.1. Cell current and resistance

The distribution of cell currents from annual operation of the refer-
ence case (1 PV/1 Load) are shown in Fig. 10(a) with P{"’ = 7.2 kW.
Higher peak values are consequently observed for the smaller battery
(9.1 kWh). This, as the assumption of cell uniformity distributes the cur-
rent equally in the strings (for m,,,, > 1) as per (4). Numerically, the
average annual currents are 1.0 A and 0.51 A for the smaller and larger
size, respectively. This difference in current is reflected in the resistance
distribution (Fig. 10(b)), where the annual average resistance is >50%
higher for the larger battery size. The resistance distribution shows that
a single value does not accurately represent the battery’s characteristics
as it fails to capture the variations. Furthermore, comparing the annual
averages, r(i..;)"=", with the data sheet value, R, shows that the latter
greatly underestimates the internal resistance throughout. Thus, using
a single (fixed) resistance is inaccurate for modelling the battery losses.
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5.2. Annual battery system losses

The aggregated annual battery system losses are shown in Fig. 11
for E;,, = 9.1 kWh (Fig. 11(a) and Fig. 11(b)) and E,,, = 18.2 kWh
(Fig. 11(c) and Fig. 11(d)). For the Rint models, the losses are sep-
arated between the converter and cells, with most losses originate
from the converter, as concluded in [19,50]. For neither of the 16
modelled scenarios is the Rint model with R, accurate to estimate the
annual losses, with a relative loss discrepancy of —20.5 to —38.6%/a
(or 35-112 kWh/a) compared to proposed benchmark model using a
current-dependent resistance variation. Together with the findings in
Section 5.1, it is fair to conclude that when using the Rint model, the
resistance’s current dependency must be acknowledged for an accurate
estimation of the battery’s performance. Using ”?on% gives a proportional
relation between losses and battery throughput and marginal effect
from the converter size when ignoring the load-dependent character-
istics. Relative to the benchmark model, the loss discrepancies vary for
the modelled scenarios; -5% to 17% for the smaller and 3%-29% for
the larger battery.

5.3. Battery cell loss share

As shown in Fig. 11, the cell’s loss share is significant, and the
relative influence varies with the modelled cases (A-D) and battery
system sizes. Fig. 12 shows the ratios per battery and converter sizes
for the current-dependent resistance representation. Larger battery
powers—going from case A to D—shift the operation to higher loading.
This shift results in an enhanced effect from the cells, as seen in Fig. 9.
When comparing the two sizes for the same case and converter size,
it is clear that the larger battery has a lower loss share from the
cells. Analysing the converter loading’s probability distribution shows
similar conditions and thus excludes the effect from the converter.
The variation in cell current—from the difference in parallel strings—
instead explains the difference (see Fig. 10(a)). For the smaller battery
(9.1 kWh), all cells are modelled in one string (m,,;,,; = 1), while for
the larger battery, two strings are modelled in parallel. These parallel
strings divide the battery current equally during operation and thus
halve the cell current, i ,;, as per (4). As the current drives the cell
losses (see (7)), the larger battery has lower losses for the same power.
From the annual average converter loading and loss shares, the results
are fitted to the loss ratios from Fig. 9, as seen in Fig. 13. The added
lines for the larger battery confirm that the battery with two parallel
strings has lower relative cell losses for the same power. To conclude,
the results show that the battery losses cannot be ignored and that the
loss-shares exceed 40% for the proposed Rint benchmark model with
its current-dependent resistance.

6. Conclusions

This work performs a comparative study of the technical perfor-
mance of a PV and battery system using three loss representations: two
Rint battery models and one using a (fixed) roundtrip efficiency. One
of the Rint models use experimentally obtained values of the battery
cell’s resistance as a function of current and the battery converter’s
efficiency characteristics. The loss representations are modelled for a
single-family residential building to quantify the annual losses. The
results highlight the importance of having an adequate battery system
loss model when evaluating the performance under varying operating
conditions and that the cell losses must be accounted for accurate loss
modelling.

Measurements on a LiFeP0, battery cell show a substantial varia-
tion in internal resistance as a function of current, and that the data
sheet value does not give an accurate representation at any point
of operation. The proposed Rint battery model with a linear OCV
variation of SOC and current-dependent internal resistance has proven
accurate for modelling the cell’s voltage characteristics. The efficiency
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Fig. 10. Distribution of (a): battery cell currents, i, and (b): cell resistance, r(i ;) and data sheet resistance, R,. Included are also the average cell currents (i

resistances (r(i;;)™=") from annual operation.

characteristics of the battery converter also support the necessity of
accounting for the load variations as the power dependency is evident.

Results show that neither a round trip efficiency nor the data
sheet (fixed) resistance representations accurately estimate the battery
system’s annual losses. The Rint model using R, fails to give accurate
results for all studied scenarios. Despite considering the quadratic loss
dependency, a single (fixed) resistance is insufficient, and the annual
loss discrepancy is—at worst—38.6% for the studied scenarios. As for
the round trip representation, the discrepancy depends on the mod-
elled case and battery system size. Without pre-modelling knowledge,
choosing an adequate round trip efficiency is thus tricky.

The results also prove that cell losses cannot be ignored and that
its effect enhances with increased converter loading. For the studied
scenarios, the cells’ contribution range between 22%-45%.

Above all, the results show that a single-resistance Rint model using
the data sheet resistance or a fixed round trip efficiency is inaccurate
for determining the battery system’s losses. The modelling approach
presented here is strongly proposed for future studies of efficiency and
or losses of battery systems. The experimental setups and modelling
approaches are generic and can thus be applied to other battery chem-
istry or converter types and are not limited to the ones examined in
this work.
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Appendix. Numerical values for curve fits
The numerical values for the curve fits presented in (13) and (14)

are shown in Table A.4 and Table A.5 respectively, together with the
statistical significance of the curve fits.
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Table A.4
Numerical values from the curve fit for inter-
nal resistance variation in the battery cell as
a function of current.
Coefficient Value [-]
2 -0.4651 x 1073
Dy 17.96 x 1073
P 23.02 x 10-3
a 15.79 x 1073
R? 1
RMSE 0.5171 x 1073
Table A.5
Numerical values from the curve
fit of the battery’s power electronic
converter.
Coefficient New
P 4522
P —-6.657 x 1074
Q 45.49
@ 0.155
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