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Operational Validation of a Power Distribution Algorithm
for a Modular Megawatt Battery Storage System
Lucas Koltermann,*[a, b, c] Kevin Jacqué,[a, b, c] Jan Figgener,[a, b, c] Sebastian Zurmühlen,[a, b, c] and
Dirk Uwe Sauer[a, b, c, d]

Large-scale battery storage systems have become popular for
various grid services in recent years. A worldwide market
growth for battery storage has led to increased competition in
several grid service markets. Modular large-scale battery storage
systems require a safe, highly available, and intelligent energy
management system (EMS) in order to be economically
competitive. One component of this EMS is the control for
distributing the power requests between individual battery
units of the large-scale battery storage system. As the EMS is
usually undisclosed intellectual property of the system manu-
facturers, there is only little information on real-world operation
available. To contribute, we present a rule-based power
distribution algorithm (SPDA) in this paper and validate it
through field tests on a 6 MW/7.5 MWh system that is providing
frequency containment reserve to the German power grid. The
results show that especially when combining different battery

technologies, the SPDA can exploit individual technological
strengths. In this way, the state of charge of the batteries,
energy throughput and power load of the batteries can be
controlled to extend the lifetime. Moreover, the SPDA managed
to shift nearly 80% of the energy throughput to one battery
unit to protect less cyclic stable batteries and make use of the
advantage of cyclic stable battery technologies, while fulfilling
all grid service requirements. By shifting those large quantities
of the energy throughput to more cyclic stable battery units,
the large-scale battery storage system experienced in sum up
to 45% less cyclic aging with the SPDA than with a symmetrical
power distribution algorithm. Furthermore, the operational
efficiency of a large-scale battery storage system can be
significantly improved via additional software adaptations of
the power distribution, depending on the system layout.

Introduction

In order to successfully accomplish the energy transition,
various energy storage technologies will be needed in the
future to ensure the energy supply and grid stability.[1] Battery
storage is one option that is already in use and gaining more

importance in the future. Currently, stationary battery energy
storage systems (BESS) are used for the provision of frequency
containment reserve (FCR), the fastest national frequency
regulation market in Germany.[2,3] Besides FCR, other applica-
tions are also available and potentially economical for BESS.[4]

On the one hand, front-of-meter applications like ancillary
services, spot market trading, grid boosting, grid voltage
regulation or island operation are areas for large-scale BESS.[5–8]

On the other hand, behind-the-meter applications like peak
shaving, increase of self-consumption or uninterruptible power
supply are implemented with battery storage systems.[8,9] For
large-scale BESS, ancillary services are currently mostly
chosen.[3] Due to the batteries’ fast response time, market
applications with a requirement of a faster reaction time like
enhanced frequency response in the UK market are also
feasible.[10]

To enable this large variety of applications and quick
development of large-scale BESS, the energy management
system (EMS) of the BESS is a key factor. The EMS can be
adjusted for the different applications and also enables to
incorporate additional features and improvements of the BESS
via continuous software development. For BESSs with multiple
battery units, an essential part of the EMS is a power
distribution algorithm (PDA) which decides when which battery
unit has to charge or discharge. The PDA can thus control
energy throughput, C-rate of the battery units and the state of
charge and thus influences the aging and efficiency of a large-
scale BESS. The economics of BESSs can consequently be
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improved in terms of durability and lifetime as well as
minimizing energetic losses.

The influence of the EMS and PDA software creates a need
for further research and development in this field.[8]

As the power distribution algorithm (PDA) is part of an
energy management system (EMS), the section about energy
management systems outlines those and their developments.
After that, factors of battery aging are discussed in section
“Battery aging”, since the PDA is supposed to have a positive
influence on this. Finally, in section “Large-scale BESS M5BAT”,
background information on the modular multi-megawatt
medium voltage battery storage system (M5BAT) BESS is
presented that is used during the presented PDA field test.
Since the BESS continuously provides FCR in all tests, FCR will
briefly explain in the following section about FCR.

Frequency containment reserve

To keep the European interconnected grid stable, there are
several types of control reserve.[11] FCR is the control reserve
with the highest response time requirements.[12,13] Since battery
storage easily meets the response time requirements, they are
particularly well suited for FCR.[13] In Germany the provision of
FCR follows a characteristic power curve, which is a linear
function of the frequency deviation, defined by the trans-
mission system operators.[14] Within this curve degrees of
freedom (DOF) like 20% overfullfillment or the use of the
deadband are allowed.[12,14,15] In this study the DOFs are not
used.

The target grid frequency in the European grid is 50 Hz. The
deadband is �10 mHz around 50 Hz. Within this zone no
action is required. For grid frequencies lower than 50 Hz the
FCR provided has to supply the power to the grid or discharge
the battery unit. Charging the battery unit or taking power
from the grid has to be done at frequencies above 50 Hz. At
50.2 Hz 100% of the offered FCR power has to be taken prom
the grid while at 49.8 Hz 100% of the offered FCR power has to
be delivered to the grid.[12,14,15]

Energy management systems

All BESS consist of one or often more different battery units.
Especially in modular and hybrid BESS with multiple battery
technologies the usage leads to a more complex control.[6,7,16–20]

Therefore, an EMS is required to ensure that all battery units
operate reliably.[16,17,19] Within an EMS, a PDA controls reliability,
efficiency, battery aging and battery load. PDAs undergo only
little investigation as they are typically not disclosed by storage
system operator in order to be competitive in the markets.

Nevertheless, theoretical work on optimizing a PDA has
been performed with a focus on energy efficiency.[21] The work
by Chol et al. showed benefits in efficiency for frequency
regulation services for a BESS in Korea. They showed system
wide benefits but no battery individual advantages.[22] Mühlba-
uer et al. investigated and tested power flow control strategies

and validated their model in lab-scale tests.[23,24] Moreover, they
performed further optimization in simulations to their PDAs.[25]

In addition, Schimpe et al. developed and tested a PDA in a
field application.[26] The optimization they performed does only
include the reduction of operational time of a second power
unit. Next to those developments and evaluations large-scale
field tests have not been shown and most developments focus
on energy efficiency of the overall system. The potential
advantages on operation and battery level are missing in the
literature. The development and field testing of the EMS
including the PDA address this gap. The developments are
applied at the multi-technology BESS M5BAT, where they
directly influence efficiency and reduce battery aging. The
results of these investigations also provide the corresponding
field results for other battery storage operators and EMS
developers.

Battery aging

To increase the economic value of a BESS, the battery aging is
the crucial part of this. Many different factors influence the
battery aging and have already been investigated. For a BESS
and the PDA, the aging factors should be taken into account.

Usually, the aging of batteries is divided into calendar and
cycle aging. While calendar aging describes the aging that the
battery has without operation, cycle aging refers to any kind of
energy throughput.[27] showed in their work that the temper-
ature is influential to calendar aging but the storage state of
charge (SOC) is one main driver of battery aging. In further
testing procedures on different battery technologies, they
confirmed the aging factors of SOC and temperature but
showed the technology specific aging intensity.[28] For lithium-
ion battery, high SOCs lead to accelerated aging, while for lead-
acid batteries low SOCs increase aging. However, high temper-
atures lead to higher aging rates for both technologies. For
cyclic aging, the mean SOC and the Depth of Discharge (DOD)
plays a major role.[29,30] After aging tests[31] implemented an
aging model and summarized the main aging factors for
calendar aging to temperature and battery voltage while
storage or SOC while storage.

For cycle aging, they pointed out the mean SOC, the DOD,
the current rate (c-rate) and thus the energy throughput.[31]

High DODs, high c-rates, and a high energy throughput
accelerate the aging for examined both for lithium-ion and
lead-acid batteries.

Hence a PDA must take the major aging factors into
account to gain improvements.

Large-scale BESS M5BAT

The PDA proposed in this paper is specific developed on the
M5BAT BESS, on which earlier research has been
undergone.[16–20,32,33] Like shown in previous reports,[18,19] the
M5BAT BESS consists of ten battery units with individual
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inverters, which are connected to 5 transformers. In Figure 1,
the basic structure of M5BAT is visualized.

The ten battery units have different sizes in energy storage
capacity and are designed for different lifetimes in terms of
cycle stability and calendar lifetime. The technical descriptions
of the batteries are presented in Table 1. The introduced
acronyms and shortened acronyms will be used in the results
chapter. The battery units consist of three lithium-ion technol-
ogies and two lead-acid technologies. The lithium-ion-technol-
ogies are lithium-manganese-oxide (LMO), lithium-iron-
phosphate (LFP) and lithium-titanate-oxide (LTO). The two lead-
acid technologies are lead-acid batteries with liquid electrolyte
(OCSM) and sealed lead-acid batteries with gelled electrolyte
(OPzV).

The parallel structure of all battery units and inverters give
the M5BAT BESS an advantage in terms of availability while
making the efficiency a challenging topic.[34] The inverter
efficiency of M5BAT has already be investigated before.[33] The
low efficiency of the inverters at low loads (lower than 10% of

the nominal load) led them to introduce a inverter threshold
power and an inverter hysteresis power.[16,20,33] Figure 2 illus-
trates their findings and solution. The inverter threshold power
is marked in green in Figure 2 and is set to approximately 10%
of the inverter nominal power which corresponds to 70 kW at
M5BAT. The inverter hysteresis power is marked in red in
Figure 2 and is set to approximately 30% of the nominal power
which corresponds to 190 kW. The losses decrease when less
inverters are used with higher loads instead of more inverters
with lower loads.

Only if the overall system target power is less than 70 kW,
an inverter is still charged with power generation regardless of
the losses, since this is contractually necessary for the fulfill-
ment of FCR provision. In the case of a target power larger than
190 kW, several inverters can be used, provided that each
inverter provides more than the inverter minimum power. If
several inverters are used, the power is distributed in the
respective stage according to a percentage weighting from the

Figure 1. Basic structure of M5BAT own design according to previous research.[18,20]

Table 1. Technical battery description of the battery units and technologies of M5BAT.[19,20,32,34]

Battery unit Technology Acronym Short Wiring Voltage range
per cell [V]

Nominal energy
at 1/3 C [kWh]

Nominal capacity
at 1/3 C [Ah]

Nominal number
of cycles

1 OCSM Pb1 P1 300s1p 1.7–2.4 1066 1776 1500
2 OCSM Pb2 P2 300s1p

(299s1p)
1.7–2.4 1066 1776 1500

3 OPzV Pb3 P3 308s2p 1.7–2.4 843 1368 2400
4 OPzV Pb4 P4 306s1p 1.7–2.35 740 1209 2400
5 LMO/NMC LMO1 L1 192s16p 3.0–4.12 774 1088 6000
6 LMO/NMC LMO2 L2 192s16p 3.0–4.12 774 1088 6000
7 LMO/NMC LMO3 L3 192s16p 3.0–4.12 774 1088 6000
8 LMO/NMC LMO4 L4 192s16p 3.0–4.12 774 1088 6000
9 LFP LFP L5 240s10p 2.8–3.45 923 1200 5000
10 LTO LTO – 312s32p 1.5–2.8 230 320 >12000
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sorting size, e.g., SOC or time to charge/discharge (see section
“Modular staged-rule-based power distribution”).[16,20,33]

In this work, we took the previous findings into account to
develop and test a new modular-staged rule-based power
distribution algorithm (SPDA). Thus, technology-specific advan-
tages can be reasonably exploited in the operation of the BESS.
As basic information for the calculation of the power distribu-
tion, the state of charge (SOC), the availability status (active,
silent, stop) and power forecasts are transmitted from the
battery management systems (BMS) of the individual battery
units to the supervisory control and data acquisition (SCADA)
system. As an input for the PDA, power forecasts of the battery
units are made by the EMS. These power forecasts consist of
power values (for each charging and discharging direction) the
respective battery unit can provide for a certain time.

In the experimental section different PDAs are explained
and a new SPDA is introduced. Moreover, some boundary
conditions or additional algorithm parts are explained. The
testing procedures and testing times are also discussed. There-
after, in the results section, the overall test data is analyzed and
the comparability is investigated. On the basis of five tests, the
functionality of the new algorithm is demonstrated and the
method of operation is shown and evaluated in Section
“Evaluationof the power distribution algorithm”.

Experimental Section: Power Distribution
Algorithms
In the following, three power distribution algorithms and the
testing procedures are presented. In addition to symmetric power
distribution, the status quo PDA of M5BAT of the last years is
presented for reference.

In order for a PDA to be activated, a target power value must be
determined by the system. As can be seen in Figure 1, one single
power value is required from the entire BESS. In the case of FCR
service, the target power is set as a function of the grid frequency
deviation. This power has to be provided by the BESS within 30 s in
order to fulfill the FCR service. The PDA distributes the required
power among the battery units. As shown in Figure 1, the target
power calculation and the PDA runs on a programmable logic

controller (PLC). The PLC gives commands to the inverters which
charge or discharge the battery units as requested.

Only active power is taken into account in the overall power
distribution. The required reactive power is always distributed to
the currently active unit. If no unit is active, the power is
distributed to available units.

Symmetrical power distribution

The simplest form of a PDA is a symmetrical power distribution. In
this case, the target power is divided equally among all available
battery units. Here, the computational effort is minimal, but the
efficiency of the system and technology-specific properties are not
taken into account. Due to the low efficiency of inverters at low
load, symmetrical power distribution is not ideal even for modular
BESS with the same technology. A different algorithm should be
chosen for the benefit of the battery units or the application.

Status quo power distribution

For a BESS to provide FCR, an algorithm to maximize the
provisioning time is more appropriate than symmetric power
distribution. In order to apply this algorithm, power forecasts for
certain periods of time are required from each battery unit. The
algorithm is thus dependent on the accuracy of the power
forecasts. In Figure 3, a flowchart for the status quo algorithm is
shown. Due to the sorting of the battery units by their power
provision time the algorithm ensures that the BESS is as long as
possible available for power requests. Thus, it is suitable for FCR
providing assets, because according to the PQ condition, a
minimum amount of energy and minimum power must be kept
available for the delivery of FCR.[12] If a certain limit is reached, the
SOC must be adjusted appropriately.[16]

For the M5BAT BESS the status quo algorithm was implemented
according to Equation (1) and Figure 3. The available power
forecasts for each battery unit for 60 min (prognosisunit 60minð Þ) and
the instantaneous power forecast (prognosisunit instantð Þ) were used.

tunit ¼
prognosisunit 60minð Þ

prognosisunit instantð Þ
(1)

After the calculation of the power output time (tunit) for each
battery unit, the battery units are sorted according to the charging
or discharging time with a hysteresis of 6 min. The hysteresis

Figure 2. Left) Inverter efficiency curve; Right) effect of the use of an inverter power threshold on the losses at the inverters.[16,33]
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prevents the system from switching between different battery units
if they have nearly the same sorting value. The hysteresis value is
adjustable. The sorting according to charging or discharging times
is dependent on the power request.

The status quo power distribution algorithm and the output quality
is thus reliant on the quality and availability of the power forecast
values of each battery unit. In addition, the algorithm dispropor-
tionately favors battery units with a high energy to power ratio
(EPR). A battery unit with a large energy content but low efficiency
would take over a large share of the energy throughput.

To improve the named disadvantages the modular SPDA was
developed and tested.

Modular staged-rule-based power distribution

To take advantage of different battery technologies, the operation
of the different battery units must be adapted to the individual
battery aging behavior, battery efficiency and availability (see[19,32,34]

and “Evaluation of the power distribution algorithm”). The staged
rule-based power distribution algorithm (SPDA) is designed to use
the battery units in a way that power output, efficiency and aging
are optimized and therefore the economic benefit of the battery
storage increases.

The SPDA consists of four prioritization levels. In Table 2, the four
levels of the algorithm are introduced with their boundary
conditions, while in the following sections every level is explained
individually.

Several SPDA levels can be activated separately and independently
for each battery unit. Level 3 is always active by default, cannot be
disabled, and serves as the last instance for all units. Power
distribution always starts at level 1 and only a target power is
passed to the next prioritization level if the previous prioritization
level could not distribute all the power.

The flowchart in Figure 4 shows how each level of the SPDA is
performed. Before all calculations are made, the boundaries from
Table 2 are checked. Only if the boundaries are met the level of the
SPDA is activated and otherwise the power request is passed on to
the next level. If the boundaries are met, the sorting variables are
calculated. The sorting variables are different for each level an

explained in the following sections. After sorting the battery units
by the calculated sorting variables, the power is distributed. If the
full power request could not be handled by this level, the
remaining power request is hand over to the next level.

The individual levels are described in the following sections, but
refer back to the state diagram in Figure 5. The diagram in Figure 5
shows for each level of the SPDA two exemplary battery units and
two different states. State 1 is always the starting state and State 2
is the ending state. The change in between is only valid for a
discharging process.

Level 1 (cyclic prioritization)

For prioritization level 1, a power limit and an SOC band must be
defined for the battery units of this level (green areas in Figure 5).
If the battery unit for which level 1 has been activated is in the
predefined SOC band, the target power is distributed to this unit
up to the power value set here, irrespective of the inverter
hysteresis power. If prioritization level 1 is activated for several
units, the power is distributed to these units up to the sum of the
set power limits. If the units leave the set SOC band, this
prioritization level is only used in one direction. If the units fall
below the SOC band, it is only used in the charging direction, and
if they exceed the SOC band, it is only used in the discharging
direction. In Figure 5 for level 1 and state 1 two batteries are
shown. The SOC of battery 1 is inside the level 1 SOC band while
battery 2 is not activated for level 1 but instead for level 2. If
battery 1 can fulfill the power request all options for other levels
are not relevant. In the shown case in Figure 5 battery 1 gets
discharged and battery 2 does not do anything. As long as the
power requests can be fulfilled and the boundaries are met for
battery 1, battery 2 is in a standby state.

Prioritization level 1 is suitable for cycle-stable battery units, since
selected units will provide the most energy throughput for
example when applying the frequency containment reserve. In
addition, efficiency advantages like the mentioned hysteresis
power of the inverters are not taken into account. Lithium-ion
batteries like the LTO battery unit at M5BAT are well suited for this
level. Due to the technical issues with the LTO battery unit the
LMO battery units are tested for this prioritization level.

Figure 3. Flowchart of the status quo power distribution algorithm.

Table 2. Levels of the staged-rule-based power distribution algorithm.

Description Boundaries

Level 1 Prioritization of a unit when a power threshold and SOC band are set. Power P within a SOC band
Level 2a Prioritization of a unit according to distance from the target SOC band Predefined SOC band
Level 2b Prioritization of a unit according to distance from the SOC boundary within a SOC band. Predefined SOC band
Level 3 Prioritization of a unit according to predicted energy content E ¼ prognosisð60 minÞ
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Level 2a /2b (SOC prioritization)

A common SOC band is defined for prioritization levels 2a and 2b.
However, both stages can be activated separately. In level 2a, the
distance to the specified SOC band is determined as a sorting
variable. There is a hysteresis of the SOC of 5%. If the target SOC
band of the unit is undercut, the unit can be charged; if the target
SOC band is exceeded, the unit can be discharged. For level 2a
both batteries in Figure 5 are activated. Battery 2 is already within
the defined SOC band while battery 1 exceeds the SOC band. The
discharging request will be fulfilled by battery 1 because battery 2
cannot be taken into account for level 2a because this battery does
not meet the boundary conditions. Through the discharging

process both batteries in Figure 5 reached the SOC band in state 2
of level 2a.

Thus, the target SOC band can be “approached” with level 2a for
each battery. If all units for which stage 2a is activated are within
the target SOC band, prioritization level 2b takes effect. In level 2b,
only units that are within the preferred SOC band are considered.
Within the SOC band, the distances to the borders of the SOC band
are calculated as a sorting variable. For the charging direction, the
distance to the upper SOC boundary is determined and the units
are sorted by distance with a hysteresis of 5%. For the discharging
direction, the lower SOC limit is used analogously. In state 1 for
level 2b in Figure 5 both batteries are within their individual SOC

Figure 4. Flowchart of the process of each level of the power distribution algorithm.

Figure 5. State diagram for each level of the power distribution algorithm (only discharging direction as example).
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bands. The algorithm now calculates, that for battery 2 the range
to the lower end of the SOC band is larger. Consequently, battery 2
gets discharged first. The hysteresis of 5% is chosen to prevent
from toggling between multiple battery units if the distance to the
boundaries is identical. The sorting algorithm holds the same
output as long as those 5% are not crossed.

With the size of the SOC bands the energy throughput can be
influenced. This means that larger SOC bands lead to larger energy
throughputs. Based on this behavior the SOC bands for lithium-ion
batteries are larger than for lead-acid batteries. Also, the SOC band
for the lithium-ion batteries is generally lower than for the lead-
acid batteries and exactly set to this in the BESS M5BAT.

If there is still power left to distribute after level 2a and 2b, the
remaining power will pass on the next level of the algorithm.

Level 3 (energetic prioritization)

In prioritization level 3, which also serves as the “last instance” and
is always active, the units are sorted according to available
charging or discharging energy. The power forecast for 60 min (
prognosisð60 minÞ) is used as the energy and sorting variable. Units
with the largest discharge power forecast are given priority for
discharges and units with the largest charge power forecast are
given priority for charges. Like shown in Figure 5 for level 3 both
batteries undercut the boundaries for the previous levels. In that
case only level 3 is active. For battery 2 the power prognosis is
larger than for battery 1. Hence, battery 2 gets discharge at first. In
state 2 both batteries have the same power forecast. As before in
level 2a and 2b the sorting algorithm has an implemented
hysteresis to prevent the system from toggling between multiple
batteries.

The level quality is dependent on the accuracy of the power
forecasts of the BMS of the battery units. This level of the algorithm
is computational simple and distributes all remaining power
requests, but does not consider any technology specific advan-
tages. Only the energy capacity at full load of the corresponding
inverter of a battery unit is decisive for the use of the battery unit.
According to Table 1 this stage leads to a preference of the lead-
acid battery units Pb1 and Pb2.

SOC based setpoint adjustment

Setpoint adjustments (SPA) are a form of energy or SOC manage-
ment for BESS to sustain flexible operation both in charge and
discharge direction. To deliver the grid service FCR, a certain
amount of energy and the capability of fulfilling the offered reserve
power is mandatory.[12,16] If the SOC or the power forecasts get too
low a recharging request is made. Similarly, if the SOC is too high,
a discharge request follows.[16] described this procedure for the
BESS M5BAT. There, the setpoint adjustments are requested based
on the 15 min and 30 min forecasts.[16] Since 15 min is the criterion
for providing FCR, the forecasts between 15 and 30 min are
interpolated and the 20 min is used as the SPA request. The
calculated 20 min forecast is used because there is a delay time of
5 min to a full quarter-hour until a setpoint adjustment request is
answered with a setpoint adjustment starting signal. This rule
remains active as a basis to FCR provisioning in principle.

Newly to the procedure[16] showed is a SOC band independent of
the power forecast that can be defined for the entire system.[16] As
soon as the SOC band is exceeded or undershot, a setpoint
adjustment is requested. The charging or discharging power can be
defined in advance. In an emergency when the set FCR power band
is larger than the maximum available power forecast, the band is

also held disregarding the power difference so that a total outage of
the battery storage is prevented. Currently the SOC band for the
battery storage M5BAT is set to 35% to 70% SOC (SPA-SOC).

Power limitation

To protect certain battery units from excessive power and currents,
the power predictions are limited to the maximum value according
to Table 3. If no power limit is set for the batteries, the inverter
defines the power limit, which is then set to 630 kW per battery
unit.

The power limitation is for optional use and does only affect the
PDA, when the prognosis for 60 min is higher than the set power
limit. The necessity for a power limitation came from operation
experience and helped to increase the availability of battery units
with poor BMS implementations.

Testing procedure and testing times

To test the different levels of the presented SPDA five testing
sessions were performed. In order to quantify and evaluate the
different PDAs and settings, their effectiveness and differences, the
following criteria for the evaluation are defined:
1. SOC distributions for the tests
2. Actual power delivered per battery unit
3. Energy throughput per battery unit
4. Overall system efficiency

All results are shown in the section “Evaluation of the power
distribution algorithm”.

In the following, the chosen options for the tests and batteries are
shown. For all tests, the following requirements were fulfilled:

* 3 MW FCR
* SPA-SOC: 35–70%
* Seven following days per test without any outages or failures

The chosen options are shown in detail in Table 4. Tests 3 and 5
differ in the chosen battery unit for the level 1 prioritization. Also,
the effect between only the level 1 and the combination of level 1
and 2 can be separated. Test 4 shows extreme settings of the
level 2 prioritization for the battery units 5 to 8. This is to be able
to examine the function in the event of an incorrect setting and its
effects. Test 1 shows an energetic order that could be used as a
standard for the maximum operating time. Test 2 shows only
level 2 and 3 prioritizations. Here, aging minimizing SOC bands
were selected.[28]

The chosen SOC bands in all tests support the core ideas of
Figure 5 and the expected advantages described in the section

Table 3. Absolute power limitations for the battery units, valid for
charging and discharging.

Battery unit Power limit [kW] Max. inverter power [kW]

Pb1 450 630
Pb2 450 630
Pb3 315 630
Pb4 315 630
LMO1 – 630
LMO2 – 630
LMO3 – 630
LMO4 – 630
LFP – 630
LTO – 630
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about the “modular staged-rule-based power distribution”. The
chosen SOC band for the lead-acid batteries starts 20% higher
than for the lithium-ion batteries. The only exceptions were made
to test out prioritization level 1. For this level SOC bands around
50% SOC were chosen.

Results and Discussion

The results of the investigation of the newly developed SPDA
are divided into the general information including the com-
parability of the tests and the evaluation of the battery
statuses. Afterwards the shown results are discussed and
compared to the status quo PDA and a symmetrical PDA.

General information about the tests

In this section, the differences and similarities of the grid
frequency in the different tests are highlighted. At first the
frequency distributions are evaluated and then used to create a
metric of the test comparability.

Frequency distribution

To best examine the settings of the SPDA, the tests are
designed as similar as possible. Since part of the test is the
continuous provision of FCR, the tests are dependent on the
power grid status. Therefore, the frequency distributions per
test are examined in the following.

Figure 6 shows the frequency distributions for each test as
boxplots. The colored lines above or underneath the whiskers
are outliers, when the frequency deviation is higher or lower
for only a short period of time. The colored lines within the
boxes (50% of all values) are the median values.

It can be seen from the boxplots that for all tests the
frequency is between 50.05 Hz and 49.95 Hz. Among the
outliers present, test 4 stands out, where single upward outliers
are less pronounced than in the other tests. In contrast, the
downward outliers are somewhat more pronounced in test 2
and test 4 than in the other tests. In tests 2 and 3, the
frequency average is shifted slightly above 50 Hz. However, the
outliers are only single values and account for a maximum of
0.7% of the data. Therefore, the conditions can be seen as
quite similar for a field test.

Comparability of the tests

In order to evaluate and compare the evaluated results later,
the parameter of the grid frequency of the different datasets
are compared with each other in advance.

For each test the measured grid frequency is not exactly
the same which would be ideal for a comparison. Table 5
shows a percentage number of the identical data points within
the datasets. Each test is compared with each other test. As a
result, more than 90% of the data points are equal.

As an error metric the mean absolute percentage error
(MAPE) is chosen to show the comparability of the frequency
datasets and consequently the required power output of the
BESS. The error is calculated against 50 Hz which means any
deviation from the target grid frequency is directly an error.

Table 4. Options of the levels of the prioritization for the different tests.

Test Battery unit " 1 2 3 4 5 6 7 8 9
Level of prioritization !

0 status quo Not performed for this evaluation.
See evaluation done by previous work.[19,32,34]

1 Level 1 For all battery units off
Level 2a,b For all battery units off

2 Level 1 For all battery units off
Level 2a,b 45%–70% 25%–60% 35%–70%

3 Level 1 off 40%–60% off
Level 2a,b 45%–70% 25%–60% 35%–70%

4 Level 1 For all battery units off
Level 2a,b 45%–70% 0%–60% 35%–70%

5 Level 1 off 40%–60%
300 kW

off

Level 2a,b 45%–70% off 25%–60% 35%–70%
1–5 Level 3 For all battery units in every test on

Table 5. Percentage of identical grid frequency data points in the datasets.

similarity,1 Test 1 Test 2 Test 3 Test 4 Test 5

Test 1 – 96.19% 96.89% 94.68% 96.82%
Test 2 96.19% – 94.98% 91.75% 93.59%
Test 3 96.89% 94.98% – 95.47% 94.71%
Test 4 94.68% 91.75% 95.47% – 94.14%
Test 5 96.82% 93.59% 94.71% 94.14% –
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Equation (2) shows the used formula, while n is the number of
data points, i is the current data point and f is the measured
grid frequency. After calculating the errors, the difference of
the errors between the complete dataset and the dataset for
each test is calculated [see Equation (3)]. This key size is used to
rate the similarity or difference of the test-datasets.

MAPE ¼
100
n

Xn

1

f ið Þ � 50
f ið Þ (2)

Diff � MAPE ¼ abs MAPEall� datasets � MAPEdatasetXð Þ (3)

The results of the Difference-MAPE are listed in Table 6. The
difference oscillates between 0.03 and 0.27. The calculated
numbers can used as a percentage error on the following
results.

Next to the Difference-MAPE, the distribution functions are
shown in Figure 7. The distribution functions shape and
expansion look very similar.

As a conclusion, the test data can be compared to each
other despite the shown small differences in the datasets.

Evaluation of the power distribution algorithm

As described in section “Testing procedure and testing times”
the testing results are limited to the SOC, power distribution,
energy throughput and efficiency. For the SOC and power
distribution only the results of test 6 are shown graphically,
while all other test results can be found in the appendix.

SOC distribution

The SOC distribution for each test indicates whether level 2 of
the SPDA is working as intended. The set SOC bands should be
reached and maintained by all battery units.

Figure 8 shows the SOC distributions for all tests as
boxplots. To increase the readability outliers are not shown as
they only account for less than 0.7% of all values. The target
dot within the boxplots marks the median value, while the red
lines mark the upper and lower SOC bands for each battery
and test.

Lead-acid batteries: Without using level 2 like shown in
Figure 8 the SOC level of the lead acid batteries Pb1 and Pb2 is
at a low status around 30%. Their large energy capacity and
high discharge prognosis but low charge prognosis caused
their general low SOC in test 1. For batteries Pb3 and Pb4 only
the target point is visible which means that the batteries were
not used and maintained the same SOC for the entire time. In
all other tests the SOC bands for level 2a and 2b were set for
the lead-acid batteries. With only a few exceptions those SOC
bands were kept for all tests. The median value is always within
the SOC band which was chosen at a higher level due to
improved aging behavior for lead-acid batteries. For test 3 and

Figure 6. Distribution of the frequency for each test.

Table 6. Diff-MAPE according to Equation (3).

Test 1 Test 2 Test 3 Test 4 Test 5

0.029 0.03 0.028 0.027 0.029
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Figure 7. Distribution function of the measured grid frequency for each test dataset versus the sum of all datasets

Figure 8. Boxplots of the SOC distribution for each battery unit of M5BAT. The upper subplot shows the lead-acid batteries while the lower subplot shows the
lithium-ion batteries with the shortened acronyms according to Table 1. The red lines indicate the set SOC bands for level 2 according to Table 4, while black
filled markers refer to the SOC band from level 1.[35]
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5 the lower SOC boundary is undercut a couple of times within
the test while this did not happen for test 2 and 4. The reason
for undercutting the boundary is that only the battery unit
active for level 1 has a higher SOC and all other batteries were
in standby mode at the lower boundary. Higher power requests
which could not be fulfilled by the battery unit in level 1 was
automatically transferred to level 3 due to lacking discharging
capabilities in level 2. In level 3 the lead-acid batteries had the
higher discharge capabilities and were thus preferred.

Lithium-ion batteries: For the Lithium batteries SOC bands
for level 2a and 2b are highlighted with red markers in Figure 8
while SOC bands for level 1 are marked with black filled
markers. The SOC bands for level 1 are only used for battery L4
in test 3 and battery L1 in test 5. Starting with test 1 all lithium
batteries are at medium SOC levels between 40% and 50%
SOC. Due to different power prognosis and technologies
battery L5 has an overall higher SOC. For test 1 to test 5 the
SOC bands were used and for all lithium batteries the median
SOC as well as most of the boxplots can be found within the
targeted SOC bands. For using level 1 in combination with
level 2 like in test 3 for battery L4 the SOC band from level 1
cannot be kept for the entire time. But if level 1 is used
independent like in test 5 for battery L1 the targeted SOC band

is kept for nearly the entire time. Comparing test 4 to test 2
and test 1 it can be seen that through the SOC bands an overall
lower mean SOC can be maintained compared to non-using
the SPDA.

Regarding to the calendar aging behavior of batteries the
presented level 2a and 2b of the SPDA is capable of reaching
and keeping user set SOC ranges. For correct use of this level,
the calendar aging of batteries can be lowered over a longer
period of time.[28]

Power distribution and C-rate

The power distribution and C-rates are used to determine the
functionality of level 1 of the SPDA.

In Figure 9 the power distribution for all batteries and tests
are presented. Data points with a power value of 0 kW are not
shown in this figure but can be found in the appendix. The
boxplots for batteries P3 and P4 in test 1 are missing because
those batteries hat no power output for the entire test.

For all batteries and all tests, the boxplots are within the
200 kW range while the whiskers reach up to 450 kW for
battery P1 and P2, up to 315 kW for batteries P3 and P4 and up

Figure 9. Boxplots of the power distribution for each battery unit of M5BAT. The upper subplot shows the lead-acid batteries while the lower subplot shows
the Lithium batteries with the shortened acronyms according to Table 1. Data points with no power requests are not shown here but can be found in
Figure A1 in Supporting Information.[35]
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to 500 kW for the Lithium batteries. Batteries L4 in test 3 and L1
in test 5 show higher whiskers up to 630 kW. Those batteries
were used for level 1 of the SPDA and had thus more intense
power requests.

The median value for the lithium-ion batteries is always
nearly 0 kW while the median value for lead-acid batteries lies
mostly below 0 kW. Due to a lower round-trip-efficiency (RTE)
of the lead-acid batteries, those are charged more often to
keep the SOC range. In test 4, the complete boxplots of the
lead-acid batteries are in the negative power range. In this test,
the lead-acid batteries are used very seldom and were nearly
only charged which in sum does not add up to one equivalent
full cycle.

To put the power distribution into a battery context, the C-
rates are analyzed and illustrated in Figure 10. As before data
points with a C-rate of 0 C are not shown, but can be found in
Figure A2. Boxplots for batteries P3 and P4 in test 1 are missing
because those batteries have not experienced any charge or
discharge during the test.

Lead-acid batteries: The box of the Boxplots for the lead-
acid batteries in Figure 10 covers C-Rates between � 0.2 C and
0.2 C while the whiskers stretch out up to � 0.3 C and 0.5 C. The
median value is always negative with the exception of battery

P2 in test 1. This indicates that the battery was discharged
more than charged and thus has a lower SOC after the test
than before. The non-existing boxes in test 4 indicate again
that the lead-acid batteries were only used rarely in this testing
procedure.

Lithium-ion batteries: For the lithium-ion batteries, the C-
rates are overall higher than the observed C-rates for the lead-
acid batteries and reach up to �0:9 C.The boxplots for batteries
L1 to L4 look similar to each other while battery L5 hast mostly
lower loads than the other lithium batteries. Battery L5 is
according to Table 1 a different technology from the other
lithium batteries and has a higher energy capacity. While the
inverter is still the same and the power requests are
comparable the difference in energy capacity lead to lower c-
rates for Battery L5. A higher load and thus larger boxes of the
boxplots are observable for battery L4 in test 3 and battery L1
in test 5. Those are again the battery units for which level 1 of
the SPDA was activated.

In Figure 10, the median value for all battery units
(exception P2 in test 1) is negative. This shift is reasoned in the
losses of the inverter and battery which results in more
charging procedures than discharging. On the other hand, in
Figure A2, all median values are 0 C because most of the time

Figure 10. Boxplots of the C-rate distribution for each battery unit of M5BAT. The upper subplot shows the lead-acid batteries while the lower subplot shows
the Lithium batteries with the shortened acronyms according to Table 1. Data points with a C-rate of 0 C are not shown here but can be found in Figure A2 in
Supporting Information.[35]
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the battery units in FCR operation do not have to deliver
power. Overall, these are low C-rates, which do not strongly
affect cyclic battery aging.

Both investigations demonstrated that level 1 of the SPDA
works and the chosen battery units for this level have to deal
with higher loads. Level 1 utilizes the battery unit with frequent
power requests, which makes the level optimal for cyclic stable
batteries.

Energy throughput

The energy throughput, of the battery storage is broken down
to the nine active battery units to show the influence the PDAs
have. The energy throughput is calculated according to
Equation (4). The charged energy Echa is the sum of all power
requests Pist lower than 0 kW, while the discharged energy Edis
is the sum of all power requests Pist larger than 0 kW. The
overall energy throughput Eges is the sum of the absolut value
of all power requests Pist .

Echa ¼
Xt¼end

t¼0

Pist tð Þ < 0ð Þ � tð Þ

Edis ¼
Xt¼end

t¼0

Pist tð Þ > 0ð Þ � tð Þ

Eges ¼
Xt¼end

t¼0

abs Pist tð Þð Þ � tð Þ

(4)

In Figure 11, no distinction is made between charging and
discharging cases, but only the total energy throughput is
shown as a percentage and in absolute value. The energy
throughput of all battery units is stacked up for each test.

The relative energy throughput in Figure 11 reveals that
level 1 of SPDA, which was used in tests 3 and 5, results in the
highest energy throughput of the selected battery units (LMO 4
and LMO 1, respectively). It is also clear that the size of the SOC
bands in levels 2a and 2b determines what portion of the
energy throughput the selected battery units receive. This
becomes particularly clear when comparing test 2 with test 4.
In test 4, the SOC band of all LMO battery units has been
extended downwards by 25%-points. As a result, the shares of
the LMO batteries have increased to such an extent that all
other battery units are almost no longer used. The less large
differences in the SOC bands in test 2 result in a more even use
of the battery units. As can be seen in test 1, the dependence
on the forecast in level 3 of the power distribution leads to the
use of only batteries with good power forecasts. The batteries
Pb3 and Pb4 are no longer used here.

The absolute energy value for all battery units combined is
shown on top of the bars in Figure 11. The total energy
throughput differs between the tests because of the require-
ments of the FCR. During operation, this can only be influenced
additionally to FCR in the form of maintenance charges.

To quantify the equivalent full cycles (EFC) per battery and
the cyclic battery aging the nominal energy capacity and
nominal number of cycles according to the manufacturer from
Table 1 are used. Battery unit LMO 4 fulfilled 28.38 EFC in test 3
compared to 6.5 EFC in test 2. In test 3 the BESS cyclic aging is
6.81% while the LMO 4 battery accounts for 4.73% of the

Figure 11. Relative share of energy throughput and absolute energy throughput value for each test.
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cyclic aging. A symmetrical power distribution would have
caused 11.85% of cyclic aging to the BESS. In summary, the
SPDA stressed the BESS in test 3 with only 57.47% of the cyclic
aging compared to a symmetrical power distribution. If a more
cyclic stable battery unit like the LTO battery unit was used
instead of battery unit LMO 4 the cyclic aging of the BESS could
be reduced to 38.74% compared to a symmetrical power
distribution.

Efficiency

Since the battery units were used very differently in the tests,
the overall efficiencies for each component of the storage
system is considered in the efficiency analysis. The efficiency
plays a central role in an economic calculation for battery
storage, because every increase in efficiency results in lower
recharging energy quantities and thus lower costs for setpoint
adjustments.

All efficiency values are given as RTE values, which are
calculated according to Equation (5). The charging direction for
all components is according to Figure 1 from the grid towards
the batteries while the discharging direction is defined as an
energy flow from the batteries towards the grid.

RTEBESS ¼ RTETransformer � RTEInverter � RTEBattery

RTE ¼
Edis
Echa

(5)

Figure 12 shows the RTE determined for the five tests. The
results of the RTE calculations receive a small error, because the
states of charge and thus the energy quantities contained at

the beginning and at the end of the test were not identical. To
correct this, the SOC difference was converted to an energy
difference, which adjusts the energy throughputs to a common
start and end SOC. The error bars in Figure 12 show the
measurement error, while the calculation of the error bars is
described in detail in the appendix. The efficiency analysis
shows that the tests with active battery units in prioritization
level 1 have a lower overall efficiency. Test 2 with the use of all
battery units and setting of SOC bands in levels 2a and 2b
shows the best efficiency with just under 75%.

By comparison of only the battery efficiencies between the
different tests in Figure 12, test 4 stands out with a higher
efficiency. In this test, only the LMO batteries were active for
the majority of time. With their higher efficiency, the LMO
batteries rise the overall battery efficiency. On the inverter side,
test 5 has the highest efficiency value with 91.6%. This
suggests that the heavy use of one inverter and the infrequent
use of most other inverters, leads to better efficiencies of the
inverters.[33,34] On transformer side, the best efficiency with
86.6% was observed in test 2. In this test, the energy
throughput is distributed to all battery units and so all
individual transformers were used.

Discussion and comparison of power distribution algorithms

Both the status quo PDA and the new SPDA have implemented
an inverter threshold power and an inverter hysteresis power
which help to minimize low power loads on the inverters and
thus increase the efficiency (see section “Large-scale BESS
M5BAT” and previous research[16,20,33]). A symmetrical PDA
should have implemented this feature as well. In addition, the

Figure 12. Efficiency for the aggregated components for each test.
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described hysteresis should also be present in all PDAs so that
load shifting between inverters are kept to a minimum.

As described in section “Status quo power distribution” the
status quo PDA favors battery units with a high EPR by sorting
the battery units by their power delivery time prognosis. For
the large-scale BESS M5BAT, this means that the lead-acid
batteries receive a high energy throughput and thus higher
cyclic loads. A symmetrical PDA in which the power is
distributed proportionally to the battery units’ capacity would
also favor battery units with a high EPR, similar to the status
quo PDA. A symmetrical PDA would keep the battery units at
the same SOC levels, which is suboptimal for the calendar
aging of the different battery technologies within a hybrid
BESS.

In total, this results in earlier end of life for the lead acid
batteries (see Table 1) and lowers the total efficiency. With the
new SPDA, the energy throughput and thus the cyclic load can
be shifted to each battery unit dependent on the user's input
parameters (Table 4). Furthermore, the influence on the SOC is
clearly visible with regard to the calendar aging of the battery
units. It is expected that this will lead to an increase of the
lifetime of the individual battery units and improve economics
of the whole BESS with the SPDA in comparison to the status
quo PDA or a symmetrical PDA.

Moreover, especially battery units with a small EPR like LTO
(see Table 1 and Table 3) can profit from the SPDA. They can be
used more intense and play out the advantage of cyclic stability
and thus improve both economics and longevity of a large-
scale hybrid BESS like M5BAT.

Conclusion and Outlook

Power distribution in modular large-scale battery energy
storage systems is a core part of the energy management
system. It influences the efficiency, the lifetime and thus the
overall economics of storage operation. The presented rule-
based power distribution algorithm (SPDA) in this paper can
target different characteristics of batteries in modular battery
energy storage systems. By setting individual SOC bands, the
algorithm ensures that these SOC bands are maintained in
regular operation. This has the potential to reduce the aging of
batteries, while increasing the efficiency of the components.
Regarding the calendar aging behavior, the SOC bands can be
set individual for each battery to improve the aging technology
specific. The cyclic prioritization level, level 1 of the algorithm
allows cycle-stable batteries to be used much more frequently
than other batteries. Thus, the advantages of a cycle-stable
battery can be used specifically in modular or hybrid battery
energy storage systems. The shift of nearly 80% of the energy
throughput to one battery unit with the SPDA is shown and
caused 42.53% less cyclic aging than a symmetrical power
distribution algorithm would have caused. Overall, the algo-
rithm has the potential to increase the runtime and lifetime of
batteries in this way. Depending on the design, the entire
battery energy storage system can become more efficient by
using the more efficient battery units more frequently or by

adjusting the hysteresis and workload dependent efficiency of
the inverters. Higher efficiencies can be achieved for inverters
and transformers.

Further testing and development of the SPDA is possible at
improving the BESS efficiency at the transformer side to even
higher values. Moreover, the readiness of the algorithm for
multi-use purposes should be examined and for FCR with using
the DOFs or with a different SPA algorithm investigations are
necessary.
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