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I. Abstract

Declining costs for high-performance batteries are leading to worldwide increased
use of storage systems in residential building. Especially in conjunction with re-
duced photovoltaic (PV) feed-in tariffs, a large market has developed in Germany
for PV battery systems to increase self-sufficiency. Presently, more than 120,000
PV battery systems are operating in German households. They differ significantly
in the type of coupling between PV and battery, the nominal capacities of their com-
ponents, and their degree of integration. A high system performance is particularly
important to achieve profitability for the operator. This thesis develops and evalu-
ates methods for uniform determination of PV battery system performance. They
may be used by the public to compare available systems and serve as an indicator
in the purchase decision. For this purpose, influences on system performance are
analysed and used to derive requirements regarding the test procedures and key
performance indicators (KPIs) as final metrics of the system evaluation. Already
this requirement analysis reveals that a performance comparison of PV battery
systems must cover the efficiency and effectiveness during system operation. As
the assessment of effectiveness based on application-independent investigations
is impossible, an application-oriented evaluation proves to be necessary. Based
on these findings, this thesis proposes a method that combines an application test
of system operation during multiple days with additional application-independent
investigations. A methodology to define suitable test profiles for application tests
is developed and used to systematically select representative days from long-term
measurements and for their subsequent combination. By using the results of the
application test, two KPIs are calculated, namely: (i) the efficiency as a classic per-
formance figure and (ii) the effectiveness to evaluate control and energy manage-
ment of the system. The full methodology for performance assessment is applied
to five different devices under test (DUT) and proves good applicability with all of
them. Its advantages and drawbacks are identified and discussed by comparison
to other approaches, namely (a) aggregation of component efficiencies and (b) uti-
lization of generic performance models. Here, a particular focus is on compliance
of the different assessment methods with the initially formulated requirements. The
analysis reveals that the proposed method does not only sufficiently address all
specifications but is also beneficial for the end-user in terms of result comprehen-
sibility and advantageous concerning KPI validity.
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1. Motivation

1.1. Introduction

Historically, the profitable operation of grid-connected Photovoltaic (PV) systems
in German residential buildings was generally ensured by sufficiently high feed-in
tariffs for locally generated PV energy. However, declining feed-in tariffs and rising
costs for electricity consumption have created a new situation in recent years in
which consumption costs per kWh significantly exceed the feed-in tariffs of newly
installed PV systems [1]. These conditions provide an incentive to use gener-
ated PV energy locally to minimise electricity costs rather than maximising the
revenues from feed-in tariffs. Two suitable methods are available to achieve this
goal: (a) shifting local power consumption to times with sufficient PV power gen-
eration (demand-side management) and (b) temporarily storing excess energy at
times of high local generation in stationary battery systems for using it later to sup-
ply local loads and thus decrease electricity consumption from the grid (PV battery
systems). Concerning demand-side management, the local coupling of electricity
supply to electric vehicles and thermal energy supply is a particularly promising
solution as these typically also use storage systems (i.e. traction batteries or ther-
mal storage) that can be charged with excess solar energy. Furthermore, technical
solutions to shift the consumption of major electrical consumers in residential build-
ings (such as washing machines, tumble dryers, refrigerators, and dishwashers) to
times of high PV power generation are available [2]. Concerning the use of PV
battery systems, the steadily falling prices for energy-efficient electrochemical stor-
age systems (mainly Lithium-ion (Li-ion) batteries) have led to a great demand for
PV battery systems to increase self-sufficiency in Germany in recent years. At the
beginning of 2019, more than 120,000 PV battery systems were in operation in
German residential buildings, while experts still expect a continuous rise of these
sales figures [3]. During the operation of a PV battery system, excess PV energy
is stored temporarily and used later to supply the household in times with low irra-
diance (see Figure 1.1). The range of available systems is diverse. A fundamental
classification can be made between the different types of connections between the
battery and the PV system (see Figure 1.2):

• AC-coupling: In Alternating Current (AC)-coupled systems; the battery is con-
nected to the household installation via a bidirectional inverter (see Figure
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1.2, top), which controls the power flow of the storage system and ensures
a safe and adequate battery operation. A separate PV inverter is required
for connecting the PV generator and Maximum Power Point (MPP) tracking.
In this topology, both inverters are operated in parallel and communication
between them is usually not required. A major advantage of AC-coupling is
that the PV- and the storage system may be purchased, modified, and oper-
ated independently of each other. For this reason, AC-coupled systems are
particularly interesting when a battery system is added to an existing PV sys-
tem. However, a disadvantage is the high number of conversion stages and
associated losses which occur during charging the battery from PV.

• DC-coupling: In order to reduce conversion losses, PV and battery use a
shared inverter in Direct Current (DC)-coupled systems (see Figure 1.2, cen-
tre). Here, the PV generator and the battery are connected on a DC link via
DC/DC-converters which control the MPP tracking and the desired battery
operation. As no conversion to AC takes place during charging losses can be
significantly reduced. Another important advantage of DC-coupled systems
is that the intermediate circuit voltage may be modified since it is not limited to
the voltage and frequency of the household installation. This allows the use
of battery systems with a higher voltage to further reduce power electronics
losses [4]. However, increased system complexity and control requirements
are disadvantages of DC-coupling.

• Generator-coupling: In generator-coupled systems, the battery is connected
directly to the DC line of the PV system via a DC/DC-converter (see Figure
1.2, bottom). Thus, it is charged directly by the PV generator and uses the
PV inverter for connection to the household installation. So far, generator-
coupled storage systems have been rarely used as it is complex in this topol-
ogy to minimize negative influences between battery operation and MPP
tracking [5]. However, some manufacturers are increasingly offering systems
with generator coupling (e.g. SOLARWATT myreserve [6]). As the battery is
connected to the PV system on the DC level, this technology can be regarded
as a special form of DC coupling.

All three topologies may be implemented in both single-phase and three-phase ver-
sions on their AC side. The grid connection of all storage systems considered here
is to Low Voltage (LV) distribution grids (in Germany 230/400 V / 50 Hz). The Ger-
man low-voltage guideline specifies a maximum feed-in of 4.6 kVA for single-phase
generation systems, thus limiting the AC-side ratings of almost all single-phase
inverters [7]. Following this guideline, single-phase PV battery systems may com-
pensate for the full grid exchange power of all three phases. Thus, in sum, energy
balance to the grid is kept, but power unbalances between the phases may rise with
single-phase systems. On the contrary, three-phase systems may compensate for
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Figure 1.1.: PV battery system with simple operating strategy

the local electricity consumption at each phase [8]. Likewise, uniform power distri-
bution in all phases is conceivable.
In addition to fully integrated systems, which contain all the necessary elements of
a PV storage system in one cabinet, single components (e.g. batteries or battery
inverters) for use in an individual modular system structure are widely available.
A further important classification can be found in the capacity and technology of
the storage system. As shown in [9, 10, 11], the capacities of PV battery systems
installed in Germany are mainly between 2 kWh and 10 kWh. Furthermore, it is in-
dicated that these capacities often correspond to the installed PV power and local
energy consumption in such a way that a full cycle of the battery can be used on
many days of the year. Concerning battery chemistry, Li-ion and lead-acid batter-
ies may be applied, but regarding their market shares, a clear trend towards Li-ion
systems can be seen. While the first commercial PV battery systems mainly con-
tained lead-acid batteries, this technology almost completely disappeared from the
market by today. Reasons for this may be found in the rapid decline in the cost of
Li-ion technology and their technical advantages over lead-acid systems.
Since 2013, there has been a funding program for decentralized PV battery sys-
tems in Germany that offers low-interest loans to purchase such a system [12].
The program involves several technical requirements, notably, the power output of
the PV system at the grid connection point must be limited to 50 % of the rated PV
system power. This gives rise to an incentive to focus the system operation not
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Figure 1.2.: Components and battery coupling of AC- (top), DC- (centre), and gen-
erator (bottom) coupled systems



1. Motivation 5

only on increasing self-sufficiency and PV self-consumption but also to avoid PV
curtailments. Furthermore, new business models are emerging due to the increas-
ing number of PV battery systems in Germany’s distribution grids. For example,
some manufacturers of PV battery systems offer a marketing in communities or
pools [13], [14]. The objective here is mainly to generate additional revenue by
jointly offering operating reserve and ancillary services to grid operators. How-
ever, these new concepts are still in the development process and are at present
of minor importance compared to the local optimization of self-sufficiency and PV
self-consumption. In addition to PV battery systems, a variety of other concepts
are available to optimize the residential supply with PV systems. In particular, the
sector coupling to e-mobility or local heat supply offers numerous possibilities [15],
[16]. Examples are the use of electric heaters or Combined Heat and Power (CHP)
units so that hot water storage systems may also contribute to a further increase in
self-sufficiency and self-consumption.
To be a worthwhile investment for the end-user, the high performance of all these
systems is particularly important. However, due to the diversity of the system com-
ponents and different technological concepts, defining a performance test proce-
dure and a method for deriving suitable Key Performance Indicators (KPIs) is a
complex problem [17]. In this thesis, contributions to the development of such
a performance assessment are presented and discussed. For this purpose, key
questions are formulated in the next section, followed by an introduction to the doc-
ument structure.

1.2. Objectives and Structure

The core objective of this thesis is the development and assessment of test proce-
dures and KPIs for performance evaluation of PV battery systems. The following
key questions have been worked out to systematically solve this task:

Q1: How is performance defined in the context of PV battery systems and what
are major influences on it? → Sections 2.1 and 2.2

Q2: What are the requirements for KPIs to quantify the performance of PV battery
systems for the end-user? → Section 2.3

Q3: Which test procedures can be used to determine the performance of PV bat-
tery systems, and how should they be specified? → Chapter 3

Q4: How can test procedures for a realistic application test of PV battery systems
be derived? → Section 3.2.2 and Appendix A

Q5: How can the test results be used to comprehensibly quantify system perfor-
mance through KPIs? → Chapter 4
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Q6: How well can the procedures be applied to differently specified PV battery
systems? → Chapter 5

Q7: How well do the different procedures meet the requirements of question Q2?
Which procedure is recommended? → Chapter 6

Each part of this document is dedicated to one of these key questions. Sections
2.1 and 2.2 first deal with the definition of performance in the context of PV bat-
tery systems and include an analysis of important loss mechanisms in the system
and its components. On this basis, the requirements for KPIs as core results of
performance assessment are specified in Section 2.3. Chapter 3 presents several
test procedures that have been developed to practically analyse the performance
of PV battery systems in the laboratory. Here, a distinction is made between two
categories:

• Modular tests: Application-independent tests to separately quantify various
loss mechanisms via targeted measurements of different operating states

• Application tests: Tests that focus on system performance in a multi-day ap-
plication based on irradiance and load profiles

The focus of Section 3.2.2 and Appendix A is on the selection of profiles for appli-
cation tests. Here, a methodology for the systematic derivation of representative
datasets from annual measurements of solar irradiance and power consumption in
residential households is presented. The following Chapter 4 introduces several
approaches to use the test results for a derivation of customer-friendly KPIs. The
focus of Chapter 5 is on the practical application of test procedures. Therefore,
first, an introduction to the test setup and Devices Under Test (DUTs) is given, fol-
lowed by a presentation and discussion of measurement results. A special focus
of this chapter is on deviations between measurements of both categories and pe-
culiarities of the DUTs. Chapter 6 deals with the discussion and comparison of
KPIs resulting from laboratory tests. In particular, methods for deriving KPIs by us-
ing simulations are discussed in this chapter. The thesis is concluded by Chapter 7
which discusses the findings of this work and provides recommendations for further
development of the evaluation procedures and for improving system performance.
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2. Theory: Performance
Assessment of PV Battery
Systems

The objective of the work presented in this chapter is to answer key questions Q1
and Q2:

How is performance defined in the context of PV battery systems and what are
major influences on it?

What are the requirements for KPIs to quantify the performance of PV battery
systems for the end-user?

For this purpose, first, the term ‘performance’ is discussed and specified in the
context of PV battery systems in Section 2.1. Following, the different loss mecha-
nisms occurring in these systems are examined, and standardized test procedures
for performance determination of inverters and battery systems in solar applica-
tions are outlined in Section 2.2. Based on these, key question Q2 is discussed in
Section 2.3, where the requirements for KPIs are derived.

2.1. Performance in the Context of PV Battery
Systems

Nowadays, the term performance is not only used for technical systems. For this
reason, most dictionaries do not provide a detailed definition of the terminology in
its technical usage. The definitions in the Oxford English Dictionary and Cambridge
Dictionary which correspond best to ‘Performance of PV Battery Systems’ are:

“A task or operation is seen in terms of how successfully it is performed.” [18]
“How well a person, machine, etc., does a piece of work or an activity.” [19]

An economic definition, but very well applicable to the problem at hand, can be
found in [20]:
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"...performance is the result of the simultaneous pursuit of efficiency, effectiveness
and a corresponding budget" [20, 21]

Applied to purely technical issues, a good performance is therefore characterized
by good efficiency and good effectiveness. According to ISO 9000 efficiency is
defined to be the ratio of outcome to effort, while effectiveness describes the ex-
tent to which planned results are achieved [22]. Concerning energy converters and
storage systems, energy efficiency is a well-known term that describes the ratio of
output to input energy. Hence, energy efficiency is a key factor in determining the
performance of a PV battery system. To assess the effectiveness of these systems,
by definition the planned result of system application must be used. Concerning PV
battery systems, in addition to the efficient conversion of the power generation of
the PV plant, the main purpose of system deployment is to increase self-sufficiency
and self-consumption. To achieve this, it is of great importance that the provided
output energy follows the household’s consumption as quickly and as accurately
as possible. For example, there may be deviations between required and provided
battery power due to inaccuracies of internal sensors or due to limited speed and
quality of system control. They result in avoidable energy exchanges with the pub-
lic grid and consequently reduce self-sufficiency. Thus, a system that converts
and stores energy almost loss-free but is unable to dynamically and quickly adapt
the output energy to the current consumption is not as effective in increasing self-
consumption and self-sufficiency as a system with better dynamic behaviour [23].
Consequently, the performance evaluation of a PV battery system requires a com-
bined assessment of the efficiency and effectiveness during system operation.

2.2. Influences on the Performance of PV Battery
Systems

This section presents key influences on the performance of PV battery systems.
For this purpose loss-mechanisms on efficiency and effectiveness of their essential
components are considered and corresponding test procedures are described. The
influences can be classified into four categories:

• Operational losses due to energy conversion, MPP tracking, and energy stor-
age

• Auxiliary losses due to standby consumption and supply of external compo-
nents
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Figure 2.1.: Influences on the performance of PV battery systems

• Unnecessary power exchange with the public grid due to slow or inaccurate
control of output power

• Unnecessary power exchange with the public grid or power curtailments due
to unfavourable energy management

Figure 2.1 classifies these influences on PV battery system performance according
to their impact on efficiency or effectiveness while the following sections provide
explanations and details.

2.2.1. Power conversions

Every energy conversion and storage process is subject to losses. Thus, when
operating PV battery systems, losses occur during the power conversion between
the sources and sinks of the system as well as during the energy storage in the
battery. Figure 2.2 depicts these sources, sinks, and power flows in the systems.
They are valid for all system topologies and are independent of the technical system
design. The following main power conversions occur in PV battery systems:

• PV2Bat: Charging the battery with power from the PV system
• PV2Grid: Power from the PV system to the mains (PV feed-in)
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Figure 2.2.: Power flows in PV battery systems

• PV2Load: Load supplied directly from the PV system
• Bat2Load: Discharging the battery to supply local consumption

Power flows between battery and grid are indicated with grey colour in Figure 2.2.
They are unfavourable as they directly reduce self-sufficiency:

• Bat2Grid: Discharging the battery into the mains
• Grid2Bat: Charging the battery from the mains

In the case of AC-coupled PV battery systems, PV2AC is performed exclusively by
the PV inverter and Bat2AC only by the battery inverter (see Figure 1.2). Conse-
quently, the losses associated with these power conversions can be determined by
the efficiency of the respective inverter. For PV2Bat, the power is first converted
to AC by the PV inverter and then back to DC by the battery inverter. Thus the
losses can be determined by superimposing both inverter efficiencies. Similar con-
siderations apply for DC- and generator-coupled systems, although the power flows
shown in Figure 2.2 are often not assigned to a single inverter component in these
cases. It is well known that the efficiency of power electronic systems depends in
particular on their load. Figure 2.3 shows an example of different inverter efficien-
cies as a function of their degree of power capacity utilisation. It can be seen that
efficiency improves significantly with increasing load at low power levels. Inverter x
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Figure 2.3.: Conversion efficiency of different inverters as a function of the degree
of power capacity utilisation

maintains peak efficiency over a wide span of its operating range, while inverters
y and z reach their peak efficiency at approx. 20 % of their rated power and show
decreasing efficiency when the load increases further. The specific shape of the
efficiency curve, its peak value, and the power level at peak efficiency may differ
considerably between different systems. This is mainly due to the technical design,
the semiconductors used, and the parametrization of the converter [24]. However,
conversion efficiency does not only depend on the converted power, as there are
several other influences. In particular, the use of low-frequency transformers and
the voltage at the inverter terminals are significant factors on conversion efficiency
[25, 26].

2.2.2. Efficiency of PV inverters

The following standards are frequently used to determine the efficiency of PV in-
verters in laboratory tests:

• IEC 61683 “Photovoltaic systems – Power conditioners – Procedure for mea-
suring efficiency” [27]

• DIN EN 50530 “Overall efficiency of grid-connected photovoltaic inverters”
[28]

IEC 61683 contains a list of parameters that generally influence the efficiency of
power electronic converters. Table 2.1 shows these parameters and their treatment
in the test procedures according to this standard. Here the conversion efficiency is
tested at different power levels and with various input voltages. Since the grid volt-
age at the inverters’ output terminals usually varies only slightly no measurements
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Influence Treatment in IEC 61683

Power level Measurement at different power levels:

5 %, 10 %, 25 %, 50 %, 75 %, 100 %, and 120 %

of rated power

Input voltage Measurement at different input voltage levels:

Smallest input voltage,

rated input voltage (or average input voltage),

90% of the highest input voltage

Output voltage Fixed for grid-connected inverters: 230/400 V / 50 Hz

Power factor Measurement of efficiency with cos(ϕ) = 1,

except grid-forming inverters

Non-linearity of load Only for off-grid systems

Temperature Measurement at ambient temperatures of 25± 2 ◦C

Table 2.1.: Influences on converter efficiency and treatment in IEC 61683

with different voltages are included. All investigations for grid parallel inverters con-
tained in IEC 61683 are only focussing on active power (with a fixed power factor
of cos(ϕ) = 1). This is done to reduce the effects of reactive power flows on the
measurements, which generally leads to decreasing conversion efficiencies [29,
30, 31]. As with almost all physical processes, the conversion efficiency of PV in-
verters is influenced by the ambient temperature. Thus, to increase reproducibility
of measurement results, test procedures often define temperature ranges. In IEC
61683, a range of 25± 2 ◦C is specified.
To reproduce the characteristic I/V-curves of solar cells including their dependence
on different ambient conditions, IEC 61683 recommends the use of hardware PV
emulators. They are used to simulate different PV panel structures at specified
solar irradiance and temperatures. The conversion efficiency of the PV inverter un-
der investigation is calculated as the ratio of output to input energy at each tested
power and voltage level. IEC 61683 does not only apply to PV inverters but all PV
converter systems. In this context, inverter systems with an integrated DC energy
storage system are explicitly mentioned. However, the test procedure for systems
containing batteries aims at off-grid power supplies or backup systems. Conse-
quently, the requirements regarding system dynamics (e.g. tracing of output power
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to household consumption) and operating strategies undergo significant changes
for the use case in the focus of this thesis.
Based on IEC 61683, DIN EN 50530 introduces aggregation methods to calculate
KPIs from the resulting power- and voltage-dependent efficiencies. To this end, a
‘European Efficiency’ and a ‘California Energy Commission (CEC) Efficiency’ are
introduced [32]. They are calculated by multiplying the conversion efficiencies at
different power levels by scaling factors that are chosen in a way that the result re-
flects the expected efficiency in Europe or California. Furthermore, DIN EN 50530
contains methods to evaluate MPP tracking efficiency of PV inverters. Concerning
static MPP tracking, following IEC 61683 MPP voltages and currents are logged
during the measurements. These datasets are used to calculate the static MPP
tracking efficiency as the ratio of MPP power offered by the PV emulator to con-
verted DC power of the inverter. Furthermore, DIN EN 50530 defines procedures
for determining dynamic MPP tracking efficiency. For this purpose, ramp-shaped
test sequences with variable slopes are introduced to simulate fluctuations between
different irradiance intensities. Since the requirements for MPP tracking efficiency
remains unchanged for PV battery systems, these procedures may be used for the
investigations in the focus of this thesis.

2.2.3. Efficiency of battery systems

Besides the power converters, the battery is a key component of PV battery sys-
tems. At present, mainly Li-ion and, to a lesser extent, lead-acid batteries are used:

• Lead-acid batteries: Due to their low price, acceptable efficiency, and mature
technology, lead-acid batteries are widely used in solar and off-grid appli-
cations. Typically storage efficiencies up to 80-85 % are achieved with this
technology [33]. Lead-acid batteries have lower calendrical and cyclical life
expectancy than Li-ion batteries but are still considerably cheaper. The Depth
of Discharge (DoD) of lead-acid batteries is technically limited to approxi-
mately 70 % so that at least 30 % of the capacity remains practically unused.
Their open-circuit voltage is heavily dependent on the State of Charge (SoC).
Many battery inverters or DC/DC-converters, therefore, use this voltage as a
parameter to control charging and discharging processes. The nominal volt-
age of lead-acid battery cells is 2 V, while in operation charging voltages of
2.3 -2.35 V and discharge voltages of 1.85 V are frequently achieved. Typical
system voltages of lead-acid systems are 12 V, 24 V, and 48 V (rarely 96 V),
whereat 6, 12, and 24 cells are connected in series [34].

• Li-ion batteries: Today mainly Li-ion batteries are used in new product lines of
PV battery systems. Since these batteries are not subject to a uniform con-
cept, a large number of electrolytes and combinations of electrode materials
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exist, each with different properties, e.g. in terms of durability or safety [35].
Since the cells of Li-ion batteries react very sensitively to over- and under-
voltage, all individual cells and strings must be monitored to reliably prevent
failures or overheating [36]. This monitoring is done by a Battery Manage-
ment System (BMS), which generally requires communication with the bat-
tery inverter (or battery converter for DC coupling) and provides essential
information about the condition of the battery system and its cells during op-
eration. Compared to lead-acid batteries, Li-ion systems offer a significantly
longer lifetime and improved efficiency. Furthermore, their usable capacity is
higher, and they can be operated in extreme cases with a DoD of up to 100 %.
As with lead-acid batteries, multiple cells are connected in series to achieve
the desired voltage level. Depending on the technology, nominal cell volt-
ages range from 3.2 V to 3.8 V. Similar to lead-acid batteries, the open-circuit
voltage of Li-ion batteries increases with the SoC of the battery system.

Since the battery voltage depends on the number of parallel cells, SoC, and power
flow, the battery setup and status directly affect the conversion efficiency of the
connected converter system. Consequently, performance tests for PV battery sys-
tems must consider the effects of nominal battery voltage and battery operation
on conversion efficiency. IEC 61427 includes test methods for evaluating batteries
for renewable energy applications [37, 38]. It applies to all battery chemistries and
is divided into a part for off-grid (61427-1) and a part for grid parallel applications
(61427-2), as these use cases differ for their battery operation. In particular, the
ratio of charging and discharging currents to the battery capacity is different in both
applications. According to IEC 61427-1, typical charging rates for off-grid applica-
tions are I50, and the typical discharging rates are I120 and thus differ significantly
from the storage applications that this thesis focuses on (i.e. lower than I10). In
both parts, charging and discharging rates, as well as temperature, are mentioned
as the most important factors influencing battery efficiency. In general, low tem-
peratures reduce the efficiency and capacity of batteries, while lower charge and
discharge rates lead to a more efficient operation [37]. As a result, the charging
and discharging power occurring during the operation of the PV battery system is
an important factor in performance assessment. Although the influence of charging
and discharging rates on battery efficiency is an important characteristic of lead-
acid batteries and generally much lower in Li-ion systems [34]. Both parts of IEC
61427 specify full battery cycles (a full charge followed by a complete discharge) to
determine the storage efficiency. These cycles are repeatedly tested with temper-
ature and power rates (resp. current rates) as variable parameters. The tests must
be carried out at the upper and lower operating temperature limits as well as at
25±2 ◦C so that climatic chambers are mandatory for the tests. All test procedures
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Figure 2.4.: AC-coupled PV battery system and external sensor

in IEC 61427 start with a fully charged or discharged battery. Associated power
converters are not part of these standards.

2.2.4. Standby operation and auxiliaries

To supply the internal sensors, the controller, the display, and auxiliaries, PV battery
systems consume energy during standby operation. Inefficient technical design of
these components can lead to a significant standby consumption, which directly
impacts system performance. Furthermore, all systems require an external sen-
sor to measure the current power flow between the household and the public grid
(see Figure 2.4). The consumption of this sensor also influences the system per-
formance.

2.2.5. Effectiveness

As described in Section 2.1, the performance of a PV battery system is determined
not only by its efficiency but also by its effectiveness. To achieve high effectiveness,
the systems’ output power must be quickly and precisely adapted to the household
load during the discharging operation. Figure 2.5 shows the response of a battery
inverter of an AC-coupled PV battery system to steps of the connected load. The
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Figure 2.5.: Response of battery inverter control to a load step

control shows a delay and adjusts the output power with a finite slope. The power
difference between load and inverter output power during this transition leads to an
exchange of power at the grid connection point and thus reduces self-sufficiency
and effectiveness. Furthermore, it is of great importance that the systems’ output
power equals household consumption after the transition to avoid reduced effective-
ness due to static control deviations. A variety of other influences on performance
can occur. For example, a targeted avoidance of inefficient operating points by
the system control is conceivable, or at low power levels, battery discharges can
be prevented to save energy for times with higher loads and thus a better conver-
sion efficiency. However, as the occurrence of a higher consumption until the next
charge is not certain, this system operation may also lead to reduced effective-
ness. Consequently, some measures to increase efficiency and effectiveness may
conflict.

2.3. Requirements for Key Performance Indicators

The previous sections show that PV battery systems differ considerably in terms
of their technical design and the components they contain. Several different in-
fluences must be taken into account when evaluating the performance of these
systems. Besides, these influences often also impact each other. In this situation,
appropriate metrics must be defined, which facilitate a performance comparison
between different systems for the end-user. These metrics can serve as guidance
for potential customers when choosing a suitable PV battery system. This section
specifies and explains the resulting requirements for suitable KPIs. The objective
is to answer question Q2:
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What are the requirements for KPIs to quantify the performance of PV battery
systems for the end-user?

As solar irradiance and (usually to a minor extent) power consumption of a typical
household are subject to seasonal fluctuations, the battery utilization and loads on
power conversions of PV battery systems vary over the year. While the battery
typically gets fully charged on a clear summer day, the PV power rarely exceeds
the local consumption on a cloudy winter day. As a result, the battery gets less
utilized during the winter, and the PV battery system may often remain in standby
mode in this season. These varying conditions must be appropriately considered
in a performance evaluation. To ensure easy applicability of the KPIs for the public,
it is essential that they are easy to understand and that as few KPIs as possible are
needed for a system assessment.
Taking into account the market diversity, especially regarding the coupling of PV
and battery, KPIs must be derivable for all established technologies and thus al-
low a comparison between systems of a different technical concept. Furthermore,
to provide an assessment of systems that are available with different (or modu-
larly expandable) battery capacities, KPIs must enable an assessment of the fun-
damental components and their different combinations. This is also important to
estimate resulting performance when system components are replaced. Moreover,
applicability or transferability of the KPIs to other applications that may be used to
increase self-sufficiency (e.g. heat pumps or electrical cars) would be of great ben-
efit, as such a feature enables a performance comparison of PV battery systems
with technologies that use sector coupling.
As electricity and PV feed-in tariffs are subject to regular change [1], the KPI cal-
culation should be independent of economic considerations to ensure the validity
of KPIs. This is also of particular importance as studies show that in Germany
the decision to purchase a PV battery system is often made not only for economic
reasons but also for to decrease dependency to utilities [5, 9, 10, 11]. Further-
more, electricity prices and feed-in tariffs vary widely within Europe [39], and the
international validity of KPIs is highly desirable. To minimize costs of performance
assessment, the KPI calculation must only require data that can be measured with
a low laboratory effort and a high potential for test automation.
Based on these considerations, the following requirements can be formulated:

• R1: Reflection of annual performance at the end-user’s site
• R2: Use of few and simple KPIs
• R3: Applicable to all system types
• R4: Enable the assessment of fundamental components and different system

combinations
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• R5: Applicable or transferable to other applications to increase PV self-consumption
and self-sufficiency

• R6: Independent of economic considerations and valid internationally
• R7: Require only minor testing and evaluation efforts
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3. Development of Performance Test
Procedures

Following the analysis of influences on the performance of PV battery systems
and the derivation of KPI requirements, different test procedures are outlined and
discussed within this chapter. The objective is to answer the key question Q3:

Which test procedures can be used to determine the performance of PV battery
systems, and how should they be specified?

3.1. Fundamentals for Test Procedure Development

The analysis of test procedures for efficiency evaluation of batteries and converters
for solar applications in Section 2.2 reveals that the following essentials have to be
considered:

• Influence of power and voltage on the conversion efficiency
• Influence of charging and discharging power on usable battery capacity and

storage efficiency
• Influence of ambient temperature on conversion and storage efficiency as

well as on usable capacity
• Influence of standby consumption and standby behaviour on system perfor-

mance
• Influence of system control and energy management on system effectiveness
• Influence of the power factor on the conversion efficiency

Since the battery voltage varies with SoC and power flow, the battery operation
directly impacts the efficiency of its converter. Likewise, the operating range of this
converter affects the charge and discharge rates on the battery and thus storage ef-
ficiency. A wide variety of other mutual influences on system performance appears
between the components of PV battery systems. They must be considered in ad-
dition to the aspects which are already included in the above-mentioned testing
procedures for the system components. A general problem for practical investiga-
tions on batteries is the reproduction of a specific SoC [40]. Thus, in analogy to the
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test procedures of IEC 61427, only the upper and the lower SoC limitations should
be used as reference points wherever possible.
In 2014 a two-level test procedure was proposed [41, 42]. To enable performance
determination for the entire system as well as for its essential components, two test
methods are combined in this approach:

• Application test: Measurement of system operation and resulting power
flows in a multi-day application test→ Section 3.2

• Modular tests: Separate efficiency measurements in different operation mo-
des→ Section 3.3

While the modular tests provide results for individual components and efficiency of
major power conversions (see Figure 2.2), the overall system operation is assessed
in the application test. Due to these different considerations, the results obtained
complement each other. The test procedures for both are outlined in Sections 3.2
and 3.3. To minimize the influence of reactive power on the system performance, all
test procedures presented here only consider active power flows. Therefore, dur-
ing test preparation, targeted reactive power provisions must be eliminated in the
DUT’s settings. Furthermore, all load profiles discussed in this work only specify
active power. Since the PV battery systems in the focus of this work are operated
inside residential buildings, ambient temperatures above 19 ◦C generally occur dur-
ing system operation [43]. In view of the temperature ranges defined in standards
for PV inverters and batteries (see Section 2.2), an ambient temperature range
between 20 ◦C and 27 ◦C is recommended. Figure 3.1 shows different PV battery
system topologies, including the positions of power measurements of the test setup.
Here, the positive counting direction of power flows is indicated by arrows. Hence,
battery discharge and export of power to the grid are counted positive. To facilitate
readability, all measurement set-ups are depicted as single-phase versions but can
also be implemented in a three-phase type. Regardless of system topology, power
flows at the following terminals are measured:

• PV emulation (PPV (t))
• Battery (PBat(t))
• Load emulation (PLoad(t))
• Public grid (PGrid(t))

The output power of the PV battery system may be calculated from the sum of
PPV S(t) (PV inverter) and PBESS(t) (battery inverter) in the case of AC-coupling or
measured directly (PAC(t)) at DC- or generator-coupled systems. These measure-
ment points enable a calculation of the energy efficiency of the entire system and
its major components. Furthermore, other important parameters, such as power
exchanged with the public grid and load covered by the PV battery system may be
determined.
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Figure 3.1.: Laboratory set-up for AC- (top), DC- (centre) and generator-coupled
(bottom) systems indicating points of measurement
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3.2. Application Test Procedures

3.2.1. Fundamentals for Application Tests

The approach of application testing is to measure the power flows in a laboratory
during realistic system operation for several days. Therefore, suitable test profiles
of solar irradiance, PV module temperature, and household load need to be defined
and used to reproduce the PV generation and electricity consumption applying PV
and load emulations (see Section 3.2.2). The power flows measured during the
test can be used in the next step to calculate appropriate KPIs. In addition to the
indicated power measurements, the MPP power at PV emulation (PMPP (t)) shall
be logged during the tests to allow an assessment of MPP tracking. The resulting
operating conditions and power flow on system components are highly dependent
on the selected test profiles. Consequently, it is of great importance that these
profiles adequately reflect fundamental daily and annual characteristics of the sys-
tem’s operation. To enable an assessment of system effectiveness, it is essential
to analyse the impacts of speed and accuracy of the system control. Here, earlier
studies have shown that sampling rates below 1 Hz can significantly reduce the PV
self-consumption [23], so a temporal resolution of at least 1 s is recommended for
the test profiles. However, to minimize test duration, effort, and associated costs,
these profiles should be as short as possible. This is obviously in contradiction with
a high degree of conformity to annual characteristics, so a solution must be found
which satisfies both of these requirements. Another important issue is the energy
content of the battery at the beginning and end of the test. Especially concerning
efficiency calculations, an identical initial and final SoC needs to be defined. To
increase the reproducibility, either an empty (SoC = 0) or full battery (SoC = 1)
should be chosen here. Due to the households’ energy demand in the evening
and absence of PV power generation at night, the battery is typically empty in early
morning hours. Consequently, the start and stop instants of the test profiles should
be chosen to the times of sunrise and an empty battery as the initial and final state.
When the annual operation of PV battery systems is reflected in the test profiles,
many important influences on system performance are directly taken into account
as they occur in real operation. As a result, the application test provides a holistic
evaluation of the system operation and is, therefore, a key approach to performance
evaluation. However, the results gained from the test only apply for the investigated
system, and any change in the setup requires a new instance of the application
test. For this reason, a combined performance assessment with additional mod-
ular tests may be advantageous as it also facilitates a performance estimation for
use cases with consumption (or PV generation) profiles that are very different from
those of the application test [41, 42].
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3.2.2. Test Profiles for Application Tests

The objective of the work presented in this section is to define and apply a method-
ology to derive test profiles for the application test to answer key question Q4:

How can test procedures for a realistic application test of PV battery systems be
derived?

VDI 4655 [44] contains an established method to generate load profiles for testing
of CHP plants. However, the temporal resolution of the resulting electrical load
profiles is limited to 60 s and therefore does not meet the requirements for testing
dynamic system behaviour. The same applies to meteorological reference profiles
for the representation of solar electricity generation in buildings [45, 46]. Appendix
A.1 includes a discussion of different methods for deriving test profiles with higher
temporal resolution. The methodology presented in the following is based on the
selection of representative daily fragments from long-term measurement series and
their combination to suitable test profiles. Within the scope of this work, measure-
ment series from the Kassel region in Central Germany were used. Appendix A.2
presents these measurement series and contains further information on the deriva-
tion of an annual dataset that can be used as a reference to assess the represen-
tativeness of profiles and their fragments. To systematically select daily fragments
different data mining methods were applied, such as clustering and the calculation
of the Mean Absolute Percentage Error (MAPE). For the investigations presented
in this chapter, a new method based on a two-step procedure is proposed (see
Figure 3.2). Appendix A.3 and A.4 contain a detailed description of this method.
First step - Profile analysis: The focus of this step is a time series analysis of
the measured solar irradiance and household consumption. It is based on sets of
seven statistical parameters called Profile Parameters (PPs) that have shown to
model the data basis with sufficient accuracy:

• Daily solar energy (EIrr) and daily load demand (ELoad), (see Figure 3.3 a))
• Maximum irradiance (EIrr,max) and maximum and minimum load (PLoad,min

and PLoad,min), (see Figure 3.3 a))
• Average and maximum fluctuations of irradiance and load (XIrr, XIrr,max,
XLoad, and XLoad,max), (see Figure 3.3 b))

• Share of energy per hour (ETx
Irr and ETx

Load), (see Figure 3.3 c))
• Share of energy per power level (EPx

Irr and EPx
Load), (see Figure 3.3 d))

This set of profile parameters is calculated for all daily solar irradiance and con-
sumption fragments as well as for the respective annual datasets. Next, the period
under investigation is expanded from daily subsets to combinations of daily sub-
sets, which are systematically selected from the entire datasets. While advancing
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Figure 3.2.: The methodology of test profile selection, using two steps to determine
a representative set of two test profiles from long-term measurements
of irradiance and load

from daily subsets (combinatorial order of one) to subsets containing tuples of daily
curves (combinatorial order of two) and higher combinatorial orders, the profile
length increases. Sets of fragments with high annual representativeness are de-
termined and combined to “candidate profiles” which are used for further analysis
in the second step. To allow the PV battery systems to pass through all operating
states during the test, and also to ensure a fully discharged battery towards the
end, the fragments are arranged considering the daily provided amount of solar
energy. Given the requirements regarding initial and final SoC of the battery, the
first day of the test profile should have high solar irradiance and the last day low
solar irradiance (respectively, a clear summer day should be followed by a cloudy
winter day). Similar considerations concern the load profile. To ensure that the
final SoC is reached, the last day of the test profile should have a particularly high
electricity consumption. Between these days, a mix of different conditions is de-
sired. The start of the daily fragments is selected according to the earliest sunrise
in the summer in Germany (4:30 am). The candidate profiles derived from the pro-
file analysis consist of 2-5 daily fragments. Here, an investigation reveals that the
annual PP can be reflected with an accuracy of more than 95 % by appropriately
chosen profiles with a length of four days (see Figure 3.4 and 3.5). Appendix A.3
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Figure 3.3.: Simplified general presentation of the profile parameters with daily en-
ergy, maximum and minimum power (a), upper left), average and max-
imum fluctuations (b), upper right), share of energy per hour (c), lower
left) and share of energy per power level (d), lower right)

contains a detailed description of this investigation and the intermediate results of
the profile analysis.
Second Step - System operation analysis: In the second step, operational char-
acteristics of differently specified PV battery systems with the candidate profiles
are analysed via simulation studies. Here a self-consumption maximising opera-
tion strategy is applied within the PV battery system model (see Table 3.1). PPV(t)
is therefore used with priority to cover household consumption. The conversion
losses in the PV battery system model depend on efficiency over power curves
(η(P/PR)) of the converters. The results shown in this work are obtained by using
efficiency curves from data sheets of established PV and battery inverter systems
[47, 48]. They have been transferred to lookup tables to enable the calculation of
conversion losses in each simulation time step. The simulations produce electrical
power flow curves that are used to identify three Operational Parameters (OPs):

• Self-sufficiency εAut
• Self-consumption εCon
• Conversion losses εLoss

Different system designs are investigated by considering five PV battery systems
with different storage capacity and nominal converter power (see Table 3.2). Similar
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Figure 3.4.: Deviations from annual averages of the best 100 irradiance curves with
different combinatorial order. The upper right parts show a zoom of the
results for the duration of 3, 4, and 5 days

Figure 3.5.: Deviations from annual averages of the best 100 load curves with dif-
ferent combinatorial order. The upper right parts show a zoom of the
results for the duration of 3, 4, and 5 days
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State PV power, load power System operation

and state of charge

PV2AC + PV2Bat
P PV(t) ≥ P Load(t) P PV2Load(t) = P Load(t)
SoC(t) < 1 P PV2Bat(t) = P PV(t)− P PV2Load(t)

PV2AC
P PV(t) ≥ P Load(t) P PV2Load(t) = P Load(t)
SoC(t) = 1 P PV2Grid(t) = P PV(t)− P PV2Load(t)

Bat2AC
P PV(t) ≤ P Load(t) P PV2Load(t) = P PV(t)
SoC(t) > 0 P Bat2Load(t) = P Load(t)− P PV2Load(t)

PV2AC + Standby
P PV(t) ≤ P Load(t) P PV2Load(t) = P PV(t)
SoC(t) = 0 P Bat2Load(t) = 0

Table 3.1.: Self-consumption maximizing operation strategy

to the profile analysis, OPs are determined for each candidate profile and the re-
spective annual dataset to identify candidate profiles that deliver high compliance of
OPs with the annual simulation for all included system specifications. The resulting
OPs are shown in Figure 3.6 for the five system specifications of Table 3.2. Here,
results of candidate profiles are indicated by coloured dots while related results
based on an annual simulation are shown in black colour. Consequently, the devia-
tion of OPs can be identified by comparing the position of coloured and black dots.
It can be seen that the OPs of the annual simulation tend to be in the centre of areas
in which the simulation results with the candidate profiles accumulate. This applies
in particular to the medium-sized systems III and IV. Furthermore, it becomes ob-
vious that in contrast to the PPs of the first steps, no systematic improvement of
the OP deviations occurs with increasing combinatorial order within the analysed
candidate profiles. In general, the relative losses show the least deviations of the
parameters investigated and are best on average with three-day profiles. The best
results in terms of self-sufficiency are achieved on average with three- and four-day
profiles, while the self-consumption in four-day profiles shows minimal deviations.
The duration of these profiles confirms that even with some relatively short profiles,
a good agreement with the annual operation can be achieved.
Finally, with the findings of this section, the two best profile combinations in a com-
binatorial order of three and four are selected. They are shown in Figure 3.7. Both
irradiance profiles use an identical first day, which indicates particularly high rep-
resentativeness of this specific curve for the entire dataset. As both profiles start
with a sunny day the battery starts charging early during the test and is discharged
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Figure 3.6.: Results of simulations with candidate profiles: self-sufficiency (top),
self-consumption (centre), conversion losses (bottom)
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Parameter
Reference system

I II III IV V

CBat [kWh] 2 2 5 5 8

PPV S [kW] 2 5 5 8 8

PPV 2Bat [kW] 2 2 5 5 8

PBat2AC [kW] 2 2 5 5 8

Table 3.2.: Specifications of PV battery systems used for profile evaluations with
the reference model

later to cover the consumption of the first days in the evening and night. Depending
on capacity, a full battery cycle may be completed on the morning of the second
test day. On the second day of the three-day profile, a longer period with a high
irradiance appears, consequently, small and medium-sized batteries can pass a
full cycle again. The second day of the four-day profile shows less sunny condi-
tions. Considering the entire curve, two to three complete cycles can be expected
for common system designs. The last day of both profiles offers low irradiance to
ensure a discharged battery at the end of the test. This results in a long period
in which systems with efficient standby behaviour can avoid unnecessary losses.
These considerations emphasize that the daily energy content of the irradiance
profiles and their arrangement have a great influence on the operating behaviour of
the system. Details and intermediate results of the system operation analysis are
shown in Appendix A.4.

3.3. Modular Test Procedures

3.3.1. Fundamentals of modular tests

The test presented in Section 3.2 forms the basis for a performance assessment
of entire PV battery systems via the calculation of KPIs in a representative sys-
tem application. This application is defined by the test profiles and the technical
specifications of the DUT. However, several PV battery systems are available with
different battery configurations (such as VARTA one [49] which is available with 2.8-
6.9 kWh) or can be operated with various external batteries (such as SMA Sunny
Island [48]). Furthermore, AC- and generator-coupled battery systems can usually
be combined with different PV inverters. Besides, electricity generation and con-
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Figure 3.7.: Selected test profiles, three-day irradiance (top), three-day load (top
centre), four-day irradiance (bottom centre) and four-day load (bottom)
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sumption can deviate significantly from the test profiles. Application-independent
tests may be used to quantify essential factors influencing system performance
(see Figure 2.1). The results of these tests can be used for performance assess-
ment in two different ways:

• Direct calculation of application-independent KPIs. In this case, an applica-
tion test is not required, but the scaling of the individual influencing factors
and their interdependencies are complex problems (see Chapter 4)

• Support of application test results to enable performance assessment in sig-
nificantly different use-cases

Section 3.3.2 introduces modular tests to support the results of an application
test, while Section 3.3.3 describes additional tests that are required for a purely
application-independent performance assessment.

3.3.2. Modular tests for combined performance assessment

Concerning the diverse types of PV battery systems, the power conversions shown
in Figure 2.2 may consist of several steps as shown in Table 3.3. As analysed in
Section 2.2, power and terminal voltages are important influences on the conver-
sion efficiency of power electronic devices. Therefore the conversion efficiencies
need to be identified at different power levels with the terminal voltages occurring
during system operation. Taking into account the power dependence of the con-
version losses, step profiles similar to IEC 61683 can be used. However, the focus
of IEC 61683 is on PV inverters, and the power at the battery terminals during typi-
cal operations of PV battery systems is different from PV inverter applications [11].
Thus further steps in partial load range may be added to this step profile. Regarding
the influence of terminal voltage on conversion efficiency, the voltage dependency
to the SoC has to be taken into account. Consequently, measurements on charging
(PV2Bat or AC2Bat) and discharging (Bat2AC or Bat2PV) efficiency must be either
performed over full battery cycles or at a well-defined SoC.
To fully charge the batteries within their operating limits, charging procedures are
usually used that lead to a reduction of the maximum charging power in the upper
SoC range. They are usually much more pronounced with lead-acid batteries than
with lithium-ion systems. However, it is not possible to measure charging efficiency
at nominal power over the entire operating range with both technologies. The same
applies, albeit generally less pronounced, for the discharge operation shortly before
reaching the discharged state. For this reason, a measurement in a medium state
of charge is much easier to represent in a generalized test procedure. During the
measurement of the charging operation, the power flows into the battery result in a
rising SoC. Consequently, an initial SoC should be triggered just below the medium
value before the measurement. The opposite is true for discharge mode where a
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Technology
Power conversion

PV2Bat PV2Grid PV2Load Bat2Load

AC-coupled
PV2AC PV2AC PV2AC Bat2AC

AC2Bat

DC-coupled PV2Bat PV2AC PV2AC Bat2AC

Generator-coupled
PV2Bat PV2AC PV2AC Bat2PV

PV2AC

Table 3.3.: Conversion steps of PV battery systems depending on the type of bat-
tery coupling

slightly higher SoC should be chosen. The step profiles must be selected in a way
that all power conversions are operated over their full power range, and the dura-
tion of each step must be long enough to achieve steady-state operation. However,
it must be ensured that the power flows at the battery do not lead to significant
changes in battery voltage. Figure 3.8 shows a proposed step profile that, com-
pared to IEC 61683, contains additional steps at 20 % and 30 % of the conversion
path’s nominal power. The duration of each level corresponds to 120 s, whereby
only the last 80 s are used for efficiency calculations to ensure the evaluation of the
steady-state operation.

3.3.2.1. PV2AC efficiency

Purpose of this test is to determine the efficiency of grid feed-in and direct use of
PV power for local consumption. For this purpose, the battery is fully charged in
the test preparation to avoid power flows to the battery during the test. Next, the
PV emulation performs the step profile three times in succession. The nominal
PV input power of the system which is used as a parameter may either be taken
from technical documentation (e.g. data sheets, manuals, or nameplates) or must
be determined experimentally. The PV curve characteristics must comply with the
requirements of DIN 61683. During the entire test, the load emulation is switched
off (PLoad = 0). The described measurement must be carried out with at least
nominal MPP voltage. According to IEC 61683, a measurement with maximum
and minimum MPP voltage is also recommended. From the measured power flows,
the PV2AC-efficiency is calculated as the product of MPP tracking and conversion
efficiency. For DC- and generator-coupled systems, ηDCPV 2AC is calculated according
to:
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Figure 3.8.: Step profile applied in the modular tests with time periods used for
evaluation indicated in red

ηDCPV 2AC(PPV ) = ηGenPV 2AC(PPV ) = ηMPP
PV 2AC × η

DC,conv
PV 2AC (PPV )

= PPV
PMPP

× PAC
PPV + PBat

(3.1)

Due to the test preparation, power flows to the battery should be prevented as
far as possible. However, as short-term discharges into the grid or recharges of
the battery cannot be ruled out, the power flows at the battery terminals must be
taken into account. Since measurements in the DC link are in general not possible,
the PV2AC conversion efficiencies cannot be determined in a completely isolated
way. As a consequence, losses that occur in the charge controller do affect the
result. For AC-coupled systems, the power at the PV inverter terminals is measured
directly, so PBat is not needed to calculate the ηACPV 2AC :

ηACPV 2AC(PPV ) = ηMPP
PV 2AC × η

AC,conv
PV 2AC (PPV ) = PPV

PMPP

× PPV S
PPV

(3.2)

3.3.2.2. PV2Bat efficiency

The test introduced in this paragraph analyses the conversion efficiency of battery
charging from the PV system. For this purpose, the battery is brought to a medium
SoC in the test preparation. Similar to tests of PV2AC efficiency, the step pro-
file is applied to the PV emulator while the loads are switched off during the test.
Here, the step profile must be parameterized according to nominal battery charging
power. The following formulas are applied for AC-coupled systems:



34 3. Test Procedure Development

ηACAC2Bat(PBat) = PBat
PBESS

(3.3)

ηACPV 2Bat(PBat) = ηACPV 2AC × ηACAC2Bat (3.4)

Given the step profile and the response time of the DUT system control, power
flows to and from the grid are appearing during the tests. Furthermore, the oper-
ation strategy implemented in the DUT may differ from Table 3.1. For example, a
share of the PV power may be fed to the grid and thus not be fully utilized for battery
charging. While this is not a problem for AC-coupled systems, it needs to be taken
into account in the calculation for DC- and generator-coupled systems:

ηDCPV 2Bat(PBat) = − PBat
PPV − PAC

(3.5)

ηGenPV 2Bat(PBat) = − PBat
PPV − PDC

(3.6)

3.3.2.3. Bat2AC efficiency

To determine the efficiency of battery discharging to supply the local consumption,
the battery must be brought to a medium SoC in the test preparation. During the
tests, the load emulation performs the step profile from Figure 3.8 with a parame-
terisation according to the nominal battery discharge power. By switching off the
PV emulator, no unintentional power flows have to be considered for the efficiency
calculation:

ηDCBat2AC(PBat) = PAC
PBat

(3.7)

ηACBat2AC(PBat) = PBESS
PBat

(3.8)

ηGenBat2PV (PBat) = PDC
PBat

(3.9)

ηGenBat2AC(PBat) = PAC
PBat

(3.10)

3.3.3. Modular tests for application-independent performance
assessment

Besides the combination of an application test and modular testing, an evaluation
of system performance based solely on the latter is conceivable. In addition to
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conversion and storage efficiency, however, it is essential to consider other losses
caused by the standby consumption of the system components and parameters
to describe the quality of system control. The ‘Efficiency Guideline for PV storage
systems’ [50], which was developed in a working group of German Solar Associ-
ation (BSW) and German Energy Storage Association (BVES), defines test pro-
cedures for this purpose. It is based on the modular tests presented in Section
3.3.2 and contains additional measurements of storage efficiency, capacity, and
standby consumption. Furthermore, tests to determine steady-state and dynamic
control deviations are proposed to quantify the influences of system control. An
application-independent system evaluation may be considered via a smart aggre-
gation of the test results, as these cover a large part of the influences from Figure
2.1. However, the guideline does not include investigations on energy manage-
ment, which therefore needs to be neglected. The test procedures of this guideline
are briefly presented below. Compared with the test procedures from Section 3.3.2,
the following additional tests are part of the guideline:

• Power consumption during idle, standby, or switched off modes ([50] - Section
7.7)

• Battery efficiency ([50] - Chapter 8)
• Determination of steady-state control deviations ([50] - Section 9.1)
• Determination of dynamic control deviations ([50] - Section 9.2)

The test procedures determining power consumption in idle-, standby-, and off-
mode are based on transition conditions between these modes as specified by
the manufacturer. Idle and standby power losses are measured with both a fully
charged and a fully discharged battery. The power consumption is measured for
one minute in idle and standby mode after the system has reached a steady-state.
Similarly, to determine the power consumption in off-mode, the power flows are
measured for a period of one minute after the system is switched off. To test
battery efficiency and storage capacity, the battery is completely discharged and
charged three times at three different levels (25, 50, 100 % of the nominal charge
and discharge capacity). Only the second and third measurements of each power
level are used for evaluation, whereby mean values of efficiency and capacity are
calculated.
To determine steady-state control deviations of system output power, the measure-
ments of charging and discharging efficiency are used. Here, deviations of the
measured steady-state operation from ideal control (see Table 3.1) are calculated
and averaged for each step. In the guideline’s test procedure, dynamic control
deviations are measured only at a medium SoC of the battery. The approximate
settling time of the system control is determined from the step response to a load
step. Next, the system operation is measured by using a dynamic load profile con-
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sisting of 14 steps. Here, the length of the steps is equal to twice the determined
settling time. Each step corresponds to load changes in the range of 25 % to 75 %
of nominal discharging power. During the test, 75 % of rated charging power is
constantly provided by the PV emulation to maintain a medium SoC. For the calcu-
lation of response and settling time, the resulting power exchange with the public
grid after each step is used. The results obtained by the test procedures of the
efficiency guideline are very well suited to allow experts an assessment of individ-
ual key influences on system performance (such as in [51]). However, the large
number and complexity of the required measurements result in a high expenditure
of time in terms of laboratory tests and evaluations. Furthermore, it is unclear how
the specific results can be used to derive KPIs since the guideline does not intro-
duce an aggregation method. The calculation of KPIs from both application tests
and modular tests is the focus of the following chapter, while Chapter 5 presents
the results of applying the test procedures in the laboratory.
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4. Development of Key Performance
Indicators

After the definition of KPI requirements and the introduction of different test pro-
cedures in the previous parts, the purpose of this chapter is to answer question
Q5:

How can the test results be used to comprehensibly quantify system performance
through KPIs?

The KPI calculation can be based on the results of both application tests and mod-
ular tests. This chapter describes three different methods. These are:

• Hybrid Benchmark: A combined assessment based on the results of appli-
cation testing and modular tests with a focus on efficiency and effectiveness
(Proposed in 2014) [41, 42, 52]→ Section 4.1

• System Performance Index (SPI): An assessment via estimation of the eco-
nomic benefit generated by the system, either based on application tests or
on generic performance models that are parameterized using modular test
results (Proposed in 2016) [53]

• Euro-Eta for PV battery systems: An assessment of system performance
through the aggregation of conversion efficiencies identified in modular tests
(Proposed in 2017) [54]

In the following, each of these methods is presented in a separate section. Figure
4.1 schematically shows how laboratory measurements and simulative investiga-
tions are combined to achieve KPIs.

4.1. Hybrid Benchmark

As explained in Chapter 2, a suitable method to determine the performance of PV
battery systems needs to consider various aspects. In addition to the losses occur-
ring during system operation, the standby behaviour and consumption, as well as
the energy management and control quality, are important factors influencing the
system performance. The efficiency is usually described by the ratio of output to
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Figure 4.1.: Schematic overview of approaches to achieve KPIs

input energy. However, when storage systems are applied to decouple the times of
power generation and consumption, other factors must be considered. The clas-
sical efficiency calculation taking into account the ratio of output to input energy is
not sufficient from this point of view. The basic concept of the Hybrid Benchmark
KPIs is to determine system performance in an application test by considering two
aspects:

• How high are the losses occurring in the system? With which efficiency is the
solar energy ultimately used to cover household loads or for grid feed-in? →
How energy efficient is the system?

• How well does the system adapt to the consumption profile? How much grid
consumption is avoided by the system? What is the deviation of the system
behaviour to an ideal control? → How effective is the system?

To quantify efficiency and effectiveness, two KPIs are calculated from the power
flows measured during the application test:

• The energy efficiency KPI: εEE - as a classical assessment of the efficiency
in terms of losses during system operation

• The KPI for the effectiveness of the system control: εSC - to determine the
quality of the system control

The measuring points shown in Figure 3.1 allow the calculation of important figures
for performance evaluation, e.g.:
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• MPP energy provided by the PV emulation:

EMPP =
∫
PMPP (t)dt (4.1)

• PV energy generated at the DC side of the PV system:

EPV =
∫
PPV (t)dt (4.2)

• AC output energy of the PV battery system:

PAC
AC (t) = PPV S(t) + PBESS(t) (4.3)

PDC,Gen
AC (t) = PAC(t) (4.4)

EAC =
∫
PAC(t)dt (4.5)

• Load covered by PV battery system:

PLoadCvr(t) =

PAC(t),∀t ∈ PGrid(t) ≤ 0
PLoad(t),∀t ∈ PGrid(t) > 0

(4.6)

ELoadCvr =
∫
PLoadCvr(t)dt (4.7)

• Energy consumed from the grid:

PGridIm(t) =

−PGrid(t),∀t ∈ PGrid(t) ≤ 0
0,∀t ∈ PGrid(t) > 0

(4.8)

EGridIm =
∫
PGridIm(t)dt (4.9)

• Energy fed to the grid:

PGridEx(t) =

0,∀t ∈ PGrid(t) ≤ 0
PGrid(t),∀t ∈ PGrid(t) > 0

(4.10)

EGridEx =
∫
PGridEx(t)dt (4.11)

With these energy values, the energy efficiency KPI can be calculated as the ratio of
output energy of the DUT to input energy provided at the PV emulation. Thus, εEE
describes the losses that have occurred during the application test and corresponds
to energy efficiency, which is a major parameter for performance evaluation:

εEE = EAC
EMPP

(4.12)
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Variable Calculation

Usable battery capacity on first λ(t′) = −
∫ t′

0h PBat(t)dt
day of application test CBat = max(λ(t′), ∀t′ ∈ t′ = 0h, ..., 24h)

Maximum PV conversion power Pmax
PV = max(PPV (t))

Maximum charging power Pmax
Bat,Ch = −min(PBat(t))

Maximum discharging power Pmax
Bat,Dch = max(PBat(t))

Table 4.1.: Parameters of the ideal model

To assess effectiveness, εSC is calculated by the combined use of laboratory mea-
surements and simulations. Therefore, the share of local consumption covered by
the PV battery system is taken into account and compared to a generic reference
case. This case is characterized by an identically dimensioned but ideal system,
i.e. with lossless components and idealized operating strategy as presented in Ta-
ble 3.1. For this reason, the maximum power flows occurring at the PV and battery
terminals during the application test, as well as the usable battery capacity, are
calculated and used for model parametrization (see Table 4.1). In the next step, the
model is simulated with the power flows measured at PV and load emulation during
the application test. The avoided grid consumption in the simulation corresponds
to the load covered by the ideal PV battery system. Finally, the effectiveness is
calculated by comparing the load supply of the laboratory test to this reference
case:

εSC = ELab
LoadCvr

EIdeal
LoadCvr

(4.13)

The KPIs εEE and εSC are the core results of the Hybrid Benchmark performance
assessment. The separate consideration of efficiency and effectiveness enables
a holistic assessment of system performance based on only two KPIs. Figure 4.2
shows schematically how these variables are derived from simulations and labo-
ratory measurements. It should be noted that a reduced efficiency directly affects
the output energy provided by the system. However, in the case of sophisticated
energy management, it is primarily the amount of PV power fed directly to the
grid that gets reduced. Therefore, in contradiction to the initially published Hy-
brid Benchmark Approach, a division with εEE is not advisable for the calculation
of εSC . Nevertheless, it is desired to decouple both KPIs as much as possible.
Since the MPP tracking losses are already contained in εEE, they are not in focus
of the effectiveness assessment. Consequently, the measured input power after
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MPP tracking is used for the system simulations. A well-performing system must
guarantee both: high energy efficiency and high effectiveness. Consequently, both
KPIs may be viewed with equal importance for most applications. However, for
use cases that differ significantly from the application test, the Hybrid Benchmark
KPI can still be used, but a scaling review must be performed. Since a larger PV
system leads to increased energy flows through the PV battery system, a high εEE
becomes more important in this case. In contrast, higher power consumption in the
household provides increased potential for PV self-sufficiency, which makes εSC
more important. Similar considerations apply to different feed-in compensation and
consumption tariffs. As long as the margin between both is low, high efficiency is
of paramount importance. However, if consumption tariffs far exceed the feed-in
compensation, high self-sufficiency and thus a good εSC gain in importance. The
power flows of the application test can also be used to evaluate the efficiency of
system components through an individual calculation of εEE on power conversion
level (see Figure 2.2). Since only as few as possible KPIs should be used for the
system assessment, the component efficiencies are not ranked as major KPIs in
the Hybrid Benchmark Approach. Nevertheless, they are advantageous in allowing
experts to gain deeper insights into the system components, thus enabling perfor-
mance estimation for different use cases.

4.2. SPI (System Performance Index)

The approach described in this chapter has been proposed to avoid application
testing and thus produce results that are independent of test profiles and the mea-
sured system combination [55]. For this purpose, the results obtained by ap-
plying the Efficiency Guideline are used to parametrize a Generic Performance
Model (GPM). Here, different models for the different types of battery coupling are
introduced [56, 57]. In addition to the nominal capacity of the power converters, the
required parameters include the power-dependent conversion efficiencies, battery
losses, static and dynamic control deviations, and standby consumption. The sys-
tem behaviour can then be analysed by simulation with annual PV generation and
household consumption profiles [58]. As with the Hybrid Benchmark procedure,
the simulation of an identically dimensioned ideal system is used as a reference
case [53]. For SPI calculation, the following values are derived following Equations
4.8 - 4.11:

ERef
GridIm Energy consumed from the grid without PV battery system

EIdeal
GridIm Energy consumed from the grid in the simulation of an ideal system

EGPM
GridIm Energy consumed from the grid in the simulation of a GPM
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Figure 4.2.: Determination of εEE and εSC in the application test
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EIdeal
GridEx Energy fed to the grid in the simulation of an ideal system

EGPM
GridEx Energy fed to the grid in the simulation of a GPM

Based on these values, in the next step, the resulting electricity costs C are calcu-
lated, i.e. the balance of expenditures for grid consumption and revenues for PV
feed-in. Consequently, the PV feed-in compensation cFeed−in and electricity tariff
cConsume are essential parameters calculating the εSPI .

CRef = ERef
GridIm × cConsume (4.14)

CIdeal = EIdeal
GridIm × cConsume − EIdeal

GridEx × cFeed−in (4.15)

CGPM = EGPM
GridIm × cConsume − EGPM

GridEx × cFeed−in (4.16)

By considering the difference between CRef and CIdeal, the cost-saving potential of
the PV battery system is determined. To derive εSPI , the realized cost savings of
the generic performance model is divided by the cost-saving potential of an identi-
cally specified ideal system.

εSPI = CRef − CGPM
CRef − CIdeal

(4.17)

Following this methodology, only measurements according to the Efficiency Guide-
line are needed to calculate εSPI . Furthermore, different system combinations may
be evaluated just by varying the model parameters. However, since application-
independent testing provides no insight into energy management, it is questionable
to reproduce the original system operation within generic performance models. In-
vestigations into this have already shown that significant deviations between sim-
ulations and measurements of a 7-day system operation can occur [56, 57]. As
a remedy, εSPI may be calculated from the power flows of an application test that
is identical to the Hybrid Benchmark procedure (see Figure 4.3). However, this
method lacks the benefit of an easy evaluation of different system combinations.
Compared to Hybrid Benchmark, the reduction to just one KPI in this approach is
made possible by the inclusion of the current electricity tariffs and PV feed-in com-
pensations in Germany. For further analysis of this KPI, the auxiliary quantity γ is
introduced. It is calculated by omitting cost references from Equation 4.17 and only
focussing on the grid import:

γ = ERef
GridIm − EGPM

GridIm

ERef
GridIm − EIdeal

GridIm

(4.18)
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Figure 4.3.: Schematic overview of approaches to achieve KPIs with εSPI based on
an Application Test

Here, the grid import of the base scenario ERef
GridIm is equal to ELoad since a house-

hold without a PV system is considered. Furthermore, the same load profile is
applied as an input of system simulations:

ERef
GridIm =

∫
PLoad(t)dt =

∫
PGPM
Load (t)dt =

∫
P Ideal
Load (t)dt (4.19)

As a consequence, along with the relationships given in Section 4.1, Equation
(4.17) may be written as:

γ(t) =


∫

(PLoad−PGP M
Grid )dt∫

(PLoad−P Ideal
Grid

)dt , ∀t ∈ PGrid(t) ≤ 0∫
PLoaddt∫
PLoaddt

, ∀t ∈ PGrid(t) > 0
(4.20)

Considering the AC power balance, the following applies to all topologies:

PGrid(t) = PAC(t)− PLoad(t) (4.21)

γ(t) finally results in:

γ(t) =


∫
PLab

AC dt∫
P Ideal

AC dt
, ∀t ∈ PGrid(t) ≤ 0

1, ∀t ∈ PGrid(t) > 0
(4.22)

Since the formula of the Hybrid Benchmark KPI of effectiveness is 1 in times of grid
export (εSC(t) = 1, ∀t ∈ PGrid(t) > 0), a comparison of γ to Equation (4.12) reveals



4. Development of Key Performance Indicators 45

that they are identical. The calculation of εSPI also takes into account the energy
fed directly from the PV system into the grid. Since the PV battery systems in the
focus of this work use the input energy primarily to feed the local consumption,
the grid export essentially describes the energy surplus that is available through
efficient system operation. However, this value is directly taken into account in the
Hybrid Benchmark Approach with the KPI of energy efficiency. Here, the division
into two KPIs in Hybrid Benchmark proves to be advantageous since it enables
the performance evaluation with various tariffs for PV feed-in and electricity. A
separate evaluation of energy efficiency and effectiveness is not possible with the
εSPI as both are included in one value.

4.3. Euro-η for PV Battery Systems

The objective of the Euro-η approach for PV battery systems is to evaluate system
performance based on a simple aggregation of the measurement results according
to the Efficiency Guideline [54]. Here, the ‘Euro-η’ for PV inverters as defined in
[28] is used as a role model. To enable an assessment of PV battery systems, a
methodology to quantify the efficiency of charging, discharging, and storage in a
single figure is pursued. Therefore, a set of scaling factors has to be defined to de-
termine the average efficiencies of individual power conversions and storage. This
may be performed either individually for each system specification or with a uniform
set of scaling factors independent of nominal conversion power and storage capac-
ity. Table 4.2 shows a possible set of scaling factors that has been suggested by
the authors of [54]. Here, the factors fPV 2AC are taken from IEC 50530 [28], while
fPV 2Bat, fBat2AC , and fBat are derived from simulative analyses. They correspond
to the load on the power conversions and the battery during a simulation of an ideal
system with 50 different consumption profiles. For these investigations, a model of
an AC-coupled system with a 5 kWp PV inverter, 3 kW battery inverter, and a usable
battery capacity of 5 kWh was used. Equation 4.23 shows the formula proposed
to calculate the aggregated efficiency of charging conversion. Analogous formulas
can be used for other operation modes. Since the Efficiency Guideline only con-
tains storage efficiency measurements at three different power levels, the battery
has a modified formula (see Equation 4.24).

ηPV 2Bat = fPV 2Bat,5 × ηPV 2Bat,5

+fPV 2Bat,10 × ηPV 2Bat,10 + ...+ fPV 2Bat,100 × ηPV 2Bat,100
(4.23)

ηBat = fBat,25 × ηBat,25 + fBat,50 × ηBat,50 + fBat,100 × ηBat,100 (4.24)
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Parameter
Power level

0.05 0.1 0.2 0.25 0.3 0.5 0.75 1

fPV 2Bat [%] 3 5 7 8 12 29 25 11

fBat2AC [%] 4 9 16 19 17 11 10 13

fPV 2AC [%] 3 6 13 0 10 48 0 20

fBat [%] 36 35 29

Table 4.2.: Weighting factors of the Euro-η approach

Subsequently, the resulting average efficiencies are aggregated into a KPI. In [54],
two methods are presented. Here, different formulas are required for the different
types of battery coupling:

• Calculation excluding PV

εACEuro−η = ηAC2Bat × ηBat × ηBat2AC (4.25)

εDCEuro−η = ηPV 2Bat × ηBat × ηBat2AC
ηPV 2Bat

= ηBat × ηBat2AC (4.26)

εGenEuro−η = ηBat × ηBat2PV × ηPV 2AC (4.27)

• Calculation including PV

εACEuro−η = ηPV 2AC × ηAC2Bat × ηBat × ηBat2AC (4.28)

εDCEuro−η = ηPV 2Bat × ηBat × ηBat2AC (4.29)

εGenEuro−η = ηPV 2Bat × ηBat × ηBat2PV × ηPV 2AC (4.30)

The methods differ in the included power conversions. In the ‘Calculation excluding
PV’, the efficiency ηPV 2AC is neglected to obtain a KPI that focusses only on the
battery system. Thus the PV inverter of AC-coupled systems can be omitted in
the efficiency calculation. In contrast to this, all power flows occurring in system
operation are taken into account in the ‘Calculation including PV’. However, as no
scaling factors for the multiplicands are given, the fact that a share of the input
energy is not stored in the battery has to be neglected. Consequently, the conver-
sion efficiency of directly used PV power is not reflected in the result. Comparing
Equations (4.25) - (4.27), it becomes apparent that a fair system comparison in the
‘Calculation excluding PV’ is not possible, because AC-coupled systems are dis-
advantaged in comparison to DC-coupled systems by the additional multiplication
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with ηAC2Bat. Nevertheless, the Euro-η approach also shows a couple of advan-
tages, as it does not rely on application testing and only requires the measurement
results of the conversion and storage efficiencies. Hence it allows a simple and
fast-forward performance evaluation. However, since only the conversion and stor-
age efficiencies are used, this KPI does not take the effectiveness or the influences
of standby operation and energy management into account.

4.4. Conclusions of KPI development

In the previous sections, different approaches to determine KPIs from laboratory
measurements of PV battery systems were presented and analyzed. A classifica-
tion of these KPIs can be made based on the required measurement procedures:

• KPI based on an aggregation of performance parameters from application-
independent tests

• KPI derived from energy sums in an application test

While the Euro-η belongs to the first and the Hybrid Benchmark KPIs to the sec-
ond category, derivation of the SPI was presented using both methods. An impor-
tant advantage of KPIs from application-independent tests is that they enable easy
evaluation of different system combination, while the results of application tests are
always dependent on the particular DUT in the laboratory. On the contrary, ap-
plication tests enable a simple evaluation of effectiveness as they do not require
complex modelling, additional measurements, and parameterizations. Since the
Efficiency Guideline does not contain a procedure for testing effectiveness, and by
today no other measurement procedure for identifying corresponding parameters
exists, the evaluation of effectiveness with application-independent measurements
is presently impossible. Consequently, these KPIs do only allow a comparison of
efficiency and thus only reflect a part of the PV battery system performance as
defined in Section 2.1. However, although the determination of the SPI by generic
performance models does not allow any statement on energy management, it in-
cludes important aspects of system control. This is in contrast to the Euro-η ap-
proach that only focusses on conversion and storage efficiency. Nevertheless, a
holistic system evaluation is only possible through application-dependent KPIs.
A major advantage of the SPI is its system evaluation based on a single KPI.
Hence, rating lists may enable quick comparison of system quality even for non-
experts. However, the reduction of the different aspects to just one key figure is
achieved by a scaling based on fixed PV feed-in compensations and electricity tar-
iffs. As a consequence, the validity of the results is very limited, as the applied
scalings are subject to both local (especially between different countries) and tem-
poral changes. From this point of view, the Hybrid Benchmark KPIs are difficult to
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put into a single rating table, but due to the different boundary conditions, such a
rating lacks validity anyway. As a consequence, the separation of system evalu-
ation into two KPIs, one for efficiency and one for effectiveness, offers significant
advantages compared to the SPI.
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5. Application of Test Procedures in
Laboratory

After presenting the test procedures in Chapter 3, these need to be applied and
evaluated in practice. This chapter aims to address key question Q6:

How well can the procedures be applied to differently specified PV battery
systems?

For this purpose, the instruments used to emulate the PV system and household
consumption in the laboratory, as well as the measurement equipment, are pre-
sented in Section 5.1. As DUT five PV battery systems with different specifications
and system topologies are used. These are introduced in Section 5.2. During the
practical investigations, they are tested according to the modular and application
tests as defined in Chapter 3. Here the three- and four-day test profiles resulting
from Section 3.2.2 are used. Sections 5.3 and 5.4 present and evaluate the mea-
surement results. The chapter concludes with a summary of experiences gained
during the application of the test procedures and a discussion of the DUT perfor-
mances in Section 5.5.

5.1. Laboratory Equipment and Test Bench

For practical testing of the described test procedures, a test bench for PV battery
systems is constructed (see Figure 5.1). This includes the hardware emulators, a
control computer, and signal converters, as shown in Figure 5.2. The power flows
are logged and stored on the measuring device, while the MPP power of the PV
emulator is recorded by the control computer.
For PV emulation, a “PVS30000” manufactured by Spitzenberger & Spies GmbH
& Co. KG [59] is used. It has a rated output power of 30 kW and a maximum
DC voltage of 950 V. By using an analogue series regulator at its output, the PV
emulation achieves a very fast and dynamic simulation of the IV -characteristic
[60]. This satisfies the requirements of [27] and [28] and allows an investigation
of MPP tracking efficiency under realistic conditions. The dynamic simulation of
this curve is particularly important to properly emulate the system response to the
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Figure 5.1.: Photograph of the PV battery system test bench

Control
Computer

Ethernet /
IEEE-488

DEWE 2600

MPP 
Tracker

Battery
converterBattery

Load
emulation

PV 
emulation

PBat

PGrid

PLoad

Public
grid

Signal Processing and 
Data Storage

Powerflows and 
Data Aqcuisition

Inverter

PAC

Ethernet

PPV

Figure 5.2.: Setup for laboratory investigations (shown for a DC-coupled system)
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resulting 100 Hz ripple at the DC input of the MPP tracker as it is used in some
MPP tracking algorithms [61]. For all laboratory tests described in this chapter, the
PV systems are parameterized to reach the rated power of the MPP tracker input
terminals at Standard Test Conditions (STC) irradiance (i.e. 1000W/m2) [62]. At its
output terminals, the PV emulator provides the characteristic IV -curve of a PV sys-
tem as a function of irradiance, ambient temperature, and parameters sensitively
to the specified PV modules and their interconnection. Within the scope of sys-
tem specifications, the IV -curve is freely programmable. For the emulation of the
load profiles, various remote-controlled AC loads of the “ZSAC” product group of
the company Höcherl & Hackl GmbH are used [63]. A total of three units with up to
7 kVA and two units with up to 3 kVA are used so that typical household load profiles
can be exactly emulated to up to three phases. Both PV and load emulation are re-
motely controlled using Python [64] for test automation and signal processing from
the control computer. During the tests, the laboratory temperature is controlled reg-
ularly to maintain 25± 5 ◦C at all times. Attempts are also made to meet the more
stringent temperature requirements of IEC/EN 61683 (25 ± 2 ◦C) through regular
heating or ventilation. For power measurements and data recording, a “DEWE2600
all-in-one measurement instrument” from Dewetron GmbH with six isolated chan-
nels for each voltage and current measurements is used [65]. This device enables
the recording of high-resolution data and offers a variety of settings for its input
channels and their signal filters. Various high-precision zero-flux transducers and
current clamps are used as sensors for current measurement (see Table 5.1). Due
to their operation principle, both technologies are suitable for the measurement of
DC and AC currents (provided that the input channel is parameterized accordingly)
and do not distort the signal by additional loading. Because of higher accuracy,
zero-flux transformers were preferred to current clamps whenever possible. Un-
less stated otherwise, measured values are filtered through a low-pass filter with a
cut-off frequency of 3 kHz and are stored in a resolution of 500 ms.

5.2. Presentation of Devices Under Test

This section introduces the specifications of the five PV battery systems used as
DUT in the laboratory tests. Since the focus of the investigation is on the validation
of test procedures and KPIs, the systems are displayed anonymously. To achieve
a high validity of the results, these systems need to cover a wide range of the
available market diversity. Table 5.2 shows fundamental technical details of the
tested systems, wherein the data is derived from the application test according to
the formulas shown in Table 4.1. The systems differ in particular in terms of usable
capacity, power ratings of the converters, ratio of storage capacity to maximum
charging and discharging power, and type of battery coupling to the PV system.
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Sensor IT 60-S IT 200-S PNA-Clamp

150-DC

Type Zero-flux Zero-flux Current

transducer transducer clamp

Manufacturer LEM LEM Dewetron

Series IT60-400 IT60-400 DAQP-LV-D

Signal range -60...60 A -200...200 A -150...150 A

Accuracy 0.0273 % 0.0273 % 0.3 %

Table 5.1.: Current sensors of PV battery testbench

Furthermore, the systems cover both fully integrated concepts as well as set-ups
with different degrees of modularity (see Figure 5.3).
System A is a separate battery inverter that is meant to be used in parallel with a PV
system. The system can be operated with a lead-acid or a Li-ion battery, which is
either purchased separately or offered in a package together with the inverter. For
the investigations presented here, an ‘IBC SolStore 6.5 Li’ Li-ion battery is used
[66]. Unlike System A Systems B and C include a Li-ion battery and an associated
inverter in a shared cabinet. What is remarkable about the system design of Sys-
tem B is the comparatively low ratio of charging power to usable battery capacity.
System C has the same power ratings as System A while offering a considerably
larger battery capacity. Systems D and E are DC-coupled Li-ion systems which pro-
vide higher battery voltages compared to the AC-coupled DUTs. Both contain MPP
tracking inputs for PV connection as DC-coupled systems do not require a separate
PV inverter. Both systems, however, differ clearly in their system design. With a us-
able capacity of only 2.2 kWh, System D offers the smallest battery of all five DUT,
while its conversion power ratings are similar to System B. In contrast, System E
offers the largest capacity and highest power ratings. Since all AC-coupled sys-
tems do not include a PV inverter, which is needed for system operation, an ‘SMA
Sunny Boy 5000TL’ [47] with a rated AC power of 4.6 kW was used for them to com-
plete the laboratory setup. At the time of performing the presented measurements,
the batteries of Systems A and E have already been in the laboratory for about
three years. Similarly, System D was operated in the laboratory for approximately
two years before the measurements, while Systems B and C were tested in a new
condition. Except for System B, all systems offer a data interface through which
the SoC can be read in 1 %-resolution. Therefore measurements at defined SOC
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Parameter
System

A B C D E

CBat [kWh] 5.3 4.7 6.8 2.1 6.8

VBat,nom [V] 48 48 48 150 192

P PV
PV 2Bat,nom[kW] 3.4 1.2 3.4 1.9 5.0

PAC
Bat2AC,nom[kW] 3.4 2.0 3.4 1.9 4.6

PAC
PV 2AC,nom[kW] 4.6 4.6 4.6 4.6 5.0

Table 5.2.: Major specifications of the DUT

Figure 5.3.: Topology and content of the tested systems
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Figure 5.4.: Charging behaviour of System B

levels at System B must be made by a SoC estimate based on the battery voltage
and battery current integration. Consequently, these are difficult, time-consuming,
and error-prone with System B. The basic functions and the charging behaviour of
all five systems were analysed during preliminary investigations in the laboratory. It
became clear that, except for System B, all storage systems complete a full charge
of the battery with a very short constant voltage phase. The charging behaviour of
System B showed an unexpected operation, in which shortly before reaching the
full charge, the charging power is initially reduced to -165 W and then operated for
several hours with an oscillating power in the range of 30 W (discharge) to -165 W
(charge) (see Figure 5.4). It could also be observed that this system has a thresh-
old value for activating charging mode since a targeted charging of the battery with
less than -100 W was not possible. Besides, it was noticed that System B peri-
odically restarts the battery inverter control (every 30 minutes), during which the
power at the terminals of the storage system briefly drops to 0W (see Figure 5.4).
Another important observation of the preliminary tests concerns the power control
of System D. Here, a different system reaction to ascending or descending step
profiles was detected during both charging and discharging operations (see Figure
5.5). While the system power almost instantly and completely adapts to descend-
ing steps, the response to ascending steps shows delays and the change of power
flows does not become fully compensated. As the test profiles of the modular test
are defined with descending steps (see Section 3.3), this behaviour is not of major
concern in these tests. However, the influence of the control of System D must be
taken into account during a performance assessment.
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Figure 5.5.: Response of System D to different step profiles

5.3. Measurements According to Modular Test
Procedures

The focus of the investigations in this section is on the application of the test proce-
dures presented in Section 3.3 with the objective to quantify significant influences
on system performance. However, the importance of these influences differs be-
tween the various system designs and specifications. For example, efficient charg-
ing and discharging conversions are more important in systems with a large usable
storage capacity because the power flows on these conversion paths are increased
compared to systems with smaller batteries. The same applies to battery efficiency
and the control of the battery power flows. However, a low standby consumption
of the battery system is more important for systems with small batteries, as these
are more often in the discharged state during operation. The significance of the
individual parameters is discussed in more detail based on multiple-day application
tests in Section 5.4.

5.3.1. Conversion efficiencies

The investigations presented here are based on separate consideration of the con-
version paths as shown in Figure 2.2. Table 3.3 shows that the ‘PV2Bat’ conversion
in AC-coupled systems has two stages. Here, these are presented and discussed
separately (PV2AC and AC2Bat) and aggregated (PV2Bat). All results are pre-
sented in the form of curves and tables. For reasons of clarity, these curves show
the conversion efficiency for the relative load of the associated conversion path; i.e.,
the measured operating points are divided by the nominal power of the conversion
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path within the system specifications of the DUT (see Table 5.2). The correspond-
ing absolute conversion power may vary considerably between the systems due
to their different specifications. Therefore, to evaluate the depicted curves, it is
necessary to additionally analyse the tables in which the corresponding conversion
powers are indicated. In addition to the relative representations and core result ta-
bles in this chapter, Appendix B contains detailed tables and curves that show the
efficiencies over the absolute conversion power.

5.3.1.1. PV2AC

Figure 5.6 and Table 5.3 show the PV2AC efficiency of the DUT at nominal MPP
voltage. As Systems A, B, and C use the same PV inverter, only one curve is
shown for them. The PV2AC efficiency curves of this PV inverter and System D
are nearly congruent and show a very efficient PV2AC operation of both systems
over the entire range. Efficiencies greater than 95 % are reached at the power
levels from 20 % onwards, while at lower power, all results are higher or close
to 90 %. The PV2AC efficiency of System E is significantly worse, especially in
the partial load range. At very low loads (5 % of nominal power), it is less than
70 % and thus almost 25 percentage points (pps) worse than those of the other
systems. Table 5.3 enables separate assessment of MPP tracking and conversion
efficiency. Evidently, the MPP tracking of the AC-coupled PV inverter and System
D exceeds 97 % efficiency at all power levels and reaches 99 % at a 20 % load.
Compared to these results, System E shows a significantly weaker MPP tracking.
Especially at the smallest investigated operating point, it only reaches 85.2 % and
thus has a 12 percentage points lower MPP-tracking efficiency than the other two
systems. Similar results can be seen for the conversion efficiency of System E,
which is also particularly weak in the lower power range. Both the conversion
and MPP-tracking efficiencies of System E increase significantly with rising input
power, achieving a similarly efficient operation as the other systems in the high-
power ranges. However, unlike System E, their PV2AC efficiency peaks at medium
power levels and remains high over the entire operating range. It appears that the
technical design of the PV2AC conversion of System E does not provide sufficient
optimization of its operating range. In summary, it can be concluded that System
E has significant weaknesses in the PV2AC-conversion path in comparison to the
other systems.

5.3.1.2. PV2Bat

The results of the PV2Bat efficiency measurements at medium SoC levels are
shown in upper part of Figure 5.7 and in Table 5.4. For the AC-coupled systems,
also the AC2Bat efficiency in terms of the charging efficiency of their battery in-
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Figure 5.6.: PV2AC efficiency over degree of power capacity utilization

System Parameter
Power level

0.05 0.1 0.2 0.25 0.3 0.5 0.75 1

A, B, C

PPV S [W] 210 437 910 1143 1379 2297 3443 4564

ηMPP [%] 97.4 98.9 99.5 99.2 99.2 99.1 99.6 99.6

ηconv [%] 91.7 95.0 96.8 96.9 97.0 97.0 96.6 96.2

ηPV 2AC [%] 89.4 94.0 96.3 96.1 96.3 96.1 96.2 95.9

D

PAC [W] 218 452 918 1150 1382 2298 3439 4569

ηMPP [%] 97.5 98.7 99.2 99.2 99.2 99.2 99.2 99.2

ηconv [%] 93.2 95.8 96.8 96.9 97.0 96.8 96.6 96.3

ηPV 2AC [%] 90.9 94.5 96.0 96.1 96.2 96.1 95.9 95.5

E

PAC [W] 173 426 924 1183 1439 2435 3717 4977

ηMPP [%] 85.2 95.1 98.4 99.0 99.2 99.7 99.6 99.8

ηconv [%] 78.2 86.2 90.4 92.0 93.2 94.2 95.9 96.1

ηPV 2AC [%] 66.6 82.0 89.0 91.1 92.4 93.8 95.5 95.9

Table 5.3.: Efficiencies derived from PV2AC measurements
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verter is depicted (see the centre part of Figure 5.7). The results reveal a signifi-
cantly higher PV2Bat efficiency of the DC-coupled systems due to their omission
of a second conversion stage. Again, System D has the best overall efficiency and
exceeds 90 % at all operating points above 20 % of rated power. Its peak efficiency
of 96.1 % is more than 1 pp better than that of any other system. However, it should
be noted that System D has a considerably smaller PV2Bat operating range than
Systems A, C, and E and prevents its battery from charging at power levels below
10 % of nominal charging power. In contrast to System D, the PV2Bat efficiency
of System E is very weak at low power levels, reaching only 52.8 % at the lowest
level. The advantage of DC-coupled systems only becomes apparent at higher
charging power, where the efficiency of System E considerably exceeds that of
any AC-coupled DUT. At nominal power, System E finally achieves the highest
efficiency of all systems. Systems A and C have an almost identical efficiency for
both PV2Bat and AC2Bat. Both systems achieve their peak charging efficiency at
partial loads ranging between 20% and 30% of their nominal conversion power.
Up to these power levels, their efficiency is competitive or even higher than that
of the DC-coupled System E. Figure B.2 reveals very high conversion losses dur-
ing charging of System B. However, it should be noted that the PV inverter has a
conversion efficiency of less than 95 % below 75% of the nominal PV2Bat power
of System B. This is due to the very low nominal charging power compared to the
nominal power of the PV inverter (see Figure B.3). However, compared to Systems
A and C, the AC2Bat efficiency of System B is also unsatisfactory. For example, the
efficiency at 30 % of nominal charging power is more than 10 pps below that of the
other AC-coupled systems. The PV2Bat efficiency at this operating point reaches
only 47.5 %, which is the worst conversion efficiency obtained in the modular tests.
Below 10 % of nominal charging power System B does not yet charge the battery,
thus avoiding even less efficient operating points in the low power range. The ef-
ficiency curves of System E and, in particular, System B increase over the entire
operating range and show very high losses in the low power range. It appears that
the design of their power electronics is not geared to efficient conversion of the sys-
tems’ operating range. In summary, it can be stated that the DC-coupled systems
have a more efficient charging operation – in particular, System D achieves a very
good overall efficiency. On the other hand, System B has clear weaknesses due to
its comparatively inefficient AC2Bat operation.

5.3.1.3. Bat2AC

The measurements of the Bat2AC conversion path are used to investigate the con-
version efficiency in discharge mode. Theoretically, similar results are expected
for AC- and DC-coupled systems, since both types perform comparable conversion
steps. There is no fundamental advantage for DC-coupled systems such as in the



5. Test Procedure Application 59

Figure 5.7.: PV2Bat- (top), AC2Bat- (centre), and Bat2AC efficiencies (bottom) over
degree of power capacity utilization
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System Parameter
Power level

0.05 0.1 0.2 0.25 0.3 0.5 0.75 1

A
−PBat [W] 110 283 614 778 939 1563 2303 2989
ηAC2Bat [%] 85.3 92.8 95.3 95.4 95.2 94.2 92.2 90.3
ηPV 2Bat [%] 63.2 81.2 88.1 89.2 89.8 89.6 88.0 85.7

B
−PBat [W] 128 194 255 504 716 1061
ηAC2Bat [%] 76.7 83.3 86.7 92.0 93.6 93.7
ηPV 2Bat [%] 47.5 57.7 64.1 76.7 86.2 86.8

C
−PBat [W] 105 275 602 765 925 1543 2279 2973
ηAC2Bat [%] 84.7 92.6 94.6 94.7 94.7 93.7 91.9 90.0
ηPV 2Bat [%] 62.9 80.5 87.8 89.0 89.6 89.7 88.1 86.2

D
−PBat [W] 105 304 414 518 925 1434 1856
ηPV 2Bat [%] 87.3 92.7 93.8 94.7 95.8 96.1 93.7

E
−PBat [W] 141 423 950 1210 1473 2508 3788 5049
ηPV 2Bat [%] 52.8 79.2 88.9 90.6 92.0 93.9 94.6 94.5

Table 5.4.: Efficiencies derived from PV2Bat measurements

PV2Bat conversion here. As with previous conversion efficiencies, the bottom of
Figure 5.7 again shows a nearly identical curve for Systems A and C. In terms of
their power converters, both systems are therefore comparably efficient. When it
comes to battery discharge, both systems are the only ones that show a consis-
tently good efficiency in the range of 90 % and above. All other systems have a
significantly higher share of losses at low power levels. For example, the efficiency
at 5 % of nominal Bat2AC power is over 10 pps higher at Systems A and C than
with any other DUT. The good performance in the lower partial load range can also
be seen in the absolute plot of the conversion path in the Appendix. On the other
hand, System D achieves the best peak efficiency of 95.2 % that is achieved close
to its nominal discharge power. Systems B and E have significant weaknesses in
battery discharge. The peak efficiency of System B is only 92 %, which is lower
than any other DUT, while System E achieves efficient operation only in the higher
power range. While System D achieves a significantly better efficiency in charging
mode than the other systems, this is not the case when discharging. However, it
is important to note that System D has a significantly lower nominal discharge ca-
pacity than Systems A, C, and E. In summary, Systems A, C, and D show better
Bat2AC efficiency than Systems B and E.
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System Parameter
Power level

0.05 0.1 0.2 0.25 0.3 0.5 0.75 1

A
PBESS [W] 210 397 772 958 1145 1869 2805 3278

ηBat2AC [%] 90.2 92.8 94.1 94.0 93.8 92.6 91.1 89.8

B
PBESS [W] 135 231 419 537 608 987 1460 1880

ηBat2AC [%] 77.5 84.6 89.5 90.8 91.2 92.0 91.5 90.7

C
PBESS [W] 184 349 679 844 1009 1694 2515 3284

ηBat2AC [%] 89.8 92.7 94.4 94.5 94.3 93.4 91.5 90.3

D
PAC [W] 95 184 365 455 543 904 1356 1804

ηBat2AC [%] 80.5 88.0 92.4 93.4 93.9 95.0 95.2 95.1

E
PAC [W] 253 463 912 1133 1367 2244 3364 4468

ηBat2AC [%] 78.3 85.3 90.3 91.3 91.9 93.0 93.0 92.3

Table 5.5.: Efficiencies derived from Bat2AC measurements

5.3.2. Battery efficiency

As briefly described in Section 3.3.3, the energy efficiency and capacity of the bat-
teries are tested at three different levels: 25 %, 50 %, and 100 % of the nominal
charge and discharge power capacity. A complete battery cycle is measured three
times for each level, but only the second and third iterations are used for evalua-
tion. The results of these measurements are presented in Table 5.6 and Figure 5.8.
They show the mean values of efficiency at the power levels investigated. Besides,
Table 5.6 contains average capacities that can be used, for example, as technical
specifications on datasheets. It is noticeable that the spread between the different
battery efficiencies decreases with increasing power. While at the lowest power
level, there is a difference of more than 6 pps between the best and worst system,
this reduces to less than 3 pps at nominal power. Overall, System D achieves the
highest levels of battery efficiency, while the distance to the comparably efficient
batteries of Systems A and B decreases significantly with increasing power. As a
result, the battery efficiency of System D shows a higher sensitivity to the power
level during system operation. The average battery efficiency of Systems C and E
is about 3 pps lower than the other systems, and their peak efficiency is achieved
in the medium power range. Both systems supply internal consumers, e.g., the dis-
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System Parameter
Power level

0.25 0.5 1.0
∑

A
ηBat [%] 96.6 96.5 94.8 96.0

CBat [kWh] 5.29 5.17 5.28 5.25

B
ηBat [%] 97.0 96.1 94.9 96.0

CBat [kWh] 4.77 4.70 4.69 4.72

C
ηBat [%] 91.8 93.8 93.5 93.0

CBat [kWh] 6.70 6.82 6.79 6.77

D
ηBat [%] 98.2 96.5 95.2 96.6

CBat [kWh] 2.08 2.08 2.08 2.08

E
ηBat [%] 93.7 94.6 93.4 93.9

CBat [kWh] 6.82 6.81 6.76 6.80

Table 5.6.: Efficiencies and capacities derived from battery measurements

play via the battery. This results in a decrease in efficiency during long test periods
at low power levels due to the increasing energy consumption of the consumers
in those tests. This effect interferes with the increasing efficiency at low discharge
rates, which can be observed in the other systems. Regarding the battery capacity,
there are only small differences in the tests at different load levels.

5.3.3. Standby consumption

Due to internal consumers like sensors or displays, PV battery systems consume
power in standby and idle operation. In principle, this standby consumption can
take place both at the DC and the AC connection. Regardless of the system struc-
ture, it is measured when the battery is fully discharged and no PV input power
is available. Also, the standby consumption of AC-coupled systems must be mea-
sured when the battery is fully charged, and the load emulation is set to 0 W. As
DC-, and generator-coupled systems usually do not change to standby mode in
this case, no corresponding measurement is performed on these systems. Table
5.7 shows the standby consumptions that have been measured on the systems in-
vestigated. They differ considerably in quantity and type of consumption. While at
Systems A and C, the standby power is supplied on the DC side from the battery,
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Figure 5.8.: Battery efficiencies over degree of power capacity utilization

System D exhibits opposite behaviour as it consumes standby power only on its AC
side. With only 3 W, this standby consumption is very low compared to all the other
systems. System E is also supplied via its AC side, but a small power flow of 3 W
from the battery is existent additionally. System E’s absolute standby consumption
at SoCmin of 37 W is more than ten times higher than that of System D and almost
five times higher than those of Systems A and C. System B consumes standby
power at both sides: AC and DC. The distribution of these consumptions differs
between SoCmin and SoCmax. However, the sum appears to be almost indepen-
dent of the SoC and reaches a similar value to System E.

5.3.4. Control deviations

Concerning the quality of system control, a distinction is made between static and
dynamic deviations. The determination of static deviations is based on the investi-
gations of the conversion efficiencies and does not require a separate test profile.
The difference between the residual load and the power flow on the PV battery
system leads to power exchanges with the public grid. Theoretically, the least pos-
sible stationary deviation is desirable to achieve a high effectiveness of the system.
However, if the steady-state deviation is close to 0 W, this can quickly lead to a dis-
charge of the battery into the grid (e.g. in the case of rapid load changes) and thus
reduce effectiveness. The right-hand part of Table 5.8 shows the mean values of
the power flows during the evaluation of PV2Bat and Bat2AC conversion efficien-
cies. With all DUT, power flows to the grid during charging operation are present,
but the value of this power varies considerably. While System E charges most of
the residual power into the battery with a stationary deviation of 9 W, Systems D
and B show significantly different behaviour with stationary deviations of 79 W and
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System Parameter SoCmin SoCmax

A
PBESS [W] 0 0

PBat [W] 9 11

B
PBESS [W] 19 27

PBat [W] 18 12

C
PBESS [W] 0 0

PBat [W] 9 11

D
PAC [W] 3

PBat [W] 0

E
PAC [W] 34

PBat [W] 3

Table 5.7.: Overview of power consumption during standby

56 W. In principle, a high stationary deviation in charging mode reduces the achiev-
able self-sufficiency as excess power is fed into the grid instead of charged into the
battery for later use. However, given the system design of System D with a battery
capacity of only 2 kWh at a nominal Bat2AC power of 1.8 kW, a negative influence
of this deviation on the achievable self-sufficiency is questionable. Since System B
has a much higher ratio of battery capacity to nominal Bat2AC power, the deviation
here can be quite critical. However, an estimation of the influence of steady-state
deviations on system effectiveness is not possible without an application test ac-
cording to Section 3.2. Taking into account the deviations during discharge oper-
ation, differences in the direction of the power flows at the grid connection can be
seen. Systems A, B, and C show a positive deviation, which corresponds to an
overfeeding of the local consumption and thus a discharge of battery power into
the grid. With a value of 25 W, this deviation is slightly higher for System B than for
Systems A and C. In contrast, the negative stationary deviations of Systems D and
E result in power consumptions from the public grid with mean values of 3 W for
System D and 8 W for System E. Although this behaviour results in slightly lower
instantaneous load coverage, the energy is available to supply consumption later,
and thus, this deviation does not necessarily reduce the system effectiveness.
In addition to steady-state control deviations, dynamic control deviations also play
an important role in determining effectiveness. They characterise the system be-
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System Parameter Parameter
Operation

Charge Discharge

A
tdown [s] 1.1

PGrid [W] 16 17
tset [s] 6.7

B
tdown [s] 2.5

PGrid [W] 56 25
tset [s] 18.5

C
tdown [s] 1.1

PGrid [W] 17 19
tset [s] 6.1

D
tdown [s] 1.1 (4.1)

PGrid [W] 79 -3
tset [s] 4.1 (6.1)

E
tdown [s] 1.5

PGrid [W] 9 -8
tset [s] 5.1

Table 5.8.: Overview of control parameters

haviour in the event of sudden changes in residual load and provide a measure
for assessing speed and quality of system control. As a consequence, the power
values are logged with a higher temporal resolution of 50 ms during these investi-
gations. The downtime tdown (time difference between the change of the residual
power and the first reaction of the system) and the settling time tset (time difference
between the change of the residual power and the final entry of the system output
power in a tolerance band around the new output power) of the systems are tested
using a dynamic test profile with different load steps. Figure 5.9 shows the step
responses of the DUT to a load step from 10 % to 90 % of the rated Bat2AC power.
Here, clear differences can be seen in the speed and type of system control. Sys-
tem D responds very quickly to the change in residual power and reaches its new
operating point in less than 4 s. The shape of its output power indicates pulsed sys-
tem behaviour. In the step depicted, Systems A and C respond to the load step with
a tdown of approx. 1 s and a settling time of approx. 7 s. As with System D, there is
no overshoot in output power. In principle, System B shows a similar behaviour but
reduces its output power shortly after entering the tolerance band. More than 12 s
elapse until the tolerance band is finally reached again so that System B has the
longest settling time of all DUT in this test. In the depicted step response, System
E has the longest tdown and shows a different behaviour since it is the only one that
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Figure 5.9.: Step responses to load steps from 0.1 to 0.9 of rated discharge power

significantly overshoots the new set point. As with System D, a pulsed control can
be seen.
Due to the large differences in nominal discharge power, the step responses in
Figure 5.9 are insufficient for system characterization. For example, the step from
10 % to 90 % for System E corresponds to more than twice the power difference
compared to that of System D. Furthermore, differences in the step responses may
occur with sensitivity to its direction and magnitude. For this reason, the calculation
of time constants in the efficiency guidelines test procedure is carried out by ten
repetitions of a dynamic test profile containing 14 steps and a subsequent averag-
ing of the individual time constants. The holding time of each step corresponds to
twice the settling time of the system, which was determined in the step response
from Figure 5.9. Figures 5.10 and 5.11 show examples of load and grid power
during one of the ten runs of the test profile on Systems A and B. Here, significant
differences in the quality of the system control can be seen. While System A reacts
uniformly to all load changes, System B does not show such a uniform behaviour.
Table 5.8 shows the tdown and tset resulting from the test profile of the efficiency
guidelines. With the exception of System B, all systems achieve a tdown of less
than 1.5 s and a tset of approx. 4 s (System D), approx. 5 s (System E), and in the
range 6-7 s (Systems A and C). System B achieves significantly worse values with
a tdown of 2.5 s and a tset of over 18 s. In Section 5.2, the sensitivity of the step re-
sponse of System D to the step direction has already been shown (see Figure 5.5).
This behaviour also occurs during the dynamic test profile and causes difficulties in
the evaluation, as for some load changes, no proper system response is reached
within the step’s holding time. If these steps are ignored in the evaluation, a tdown
1.1 s and a tset of 4.1 s are achieved. However, if these steps are evaluated with
a tdown and tset of 10 s (the holding time in the step profile of System D), tdown is
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Figure 5.10.: Power flows during dynamic tests of Systems A

Figure 5.11.: Power flows during dynamic tests of Systems B

enlarged to 4.1 s and tset to 6.1 s. Finally, it can be stated that the system control of
System B is considerably worse than that of the other DUT.

5.4. Measurements According to the Application
Test Procedure

This section introduces power flows, energy quantities, and component efficiencies
resulting from two different application tests with the DUT. The three-day and four-
day test profiles determined in Section 3.2.2 and Appendix A are used for this
purpose. Section 5.4.1 begins with a presentation and discussion of power flows in
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the four-day application test. Here, battery and grid power are plotted since these
points are uniformly available with all topologies and allow an evaluation of system
operation during the test. The resulting energy quantities at all individual points of
measurement are presented within tables, and the efficiency of individual system
components is discussed. In the next step, power flows and energy quantities of
the three-day application test are presented and compared to four-day test results
in Section 5.4.2. Essential differences resulting from the test profiles are identified
and discussed. The concluding Section 5.4.3 contains a comparison of component
efficiencies during application tests with corresponding results of the modular tests
from Section 5.3.

5.4.1. Results of Four-day Application Test

Figure 5.12 shows the power flows at the battery and grid connections of all five
DUT during a four-day application test. It can be seen that all systems mostly follow
an operating strategy as shown in Table 3.1. They start charging their batteries in
the morning hours of the first day and complete a full charge before solar irradiance
reaches its peak at noon. Except for System D, the charging of the battery is suf-
ficient to maintain system operation until the sunrise of the second test day. In the
night before the third day of testing, all systems are inactive due to lower irradiance
and the high-power consumption on the second day. Particularly in Systems C and
E, which both have large battery capacities, the energy that has been charged dur-
ing the third test day prolongs the operation of these systems to the fourth day of
testing. During the last twelve hours of testing, all systems are inactive, except for
short recharging of System B’s battery from the grid at hour 92. The low nominal
charging power of 1.2 kW can be seen in the power flows of this system. Despite
the large ratio of storage capacity to the nominal AC2Bat power, the battery is fully
charged on both the first and the third test day.
The left part of Table 5.9 shows the energy sums at the points of measurement
during the four-day application test. The component efficiencies that can be de-
rived from these variables are also included in the table. Since it is not possible
to calculate the individual conversion efficiencies of DC-coupled systems, some of
these fields remain empty. The table shows minor differences in the energy con-
sumed by the load emulation, possibly caused by their current control. However, as
these differences are still within acceptable limits, a comparison of the application
test results can be made. For further analyses of the system operation by means
of simulations, the respective measured load profile is used instead of the load
specification from the test bench control. The irradiance profile as an input of a PV
emulator is identical for all DUT, but a comparison of EMPP and EPV at the DUT
PV connections shows clear differences of the MPP tracking quality (see Section
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Figure 5.12.: Power flows during the four-day application test of the five DUT A-E
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5.3.1.1). Particularly noteworthy here is the low MPP tracking efficiency of System
E with only 95.7 %. System A has a small advantage in this test because both
the MPP tracking and PV2AC conversion efficiency are slightly better than those of
Systems B and C. The full PV2AC conversion gives System A the result of 95.1%,
while Systems B and C achieve 94.5 % each. This deviation might be also due to
different ambient temperature conditions during these tests: While Systems B and
C were measured in sunny midsummer days and the temperature in the laboratory
was in the range of 25-27 ◦C, System A was tested in spring at a cooler ambient
temperature of approx. 23 ◦C. With respect to System D, a much better MPP track-
ing efficiency than for System E can be seen. However, it is about 1 pp below that of
the AC-coupled systems. Due to the battery capacity and nominal charging power
of the DUTs, different AC-side charging energies (ECharge

BESS ) appear at Systems A, B,
and C. Because of different battery inverters, larger differences in ηAC2Bat can be
seen here. Obviously, System B reaches a considerably lower efficiency than Sys-
tems A and C. The difference is even greater considering the discharge efficiency
ηBat2AC . Here, the result of Systems A and C is 6.0 pp and 7.9 pp better than that
of System B. Since the power flows at the batteries are measured in each system
topology, a comparison of the resulting battery efficiency (ηBat) can be made for all
DUT. Here, a large difference of 6.3 pp can be seen between System D (96.9 %)
and System C (90.6 %). The battery efficiencies of the other DUT are relatively
close to each other in the range of 94-95.5 %. By dividing the discharge energy
(EDischarge

Bat ) by the mean value of the battery capacity from Section 5.3, the cycles
of each system in the application test can be determined. Here it can be seen that
Systems A, B, C, and E go through a little less than three full cycles while System
D almost completes four. This can be explained by the significantly lower battery
capacity of this system.
Particularly important results of the application test are the system efficiency (εEE),
the load coverage (ELoadCvr), and the energy exchanges with the grid (EGridIm and
EGridEx). These either directly represent KPIs for application-dependent system
assessment or are important input variables for their calculation (see Chapter 4).
In terms of system efficiency, System D is significantly better than all other systems
and achieves an εEE of 92.4 %. It is followed by System A at 88.5 %, System B
at 85.9 % and System C at 85.5 %. System E receives the worst εEE with a result
of 82.2 %. The resulting quantities of energy consumed directly in the household
load or exchanged with the grid are strongly influenced by the storage capacities.
Theoretically, a system with a larger battery achieves a higher load coverage and
thus a lower energy exchange with the grid. This becomes clear when ELoadCvr
is compared with the battery capacities in Table 5.2. However, System D reaches
a very high level of EGridEx (8.8 kWh more than System E), but despite the much
smaller battery, ELoadCvr only decreases by 5.6 kWh compared to System E. These
results also indicate a very efficient operation of System D.
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5.4.2. Results of Three-day Application Test and Comparison to
Four-day Test

The power flows of the three-day application test are shown in Figure 5.13 while the
right part of Table 5.9 contains the associated energy sums at the measurement
points. The operation of the DUT on the first two days of this test is very similar to
that of the four-day test. Again, the energy that has been charged into the battery
on the first day is sufficient for all DUT except System D to operate until the sunrise
of the second test day. Already on the evening of the second day, the batteries
of all systems are discharged so that long periods of inactivity occur due to the
low irradiance on the third day. System A shows a short battery recharge from the
grid about five hours before the end of the test. Apart from this short recharge, all
systems are inactive during the last ten hours of the test. A distinctive difference
between the two test profiles is, therefore, the absence of a second sunny day in the
three-day test profile. As a result, even in systems with larger battery capacities,
energy is only stored once overnight during this test.
The resulting ηPV 2AC of the AC-coupled systems show a very similar efficiency as
in the four-day test. Likewise, the battery efficiencies ηBat do not change drastically.
Especially with Systems B, D, and E, only minor changes can be seen. Neverthe-
less, the battery efficiency of Systems A and C in the three-day test is slightly lower
(1.1 pps and 1.9 pps, respectively). This is mainly attributed to the standby load
of internal consumers, i.e. the BMS. A comparison of discharge energy shows
that all systems achieve more than one full cycle less than in the four-day test.
This supports the finding that the systems spend a greater proportion of time in
standby mode during the three-day test. Regarding the battery inverter losses,
less efficient operation of all three AC-coupled systems can be seen. System B,
in particular, achieves worse results compared to the three-day test because its
standby consumption exceeds that of Systems A and C. Figure 5.14 shows the
loads in charging and discharging operations in both application tests. For this
purpose, the power ranges are divided into ten equal sections, and their share of
energy in the application test is calculated. In charging mode, Systems A, B, C,
and D are often operated in the upper power range, while System E tends to work
more frequently in its middle range. The discharge operation differs from charging
since power conversion mainly takes place in the lower power ranges for all five
DUT. One striking difference between the two application tests is the proportion
of the P10 range, which is more pronounced in the four-day test. Compared to
Figure 5.13, the peak load of the three-day tests occurs when the batteries are
already fully discharged. Next, it is noticeable that in charging operation during the
three-day test, almost no load occurs in the power ranges P9 and P10 of System
E. This is because the battery is already fully charged in this test before the PV
generation peak is reached. The very large nominal PV2Bat capacity of System E
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Figure 5.13.: Power flows during the 3-day application test of the five DUT A-E
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appears questionable in operation since, in both application tests, the efficient op-
erating ranges of this conversion path are hardly reached. The high load on range
P10 in the charging mode of Systems B and D is due to the significantly lower ratio
of nominal PV2Bat to PV2AC power. Compared to System A, the share on P10
increases in System B as it continues charging towards noon due to its larger bat-
tery capacity. The slight reduction in ηAC2Bat in Systems A and C in Table 5.9 is
mainly due to lower shares in the highly efficient operating ranges P2 to P5 of the
inverters. In contrast, the standby supply of their battery inverters is mainly caus-
ing the decrease in ηBat2AC since it is powered only on its DC-side, and analysis
of Figure 5.14 does not confirm a shift to lower efficiency ranges in the three-day
test. In System B, however, the low discharging efficiency in P1 and its standby
consumption result in a reduced ηBat2AC of 80.7 %. When comparing εEE of both
application tests, only System D (-1.3 pps) achieves worse results in the three-day
test, while Systems A (+0.2 pps), B (+0.8 pps), C (+0.3 pps), and E (+0.5 pps) reach
slightly improved efficiencies. Thus, it can be observed that the DUT move closer
together in terms of εEE in the three-day test due to longer periods of inactivity. It
can be concluded that efficient systems have greater opportunities to show their
advantages in the four-day test. Furthermore, the late peak load of the three-day
test leads to low energy shares near the nominal Bat2AC power. For the deter-
mination of εEE, the four-day profile may, therefore, be preferred to the three-day
profile.

5.4.3. Comparison with Results of Modular Tests

A comparison of the component efficiencies determined in the application tests
with the result tables from Section 5.3 shows that these are largely in the same
range. This can be seen for the PV2AC conversion path in Figure 5.15, which
shows conversion losses after MPP tracking of Systems A, B, and C according to
the conversion power. They are depicted in one figure as they apply the same PV
inverter in their setup. Here, the results of the modular test are represented by the
sampling points and the corresponding quadratic spline [30] shown in black colour
while the small blue dots indicate the PV2AC losses measured in a time resolution
of 1 s in the three- and four-day tests. Additionally, error bars at the sampling points
show the expanded measurement uncertainty applying zero-flux transducers (com-
pare Table 5.1). The accumulation range of conversion losses in the application test
shows a width of about 30 to 40 W, wherein the losses vary. The quadratic spline
to the sampling points lies in the accumulation range. However, the course of the
curves is different; it seems that the linear parameter of the approximation is too
small compared to the measurements of the application test. Consequently, the
quadratic spline slightly underestimates the PV2AC conversion losses of Systems
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Figure 5.14.: Power share of charging (top) and discharging (bottom) operation in
the 3- and 4-day application tests
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Figure 5.15.: PV2AC losses of Systems A, B, and C in application test and modular
test

A, B, and C in the upper half of the operating range, while they are relatively well
met in the lower half. Considering measurement uncertainties, the deviations of
the secondly measured values to the spline are understandable. It becomes clear
that further cycles of modular investigations could lead to better accordance with
the losses of the application test.
Figure 5.16 shows a comparison of the AC2Bat losses during modular and applica-
tion tests on Systems A (top), B (centre), and C (bottom). Compared to Figure 5.15,
all curves show less variation in losses. This can be explained, on the one hand,
by a lower number of values measured from the application test, as only the losses
at one DUT are displayed. On the other hand, the measured currents are larger
and thus relative uncertainties of the power measurement are reduced. Except for
the power range below 100 W of System B, all splines are within the accumula-
tion range of the measured values of the application test. For charging operation,
therefore, good agreement of the quadratic spline with the measured values from
the application tests can be seen. A closer look reveals that the spline of System
A is slightly below the centre of this range at conversion powers below 2500 W. In
contrast, at System C, it is at the upper edge of the accumulation range, except
for conversions over 2800 W. The spline of System B tends to show a slightly more
linear increase than the measured values of the application test, but it generally
shows very good conformity in the power range greater than 200 W. At lower power
levels, the spline of System B is below the power losses of the application test. A
comparison of the discharge conversion losses in the application test and the as-
sociated spline resulting from the modular test is shown in Figure 5.17. Here, only
the spline of System B shows good conformity, while the spline of Systems A and
C are clearly above the centre of the application test’s losses. While at System A,
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fair conformity can be seen until conversion powers of approx. 1500 W, the spline
overestimates losses at higher values. At System C, the spline is in the upper edge
of the accumulation area over the full power range. Thus, as with System A, the
Bat2AC losses are slightly overestimated in System C’s spline. As with the PV2AC
measurement, further cycles of modular investigations could lead to a better agree-
ment here. Overall, the analyses show that the splines reproduce the conversion
losses in AC-coupled systems predominantly well. However, compared to the ac-
cumulation ranges of the application tests, their course indicates that they do not
accurately describe the average losses in many respects. A remedy by further
cycles of modular tests and a subsequent averaging of the results will, however,
increase the test effort.
Due to the inaccessibility of the corresponding measuring points, such an evalu-
ation is not similarly possible for DC-coupled systems. However, by filtering the
measured values of the application test concerning the power flows at the system
inputs and outputs, the mapping to individual operating modes is theoretically con-
ceivable. If, for example, all measured values with PPV (t) = 0, PBat(t) > 0 and
PAC(t) > 0 are considered separately, the discharge operation of the system can
be analysed. Similarly, filtering with PPV (t) > 0 and PBat(t) < 0 provides mea-
surement values during which the battery is being charged. When the PV power is
completely charged into the battery (PAC(t) = 0), conversion losses in the range
of the PV2Bat spline would be expected. Since the systems usually cover primar-
ily the households’ electricity consumption and only use the excess PV power to
charge the battery, pure PV2Bat operation does not occur in practice. Thus, in the
case of battery charging with DC-coupled systems, a mixed operation of PV2Bat
and PV2AC can always be assumed. Consequently, it can be expected that the
losses in this mixed operation, depending on the proportion of charging power, are
either close to the PV2Bat spline (in case of a high proportion of charging power)
or close to the PV2AC spline (in case of a low proportion of charging power). For
medium proportions of charging power, corresponding losses between both splines
are to be expected. Figures 5.18 and 5.19 show the conversion losses measured
in mixed charging operation during the application tests of Systems D and E con-
cerning PPV (t). Here, the colour of each dot indicates the proportion of battery
charging power. Also, the PV2AC and PV2Bat splines are shown for both systems.
To obtain readable figures, the measurements of the application tests were aver-
aged to mean values of 3 s. Furthermore, mean values with PBat > −200 W are
not shown in the depicted figures.
A comparison of both diagrams reveals an explicitly different behaviour of Sys-
tems D and E. Obviously, System D shows a larger dispersion of the conversion
losses. Although these losses tend to follow the splines, many individual values
are significantly different. Furthermore, only a few points with a high battery pro-
portion can be seen. On the one hand, this is due to the low nominal charging
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Figure 5.16.: AC2Bat losses of Systems A, B, and C in the application test and
modular test
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Figure 5.17.: Bat2AC losses of Systems A, B, and C in the application test and
modular test
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Figure 5.18.: PV2Bat losses of Systems D in the application test and modular test

Figure 5.19.: PV2Bat losses of Systems E in the application test and modular test
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power of only 1.9 kW in combination with a 5 kW PV system. On the other hand,
the modular measurements have already shown that System D always provides
a PAC of at least 70 W on the AC side during battery charging, independently of
lower household consumption. Overall, the expectation that the measured values
will accumulate near the PV2Bat and the PV2AC spline cannot be observed for this
system. In the power range below 1500 W, the splines tend to be below the ac-
cumulation range of the measured values, whereas for higher conversion power, a
better match can be seen. However, the analysis clearly shows that an estimation
of conversion losses on basis of the splines can lead to significant errors at System
D. System E shows a much clearer picture as the measured losses accumulate
near the PV2AC spline at power levels below 2500 W. However, convergence to
the PV2Bat spline with increasing battery share is not visible within this range. For
conversions greater than 2500 W, almost all conversion losses from the application
tests are higher than the PV2AC spline. Both splines intersect at an input power of
approx. 3250 W. At higher powers, the PV2Bat spline exceeds that of PV2AC. In
this range, the measured losses lie between both splines, which essentially corre-
sponds to the expectation described above. However, a convergence to the PV2AC
or PV2Bat with sensitivity for the battery portion cannot be seen even with System
E. Overall, the analysis shows that with the investigated DC-coupled systems, the
conversion losses in mixed mode operation cannot be estimated on the basis of the
spline curves. Next to the conversion losses, a comparison of the battery efficiency
resulting from application and modular tests can be made (see Table 5.10). Obvi-
ously, the battery efficiencies of Systems A, B, and C in the application tests are
lower than those identified in the modular tests, while with Systems D and E, good
conformity between the different tests can be seen. The deviations at Systems A
and B are significantly lower than those in System C and can be caused by the
power flows in the application test. While the batteries are tested with 25 %, 50 %,
and 100 % of nominal charging and discharging power within the modular tests, sig-
nificantly different power flows occur in the system application. Furthermore, the
power during charging and discharging operation is generally not similar. The very
high deviation in the battery efficiencies of System C can also be explained by the
internal consumers of this system (such as the display), which are supplied directly
from the battery within System C. Since the application test lasts several days, this
consumption is much more significant than in the modular tests and therefore leads
to lower battery efficiencies.
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ηBat [%]

System

A B C D E

Modular Test 96.0 96.0 93.0 96.6 93.9

4-day Test 95.5 93.9 90.6 96.9 94.1

3-day Test 94.4 93.9 88.7 96.5 94.2

Table 5.10.: Comparison of battery efficiency in modular and application tests

5.5. Conclusion of Laboratory Investigations

The application of both test procedures provides a comprehensive understanding
of the DUT performance and enables KPI calculation using the methods presented
in Chapter 4. However, implementing the modular test procedures and evaluating
the results proves to be very time-consuming, while full automation of both is very
difficult due to the peculiarities of the DUT. Here, this applies in particular to the
measurements at defined SoC of System B and the control behaviour of System
D, for which several repetitions of different tests are necessary to approximate an
isolated consideration of the individual operating modes. Next, considering power-
dependent conversion efficiencies, the application test shows a significant disper-
sion of the measured losses. Of course, most of these deviations are eliminated by
averaging the modular tests, but it turns out that the splines resulting from its sam-
pling points do not perfectly reflect the conversion losses of the application test.
Concerning the latter, despite careful profile selection, deviations of system effi-
ciency up to 1.3 pp occur (see System D in Table 5.11). It becomes apparent that
the resulting εEE have lower deviations within the three-day test as the DUT show
larger shares of inactive periods here. As a result, the four-day test offers better
opportunities to prove the advantages of systems with high conversion efficiencies.
The longer test profile may, therefore, be preferred for the determination of εEE.
An important advantage of the application test is that it can be fully automated,
reducing the laboratory effort to a fraction of the modular tests. Nevertheless, af-
ter completing the test, errors in the measurement setup or incorrect settings on
the DUT may be detected, making a repetition of the full test necessary. These
certainly can be minimized after some experience has been gained. Both test pro-
cedures demonstrate a very efficient operation of System A and in particular of
System D. The other DUT show weaknesses in several areas. In System B, this
concerns losses of battery inverter and system control, in System C, battery effi-
ciency, and in System E, conversion efficiency at partial load and MPP tracking. For
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εEE [%]

System

A B C D E

4-day Test 88.5 85.9 85.5 92.4 82.2

3-day Test 88.7 86.7 85.8 91.1 82.7

Table 5.11.: Comparison of εEE in both application tests

a final evaluation of system performance and test procedures, the KPIs according
to Chapter 4 need to be calculated, which is in focus of the next chapter.
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6. Application of Key Performance
Indicators

This chapter makes use of the measurement results to determine KPIs as defined
in Chapter 4. In addition to εEE, which was already discussed in the previous chap-
ter, this includes calculating εSC and εSPI from application tests and corresponding
ideal models as presented in Section 6.1. Furthermore, different sets of scaling
factors are used for determining εEuro−η. Section 6.2 focusses on GPM, which can
be used as a basis of KPI calculation to avoid application tests in the laboratory.
Such a method allows the assessment of different system constellations with dif-
ferent test sets of irradiance and electricity consumption and is not limited to the
constraints of laboratory application tests. Here, a comparison of KPI deviations
determined by GPM with those from laboratory measurements is made to evaluate
the appropriateness. Finally, Section 6.3 includes an assessment of the various
KPIs based on findings and requirements of Section 2.3 to address key question
Q7:

How well do the different procedures meet the requirements of question Q2?
Which procedure is recommended?

6.1. KPI Calculation Applying Measurement Results

The left part of Table 6.1 shows input parameters and results of the KPI calcula-
tion using measurements of the four-day application test. Here, εEE and εSC are
shown in the upper part. The latter derives from energy sums of laboratory mea-
surements and corresponding simulation of the ideal system (see Section 4.1). The
centre part of the tables shows the sums of energy exchange with the public grid to
obtain economical impacts of system operation as input for εSPI calculation, while
the lower part of the tables shows the efficiency of the components according to
εEuro−η using scaling factors, which were derived from the power flows of the ap-
plication tests (see Table C.1 in the Appendix). System D achieves the highest εSC
within the test. In addition to high efficiency, it also shows a very effective operation,
as it achieves almost the same load coverage as its lossless model. Due to good
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energy management, the losses occurring during operation almost exclusively re-
sult in a lower grid export. System A achieves the second-best result in terms of
effectiveness. In the four-day test, these two systems thus achieve the best Hy-
brid Benchmark KPIs. Systems B and C, which achieve a comparable εEE, differ
significantly in εSC . This can be explained by better dynamic behaviour and lower
steady-state control deviations of System C as seen during the modular tests. De-
spite the moderately lower efficiency, System C should, therefore, be preferred to
System B in most cases. With an effectiveness value of 79.2 %, System E achieves
a slightly lower εSC than System B and thus shows the worst performance in the
four-day test with respect to the Hybrid Benchmark KPIs. The ranking described is
also reflected in the resulting εSPI . System D clearly leads with 94.4 %, followed
by System A with 89.2 %. Systems C (84.7 %), B (82.3 %), and E (79.0 %) achieve
considerably weaker results. It is also noticeable that εSPI is always close to the
Hybrid Benchmark KPIs. Except for System E, it lies between the results of εEE
and εSC . This can be explained by the similarities of both approaches as shown
in Section 4.2. The εEuro−η shows a completely different picture since the mul-
tiplication of component efficiencies leads to significantly lower results. Although
its ranking is the same, System D only achieves a εEuro−η of 79.6 %, and for all
systems, εEuro−η is more than 10 pp lower than εEE. Thus, the goal of being an
indicator of system efficiency is not achieved within this KPI. In particular, System
D achieves a very low result as the usable capacity is not taken into account within
the εEuro−η. Hence, the high proportion of direct grid feed-in during operation of
System D is not included in the result. However, the fact that this KPI does not
take into account standby consumption means that the actual efficiency of systems
with larger batteries is also not reflected in the approach. It can be concluded that
systems with a compact battery system in terms of both storage capacity and nom-
inal conversion power, can achieve very good performance concerning the Hybrid
Benchmark KPI and εSPI . Especially with DC coupling, good efficiency at partial
load appears to be decisive. Furthermore, it becomes clear, that an efficient MPP
tracking and conversion of PV power is essential for a well-performing system.
The right part of Table 6.1 contains the energy sums measured and KPIs derived
from the three-day application test, while Figure 6.1 shows the results of both tests
for comparison, and Figure 6.2 shows relative KPI deviations. It turns out that εEE
shows the smallest changes between both tests. Thus, this KPI appears to be
less sensitive for the different test profiles here. Deviations of εSC and εSPI can be
significantly greater, as εSC has a relative deviation of more than 2 pp with System
D and εSPI with Systems D and E. The increased sensitivity of these parameters
may be explained by the dynamics of the irradiance and load profile during the
system activity times as well as by a different residual load of both profiles. If one
compares the KPI deviations between the DUT, those of System A hardly change
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at all, while System B receives slightly improved results in terms of εEE and εSC . It
is more efficient and effective in this test, and thus also its εSPI increases. Similar
effects can be observed with System C, but changes in KPIs are less pronounced
here. This can be attributed to its greater battery capacity and thus to the shorter
time of inactivity during the three-day test. The DC-coupled systems show a larger
KPI deviation. While all KPIs of System D are worse, System E shows an improve-
ment. System D could not compensate for the higher power losses in the shorter
test by only reducing grid feed-in since there is also a reduction of load supply.
This can be explained by less favourable operating points of the battery discharge
and the absence of a second sunny day in the shorter profile. The improved KPIs
of System E are partly due to significantly better MPP tracking and higher battery
efficiency in the second test. Overall, it should be noted that not only resulting effi-
ciency but also effectiveness and the εSPI of the DUT show smaller differences in
the shorter test.
A comparison of the Hybrid Benchmark KPIs resulting from the three-day test gives
the same ranking of DUT as in the longer test. Regarding εSPI deviations and
rankings, the same observations apply. However, εEuro−η again shows a different
picture. Here, in contrast to other KPIs, the results of Systems B and C decrease in
the three-day test. Furthermore, System A tops the εEuro−η ranking when the set of
scaling factors is derived from this test. Since its efficiency, effectiveness, and εSPI
are lower than those of System D, this εEuro−η ranking is questionable. A calcula-
tion with a uniform set of scaling factors (see Table 4.2) for all system specifications
leads to εEuro−η as shown in Table 6.2. In line with the expectations, this uniform
set does not improve the resulting εEuro−η. Here, especially the result of System E
needs to be noticed, as it appears to be too high compared to other DUT. Among
other things, this is a consequence of the Bat2AC scaling set, which is increased
at higher power levels within the uniform approach, and thus significantly improves
this partial result of System E. However, scaling factor sets derived from application
tests clearly show that the uniform set is not representative in this DUT. It can be
concluded that the Hybrid Benchmark KPIs and εSPI are well applicable and allow
an assessment of PV battery system performance. In the analysis presented here,
both approaches provide similar results and provide the same performance rank-
ing of the DUT. εSC adds a measure of effectiveness to εEE, enabling a holistic
assessment. However, it must be noted that these parameters are not completely
decoupled since a lower εEE can reduce system effectiveness. Here, this becomes
clear by an analysis of System C as it shows similar control characteristics as Sys-
tem A within the modular tests but achieves a significantly lower εSC . Since storage
losses in the evening hours often decrease the load coverage, they can directly re-
duce the achievable effectiveness. Consequently, this effect is particularly relevant
for systems that contain a large and inefficient battery system. However, results of
Systems A and D, where resulting effectiveness exceeds efficiency, clearly show
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Figure 6.1.: KPI of the 3- and 4-day application test

that εSC succeeds in assessing the effectiveness and that a compensation of εEE
is not permissible in the calculation of εSC .

6.2. KPI Determination Applying Generic
Performance Models

In this chapter, GPMs developed by researchers of the University of Applied Sci-
ences Berlin (HTW) are applied and parameterized with the results of modular
tests ([56], [57]). In addition to parameters of the loss-free models of the previous
analysis, this includes quadratic splines of power-dependent conversion losses,
stationary control deviations, the energy efficiency of the battery system, standby
consumption, and average down- and sampling time. Energy management and op-
erating strategy are neglected in these models because modular measurements do
not provide appropriate parameters. Instead, an operating strategy according to Ta-
ble 3.1 is adopted. Furthermore, dynamic MPP mismatches and discharge current
dependencies on usable battery capacity are not taken into account. Apart from
ignoring these attributes, the modelling of mixed operation modes of DC-coupled
systems is generally problematic. Due to a lack of access to the DC link, the power-
related losses of the system components (i.e. MPP tracker, DC/DC-converter of
battery, and inverter) cannot be determined in modular measurements. A separate
component simulation similar to PV- and battery inverters of AC-coupled systems
is therefore not possible here. However, a superposition of splines to conversion
losses of separate operation modes leads to errors in the determination of effi-
ciency.
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Figure 6.2.: KPI deviation between 3- and 4-day application test

Parameter

System

A B C D E

ηEuroPV 2AC [%] 95.8 95.8 95.8 95.7 91.9

ηEuroAC2Bat [%] 93.2 89.0 92.8

ηEuroPV 2Bat [%] 94.5 91.3

ηEuroBat2AC [%] 92.7 89.7 93.1 92.9 90.7

ηEuroBat [%] 95.1 95.1 92.1 95.8 93.0

εEuro−η [%] 78.7 72.7 76.2 84.0 77.0

Table 6.2.: εEuro−η calculation with a uniform set of scaling factors
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For the analyses presented, GPMs are simulated with the power flows at the PV-
and load emulation of the application tests in 1 s resolution. Here, both tests were
merged into a seven-day profile to extend the evaluation period. Figure 6.3 shows
the relative deviation of component efficiencies derived by GPMs from those of lab-
oratory measurements. They may be compared to the splines in Figures 5.15-5.18,
which estimate the conversion losses within these GPMs. A positive result in Figure
6.3, indicates a higher efficiency in simulation. Furthermore, only ηBat is shown for
DC-coupled Systems D and E. In particular, ηPV 2AC and ηAC2Bat are estimated well
within the GPM, each showing relative deviations of less than 1 %. With ηBat2AC
slightly higher errors appear in the loss estimation, leading to lower discharge ef-
ficiencies during the simulation. These are consistent with the findings in Section
5.4. However, in terms of storage efficiency, significantly larger simulation errors
occur, reaching almost 3 % in System B. These are mainly caused by the charging
behaviour as seen in Figure 5.4. Although it is likely caused by the inverter, the
losses that occur during the measurements mainly reduce the efficiency of the bat-
tery. This behaviour is not reflected in the GPM because it is not recognized by the
tests of system control according to the efficiency guideline, as they are performed
only at a medium SoC. Furthermore, the options to model charging behaviour in-
cluded in GPMs do not cover this operation detected with System B. Errors in the
loss estimation of batteries with the other DUT are in the same range as that of
conversion losses. In sum, the application of GPMs leads to similar deviations in
component efficiency here as a change of test profiles. Figure 6.4 shows the devi-
ations of KPIs when using GPMs. Here, it is noticeable that all results are higher
than those of measurements. While εEE is very well satisfied with Systems A and
C, System B shows a significantly higher efficiency with a relative increase of 1.4 %
due to the described problems in battery simulation. Next, εEE is approx. 2 % too
high for both DC-coupled systems, which is due to the modelling efficiency prob-
lems of this topology as described above (see also Figure 5.18). The deviations of
the effectiveness KPI εSC are large at Systems B, C, and E. Again, the battery sim-
ulation of System B leads to a too positive result here. Similarly, εSC from System
E is too high compared to laboratory application tests. In contrast, the operation
strategy of System D, which proved to be best in terms of effectiveness, is not suf-
ficiently reflected here and reaches a result which is approx. 4 % too low compared
to those of Systems B and E. The lack of modelling the operation strategy within
GPMs, therefore, means that critical factors are not included in the calculation of
KPIs. Here, these lead to errors which in extreme cases are about twice as high
as those appearing due to a change in test profiles. It may be concluded that all
KPIs in the focus of this analysis are very sensitive to both a change of test profiles
and the use of GPMs. However, in terms of laboratory measurements, test profiles
may easily be extended to reduce KPI sensitivity. Given the modelling approaches,
other factors need to be included to sufficiently reflect the operation of different
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DUT. In terms of the amount of testing required in the laboratory, application tests
show significantly better properties.

Figure 6.3.: Deviation of component efficiencies between GPM and laboratory
measurement

Figure 6.4.: Deviation of KPIs between GPM and laboratory measurement
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6.3. KPI Assessment

After the application of test procedures and the determination of KPIs by different
methods, an assessment of them based on the requirements defined in Section
2.3 is needed. Therefore, findings in compliance with these are summarized in this
section for the KPI derivation methodologies shown in Figure 4.1. Here, a rating is
given in terms of four result classes: (++) full compliance, (+) good compliance, (0)
moderate compliance, and (-) no compliance. Table 6.3 shows the corresponding
evaluation results.

Requirement

Method R1 R2 R3 R4 R5 R6 R7

Hybrid Benchmark + + ++ + + + +

SPI + ++ + ++ 0 - -

εEuro−η - ++ ++ + 0 + 0

Table 6.3.: Compliance with requirements of applied assessment methods

In the preceding chapters, the various evaluation strategies were presented and
successively evaluated concerning their fulfilment of the requirements in theory
and practice. In the following, essential findings are collected to explain the results
of Table 6.3:

• R1: Reflection of annual performance at the customer’s site

Hybrid Benchmark

By choosing an application test as the core of the performance evaluation,
the customer’s system behaviour is directly reflected in the resulting KPIs.
However, the choice of the underlying test profiles is of great importance
here. Using the methodology presented in Section 3.2.2 and Appendix A, the
profiles are optimised to reflect the system behaviour during a typical annual
operation. Still, as only one application test is proposed under this procedure,
it is not possible to cover the full variety of use-cases. Since complementary
results are provided via the component efficiencies, the performance evalua-
tion is facilitated in very different use cases.

Compliance with requirements: +
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SPI

Similar to application tests, simulations of GPMs can focus on the system
behaviour at the customer’s site in the performance evaluation. Another key
advantage of GPMs is that they enable simulation of various use cases and
thus can deliver results with a broader validity. However, a method to define
input profiles for different use-cases of PV battery systems is lacking. The ne-
glect of energy management in the GPMs in the focus of this work means that
essential aspects of system effectiveness are not adequately represented.
Furthermore, the findings of this work show that significant deviations of KPIs
may occur due to the application of GPMs.

Compliance with requirements: +

εEuro−η

The findings of this work show that the KPI calculation method of the εEuro−η
in the focus yields results clearly below system efficiency. However, the re-
sulting ranking is largely consistent, allowing the customer to decide which
system generally has better efficiency properties. Nevertheless, important
figures for system performance are neglected, including standby-consumption,
system control, energy management and, system design. All of these param-
eters have proven to be decisive for system performance.

Compliance with requirements: -

• R2: Use of few and simple KPIs

Hybrid Benchmark

The core results of the Hybrid Benchmark procedure are two KPIs represent-
ing energy efficiency and effectiveness. Although the determination of effec-
tiveness requires simulations, the basic statements of both KPIs are easy to
explain and simple. Compared to the collection of efficiency data of individual
components or the number of results of the efficiency guideline, the benefit
of this approach is a much simpler method for system evaluation.

Compliance with requirements: +

SPI

A main advantage of the SPI is that only one KPI is needed to compare sys-
tem performance. Although complex parametrizations of GPMs are needed,
the use of feed-in revenue and consumption tariffs delivers a figure that al-
lows the customer to easily compare different systems.

Compliance with requirements: ++
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εEuro−η

Similar to the SPI, this approach requires only one KPI and thus enables an
easy and clear system ranking. As long as a uniform set of scaling factors is
used to aggregate efficiency at sampling points, no simulations or extensive
calculations are needed to derive the εEuro−η. This allows a KPI determina-
tion only based on the efficiency measurements according to the efficiency
guideline.

Compliance with requirements: ++

• R3: Applicable to all system types

Hybrid Benchmark

The application test and the measured values required for the KPI calcula-
tion were selected in such a way that the Hybrid Benchmark procedure can
be easily performed on all system topologies. As a discharged battery is
required at the end of the test, fundamental limitations exist for the storage
capacity and the load profile. However, in the range of a reasonable system
sizing, this limitation is avoided by appropriately chosen test profiles.

Compliance with requirements: ++

SPI

Concerning the type of battery coupling different GPMs have been devel-
oped to enable determination of the εSPI for all system topologies. However,
results of the efficiency guideline offer limited information for the modelling
of DC-coupled systems as the DC-link is generally not accessible for power
measurements. In Section 6.2 errors in conversion efficiency simulation of
the DC-coupled DUT appeared.

Compliance with requirements: +

εEuro−η

Formulas to calculate εEuro−η have been introduced for all topologies. Re-
gardless of whether PV is included or not, calculating the efficiency of DC-
coupled systems includes one multiplier less than the other types. Theoret-
ically, this results not only in an advantage for DC coupled systems but also
in a higher weighting of battery efficiency in this topology. Nevertheless, in
findings of this work, no clear advantage of DC-coupled systems could be
seen in the resulting εEuro−η.

Compliance with requirements: ++



96 6. Application of Key Performance Indicators

• R4: Enable the assessment of fundamental components and different system
combinations

Hybrid Benchmark

Both Hybrid Benchmark KPIs assess the performance of an entire PV battery
system. The results of the modular tests or the component efficiencies in the
application test can be used to evaluate the system components. This also
enables the estimation of the effect of replacing a component on the overall
efficiency. However, a more thorough evaluation of different system combi-
nations requires an individual application test with different setups.

Compliance with requirements: +

SPI

Similar to the Hybrid Benchmark KPIs, εSPI evaluates the operation of an
entire system and provides no insight into component efficiency. Therefore,
based on the results of the efficiency guideline, no method is provided to fa-
cilitate the assessment of system component efficiency. However, different
system combinations can be evaluated easily with GPMs by varying model
parameters.

Compliance with requirements: ++

εEuro−η

The essence of this approach is to determine an efficiency KPI of a complete
system as a product of its component efficiencies. Thus, the assessment of
components and different combinations is possible by using a different input
dataset in the KPI calculation. However, if the battery capacity and nominal
conversion powers are not considered in scaling factors for component effi-
ciency multiplication, the method is not sensitive to component specifications
and system design.

Compliance with requirements: +

• R5: Applicable or transferable to other applications to increase PV self-con-
sumption and self-sufficiency

Hybrid Benchmark

This approach requires test profiles for all household- and PV system termi-
nals in laboratory and simulations. For example, to assess systems that use
sector coupling via heat pumps and thermal storage, an additional test pro-
file representing heat demand would be essential. Furthermore, the testing
environment must be extended by an emulation of the heat load. Investiga-
tions regarding this have shown the possibility to evaluate complex PV-CHP
systems through application testing [67]. The focus on efficiency and effec-
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tiveness is not limited to PV battery systems and is very well-suited to assess
different system setups.

Compliance with requirements: +

SPI

To enable the simulation of GPMs, models need to be developed for each
component to estimate losses and operational behaviour. Next, individual
devices must be extensively tested to derive the necessary parameter sets.
As a result, the large effort needed for deriving the εSPI for PV battery sys-
tems is further increased. Additionally, the neglect of modelling operating
strategies in setups with a larger number of components is problematic as
energy management becomes more complex and important for system per-
formance. However, assessment of system performance based on feed-in
compensations and consumption tariffs can be transferred to larger setups.

Compliance with requirements: 0

εEuro−η

Theoretically, the evaluation of setups with more elements than PV battery
systems is easily possible with this method. However, deriving full system
efficiency from an increasing number of multiplicands (all with a value below
1) reduces the achievable results. Thus, this approach is limited to a small
number of system components or needs enhancement with a method to de-
rive scaling factor sets. Moreover, disregard of operational strategy, as in the
case of εSPI , is a massive problem for transferability to complex setups.

Compliance with requirements: 0

• R6: Independent of economic considerations and internationally valid

Hybrid Benchmark

The KPI calculation does not relate to any economic data or country-specific
considerations. Here, the division into two KPIs in Hybrid Benchmark proves
to be advantageous since it enables the performance evaluation with various
tariffs for PV feed-in and electricity. However, selecting test profiles requires
a larger dataset with a broader international perspective. Consequently, an
extension of the application test duration is likely to be necessary.

Compliance with requirements: +
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SPI

As this approach uses fixed PV feed-in compensations and consumption tar-
iffs to reflect the typical circumstances of German end-users, this requirement
is not fulfilled. A separate evaluation of energy efficiency and effectiveness is
not possible with the εSPI as both are included in one value.

Compliance with requirements: -

εEuro−η

The determination of εEuro−η is solely based on technical parameters, thus
no country- or user-specific considerations are necessary. However, similar
to the Hybrid Benchmark test profiles, the sets of scaling factors require a
broader international perspective due to different irradiance and consump-
tion characteristics.

Compliance with requirements: +

• R7: Require only minor testing and evaluation efforts

Hybrid Benchmark

Compared to extensive testing effort associated with efficiency guideline pro-
cedures, application tests require a fraction of time spent on testing and eval-
uation. Here, this approach shows important advantages. However, addi-
tional modular measurements on conversion paths efficiency are part of the
method and determination of εSC requires model parametrisation and simu-
lation.

Compliance with requirements: +

SPI

The determination of εSPI requires the greatest effort of all the KPIs dis-
cussed within this work. In addition to the implementation and evaluation of
efficiency guideline tests, the parametrization and simulation of a GPM have
to be done. Furthermore, model validation and tuning can require several
application tests of the DUT [56].

Compliance with requirements: -

εEuro−η

Here, similar to the SPI approach, testing procedures of efficiency guidelines
lead to a high expenditure of time and effort. However, no model parametri-
sation and simulation is required. Thus, the effort lies between those of the
other approaches in focus.

Compliance with requirements: 0
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6.4. Conclusions of KPI application

The KPI calculation applying measurement data delivered very similar results for
the Hybrid Benchmark method as well as for the SPI. With the exception of one sys-
tem, εSPI lies between εEE and εSC . The similarities between these two methods
already discussed in Chapter 4 have thus been confirmed in practical application.
Concerning the examined systems, System D achieves the best results with both
approaches. In addition to high energy efficiency, a very effective operation was
also shown here. About effectiveness, clear deficiencies were discovered in sys-
tems B and E, which are also reflected in the εSPI achieved. Compared to the other
evaluation methods εEuro−η shows a different picture as the derived KPIs are up to
10 pps lower. In the comparison of the three and four-day application test, εEE
turns out to be the most stable KPI, while both εSC and εSPI show differences of
more than 2 pps between both tests. These differences result from longer standby
times in the three-day test and different characteristics of both residual profiles.
The application of GPMs leads to slightly different KPI results compared to a direct
calculation from the application test. While the conversion efficiencies ηPV 2AC and
ηAC2Bat are largely well represented, ηBat2AC and especially ηBat show deviations
of almost 3 %. In the particularly explicit cases, however, these cannot be explained
by actually deviating conversion and storage efficiencies compared to the modular
measurements, but are caused, as in the case of system B, by an unfavourable
operation of the components. Since these operating behaviours are not identified
by the modular measurements, the use of GPMs can result in significant deviations
of KPI from the actual system behaviour.
A review of Table 6.3 clearly shows that the Hybrid Benchmark procedure is the
only method for KPI derivation that achieves good results for every requirement.
However, other approaches prove to be advantageous in terms of the number of
KPIs and possibilities to assess different system combinations. Nevertheless, εSPI
and εEuro−η do not meet some requirements. Especially concerning international
validity, εSPI does not deliver appropriate solutions. Here, the KPI calculation on
basis of compensations and tariffs proves disadvantageous as it significantly re-
duces international validity. The good result at Requirement R2 comes with the
price of non-compliance to Requirement R6. Another disadvantage of the SPI is
the large effort needed for testing and evaluation. Although the use of GPMs leads
to a very good result with Requirement R4, this is at the expense of a high workload
in KPI determination. Here, the high measurement effort associated with the effi-
ciency guideline and the subsequent parameterization and simulation of GPMs are
particularly significant. The results of this work have already shown that εEuro−η
does not reflect system performance as it neglects important influences and is
based on too many simplifications. In sum, it can be concluded that with both the
SPI and the εEuro−η, the very good performance in certain requirements leads to
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non-compliance elsewhere. Concerning the various requirements for system eval-
uation, the Hybrid Benchmark procedure offers the best solutions in total. The ap-
proach of system evaluation based on an application test and with KPI of efficiency
and effectiveness thus turns out to be the best method for performance evaluation
of PV battery systems.
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7. Conclusions

7.1. Conclusions and Outlook

During the work on this thesis, the topic in focus has considerably gained in momen-
tum. While at the beginning of the research, most PV battery systems contained
lead-acid batteries, these have almost completely vanished from the market and
are by today replaced with Li-ion batteries. In terms of performance evaluation,
this leads to a significant reduction of complexity, as the technical properties as-
sociated with lead-acid technology are no longer of major concern. Nevertheless,
the industry was unable to agree on any (set of) KPI by the time the presented
work was completed. However, to increase the satisfaction of PV battery system
end-users, a uniform methodology for comparing system performance irrespective
of system topology is necessary. Core conflicts in performance evaluation exist
primarily concerning the required test procedures and the method applied to de-
termine KPIs. Here, application tests that intend to shorten the evaluation period
to a few days are always associated with a specific loss of representativeness of
annual characteristics. They are opposed by the use of GPMs as these allow a
systematic evaluation of various use cases by modification of simulation profiles for
irradiance and consumption. However, a clear disadvantage of this method is that
the performance assessment requires models that do not adequately describe all
essential operational characteristics. The findings of this thesis show that neglect
of energy management and system effectiveness in GPMs leads to higher errors
in the resulting KPIs than a shortening of the application test profile by one day. A
targeted application of GPMs, therefore, requires further laboratory investigations
for the identification of parameters that enable a sufficient simulation of the operat-
ing behaviour and thus needs measurement procedures that go beyond the current
status of the efficiency guideline. The effort involved makes it questionable whether
such evaluation methods will be able to outweigh the advantages of an application
test soon. Nevertheless, a purely simulative determination of application-oriented
KPIs is promising concerning an evaluation of different system combinations. Fur-
thermore, it became clear that application-independent key figures like the εEuro−η
are not capable of adequately representing all essential aspects of system perfor-
mance as they do not enable an assessment of crucial parameters like standby
operation and system control. In contrast, evaluation methods based on KPIs for
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efficiency and effectiveness in application tests prove advantageous here. Never-
theless, it turned out that such a test needs to include a minimum measurement
duration of four days. Laboratory tests on PV battery systems within this work re-
vealed clear differences in the achieved KPIs. In particular, the DC-coupled topol-
ogy shows a broad spectrum of system quality here. It became clear that different
characteristics of both full systems and components are fundamental for good sys-
tem performance. Particularly important are a high conversion efficiency in the par-
tial load ranges, an effective operating strategy with consistent avoidance of power
flows between the battery and the grid as well as a storage system that is com-
pact in terms of capacity and conversion power. Nevertheless, an efficient MPP
tracking and conversion of PV power prove essential for a well-performing system.
Especially regarding the operating behaviour of DC and generator-coupled battery
systems, appropriate consideration of these aspects in the comparative system
evaluation is crucial.
In recent years, the topic of grid-parallel PV battery systems also gained in impor-
tance internationally. Presently, Asian manufacturers of both batteries and solar
inverters are expanding market share in Germany, while the use of PV storage sys-
tems increases abroad. In the future, it will thus be all the more important to provide
KPIs that are usable and valid on an international level. For the evaluation proce-
dure recommended in this thesis, a review of the test profiles under international
aspects will thus become necessary. Since this means that a wider range of use
case needs must be mapped in the test-profiles, an extension of test profile dura-
tion is likely to be inevitable. Other important developments concern the increasing
system complexity resulting from the interconnection of residential electricity sup-
ply to heating and climatization as well as the aggregated operation of distributed
storage systems to provide grid services. They shift the use cases from a sole
maximization of local self-sufficiency in the household electricity supply to applica-
tions with mixed objectives. As a consequence, the evaluation of effectiveness in
multiple use cases may probably gain importance in the future.

7.2. Contributions

The innovations and scientific contributions of this thesis address the full process
of performance evaluation on PV battery systems. Initially, requirements for test
procedures and KPI derivations were formulated by identifying and classifying in-
fluences on system performance. A systematic separation of power flows into three
major operating states has been introduced and is currently used as the basis for
all evaluation procedures in this field. With the application test and the modular
measurements, two fundamental concepts for laboratory investigations on PV bat-
tery system performance were developed and elaborated. The modular testing ap-
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proach has been used as the basis for test procedures according to the efficiency
guideline for PV storage systems and application tests are the basis for several
KPIs in this research area. A new methodology for the systematic determination
of profiles from long-term measurements of irradiance and household consump-
tion for such an application test was also developed here. With the introduction
of the Hybrid Benchmark procedure and its underlying simulation-based reference
case of a lossless DUT model, a novel evaluation procedure was invented, which
is currently also used in other performance assessment methods. In this work, the
chosen focus of the KPIs on efficiency and effectiveness has proven as an advan-
tageous basis for the development of end-user friendly indicators, as it does not
only benefit the public in terms of result comprehension but also offers clear advan-
tages in terms of international validity and associated effort to determine results
from laboratory measurements and test evaluation.
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A. Derivation of Test Profiles for
Application Tests

A.1. Related works

Concerning test profiles for residential energy systems in Germany, VDI 4655 guide-
line (Association of German Engineers (VDI)) [44] is often applied. It proposes
reference load profiles based on typical days for testing purposes of CHP plants.
These include electricity in 60 s resolution as well as space heating and hot wa-
ter demand in 15 min resolution. The datasets have been obtained from various
long-term measurement series in single-family and multi-family houses. However,
VDI 4655 does not contain any irradiance or PV generation profiles. Existing me-
teorological reference profiles (e.g. [46] and [45]), which could be used instead,
generally process annual data in a resolution of minutes or less. Considering the
requirements of the application test, the low temporal resolution of these profiles is
not suitable for the problem at hand. As a remedy, three possibilities may be used:

• Application of methods to ‘dynamize’ low-resolution profiles
• Synthetic development of test profiles using profile generators
• Appropriate choice and combination of daily profiles from high-resolution long-

term measurements

To generate high-resolution profiles based on mean-value based measurement
data, different methods may be used to interpolate between the samples, or stochas-
tic signals could be added to the original signal. Such approaches are discussed
in various publications (e.g. [68]). As these usually require several simplifications
and are often associated with uncertain validity, corresponding procedures are not
pursued in the context of the present work. Another possibility is the synthetic gen-
eration of test profiles using profile generators. Concerning electricity consumption,
these often use measurements of individual electrical consumers. Through a com-
bination with simulated usage habits of different electrical appliances in individual
household types, a differentiation between various user groups is enabled [69, 70,
71]. These approaches are a promising alternative, but further validation of the
usage habits is needed (i.e. by comparison with various high-resolution measure-
ments). For the investigations presented in this chapter, the third listed possibil-
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ity, ‘the appropriate choice and combination of daily profiles from high-resolution
long-term measurements’, is pursued. With means of these test profiles, important
statistical characteristics of the input data must be maintained [72]. A couple of
publications on this topic, especially concerning grid stability issues and for mod-
els focussing on optimum electrical capacity investment, are available. Clustering
algorithms such as k-means are frequently applied [73], which restrict the compar-
ison of different approaches to the algorithms and settings used [74]. Furthermore,
for profile synthesis, it is not clear which individual profiles should be selected from
the clustered groups and how different weights of these groups could be addressed
in the final profile. A work of particular interest for the present task is documented
in [75]. This publication indicates the minimum combinatorial order to preserve an-
nual characteristics. Although the focus is again on investment planning of energy
capacities, nevertheless it gives important clues for the problem at hand. A central
finding is that a single annual load profile in 1 h resolution (i.e. 8760 values) can
be aggregated in the order of 10 representative hours (scenario robust). However,
if an additional source of variability, such as solar irradiance, needs to be consid-
ered, the required hours of robust aggregation increase up to an order of 1000.
This is mainly because any given curve does not provide information about corre-
lations with other temporal profiles. To avoid these problems, the second step of
the methodology introduced in this chapter is carried out based on residual profiles
since these contain information on both consumption and PV generation.

A.2. Database

A central specification for the test profiles is to represent the conditions of typi-
cal applications of PV battery systems. As they are currently mainly applied in
Germany (see Chapter 1), long-term local measurements of PV power generation
(resp. solar irradiance) and consumption of a typical German household should
serve as database. Given the regional location, a place in the centre is desirable
since the average solar irradiance in Germany is (roughly) increasing towards the
south while the average electricity consumption per capita is lower in the eastern
parts [76]. Hence, choosing a central location increases the possibility of avoiding
extreme deviations of both irradiance and load. Due to its central location and avail-
ability of high-resolution measurement data, long-term measurements of the Kas-
sel region are used. However, the methodologies described in this chapter could
also be applied to other datasets. The irradiance data used here was obtained by
long-term measurements in 1 s resolution on the rooftop of the Fraunhofer Institute
for Energy Economics and Energy System Technology (Fraunhofer IEE) building in
Kassel, Germany. The irradiance was detected by a south-facing sensor inclined
by 30 °. Additionally, the module temperature was recorded. The data used here
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refers to the period from September 2012 to August 2013. The irradiance measured
during the indicated period amounts to 1109.2 kWh

m2a
, which approximately meets the

long-term average in Germany (i.e.1180 kWh
m2a

[77], which corresponds to 1050 kWh
m2a

on a horizontal surface and an annual yield increase of 12 % due to inclination and
orientation of the module [78]). The electricity consumption profiles are provided by
a three-phase measurement dataset in 1 s resolution of a four-person household
in the Kassel region. It was recorded from June 2010 to April 2011 and lacks data
for the month of May to complete a full year. In this house, no electric heaters are
applied. For this reason, the electricity consumption is mostly independent of tem-
perature, and the different measurement periods of solar irradiance and household
load are unproblematic. The annual electricity consumption extrapolated from the
measurement period amounts to 3540 kWh, which is below the typical consump-
tion indicated in for 4-person households (4750 kWh) but slightly above the annual
electricity consumption of an average household (3100 kWh) in Germany [79]. The
comparison with the measurements of 30 different households in Austria reveals
that the Kassel data is situated between the average consumptions of three- and
four-person households [80]. The long-term simulation used for the investigations
presented is a mapping of the annual datasets to a reduced period that is neces-
sary as the consumption dataset does not cover a full year. To meet the annual
distribution with the 47 available days of the transition period, 57 summer and 65
winter days have been used. The applied day curves are selected according to
the minimum deviations of their PP (see Section A.3) to seasonal averages and
arranged concerning their calendar date.

A.3. First step - Profile Analysis

For the first step of profile selection, high-resolution long-term measurements of
household electricity consumption and solar irradiance are fragmented into daily
subsets. They are analysed to identify single subsets and combinations of these
subsets, which are capable of representing the entire data in terms of seven PPs.
These PPs are shown in Figure 3.3 and defined by the Equations A.1-A.13. In all
associated definitions, t1 and t2 correspond to the temporal boundaries of each
daily subset.

• Daily solar energy EDay
Irr and daily load demand EDay

Load: These parameters
sum up the available daily input and output energy at the system interfaces
and, therefore, are of great importance (see Figure 3.3 a)):

EDay
Irr =

∫ t2

t1
EIrr(t)dt (A.1)

EDay
Load =

∫ t2

t1
PLoad(t)dt (A.2)
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Additionally, the annual averages of these parameters (EDay
Irr and EDay

Load) are
calculated.

• Maximum and minimum power: The maximum and minimum value of solar
irradiance and consumption have a significant impact on the stress of the
power conversions shown in Figure 2.2 (see Figure 3.3 a)). Since the min-
imum solar irradiance is 0 kW

m2 for each subset, it does not apply for further
investigations:

EDay
Irr,max = max(EDay

Irr (t)) (A.3)

PDay
Load,min = min(PDay

Load(t)) (A.4)

PDay
Load,max = max(PDay

Load(t)) (A.5)

The annual averages of these parameters areEDay
Irr,max, P

Day
Load,max and PDay

Load,min.
• Fluctuations: The average fluctuationsXDay

mean and maximum fluctuationsXDay
max

are used to quantify the frequency and speed with which rapid changes in
the irradiance and load measurements appear. The more frequently they oc-
cur, the more important a fast and accurate system control becomes. To filter
these fluctuations, a low-pass filtering with a ten-minute Moving Average (MA)
PMA has proven to be suitable (see Figure 3.3 b)):

PMA
Load(t) =

∫ t+300s
t−300s PLoad(t)dt

600s (A.6)

EMA
Irr (t) =

∫ t+300s
t−300s EIrr(t)dt

600s (A.7)

In the next step, the deviations of the original curves to these average func-
tions are calculated:

XDay
Irr,mean =

∫ t2
t1

(|EIrr(t)− EMA
Irr (t)|)dt

t2 − t1
(A.8)

XDay
Irr,max = max(|EIrr(t)− EMA

Irr (t)|)
∀t ∈ [t1; t2]

(A.9)

XDay
Load,mean =

∫ t2
t1

(|PLoad(t)− PMA
Load(t)|)dt

t2 − t1
(A.10)

XDay
Load,max = max(|PLoad(t)− PMA

Load(t)|)
∀t ∈ [t1; t2]

(A.11)

Similar to above, the annual averages of these parameters are calculated.
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Parameter
Thresholds

P0 P1 P2 P3 P4 P5 P6 P7 P8 P9 Pmax

EIrr[W/m2] 0 20 40 60 80 100 200 300 500 800 1300

PLoad[kW] 0 0.1 0.2 0.3 0.4 0.5 0.8 1.5 2.5 4.0 8.0

Table A.1.: Power level threshold for solar irradiance and load

• Energy per hour: This parameter is used to quantify the share of daily energy
per hour. It is calculated to identify the times of the day when high proportions
of solar irradiance and load typically appear. Since this calculation is identical
for both, only the irradiance-side variables are shown here (see Figure 3.3 c)):

ET0
Irr =

∫ 1h
0h EIrr(t)dt; eT0

Irr = ET 0
Irr/EDay

Irr

ET1
Irr =

∫ 2h
1h EIrr(t)dt; eT1

Irr = ET 1
Irr/EDay

Irr

...
...

ET23
Irr =

∫ 24h
23h EIrr(t)dt; eT23

Irr = ET 23
Irr/EDay

Irr

(A.12)

Annual averages for each hour are calculated for later use.
• Energy per power level: Similar to above, the shares of energy in ten different

power levels are calculated. The threshold values that separate these levels
are shown in Table A.1 (see Figure 3.3 d)):

EP0
Irr =

∫ P1
P0 PIrr(t)dt; eP0

Irr = EP 0
Irr/EDay

Irr

EP1
Irr =

∫ P2
P1 PIrr(t)dt; eP1

Irr = EP 1
Irr/EDay

Irr

...
...

EP9
Irr =

∫ Pmax
P9 PIrr(t)dt; eP9

Irr = ET 23
Irr/EDay

Irr

(A.13)

The listed parameters are calculated for all subsets of the measurement data PIrr(t)
and PLoad(t). To assess how well each subset represents annual averages, the nor-
malized deviationDPP is defined. It is calculated separately for irradiance and load.
As the applied formula is identical for both, only the irradiance variables are shown
here.
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Type
Factor

fE fPmax fPmin fXmean fXmax feT feP
∑

Irradiance 0.40 0.12 0 0.21 0.03 0.14 0.09 1.0

Load 0.35 0.08 0.05 0.2 0.02 0.15 0.15 1.0

Table A.2.: Scaling factors for the first step of profile selection

DPP = |EDay
Irr −E

Day
Irr |

EDay
Irr

× fE+
|PDay

Irr,max−P
Day
Irr,max|

PDay
Irr,max

× fPmax+

|PDay
Irr,min−P

Day
Irr,min|

PDay
Irr,min

× fPmin + ...

(A.14)

The factors (fE, fPmax, ...) in Equation A.14 are scaling factors. These are derived
by an analytical hierarchy process, where the importance of all individual PP was
compared and assessed. The resulting factors are shown in Table A.2. Equation
A.14 may be explored to identify the best fitting daily subsets. Figures A.1 and
A.2 illustrate the three days of irradiance and load with the smallest deviations.
Next, the period under investigation is expanded from daily subsets to combina-
tions of daily subsets, which are systematically selected from the entire datasets.
While advancing from daily subsets (combinatorial order of one) to subsets con-
taining tuples of daily curves (combinatorial order of two) and higher combinatorial
orders, the profile length increases. Consequently, the time instants and integral
boundaries of Equations A.1 - A.13 are adjusted according to the (in general) non-
continuous time intervals of the subsets under investigation. These adjusted PP
functions are then used to calculate the deviations for each combinatorial order.
Figure 3.4 shows the derived results, limited to the top-100 subsets. It can be seen
that the deviations fall into discrete intervals for each combinatorial order: Obvi-
ously, the attempt to reflect the annual characteristics of irradiance and load using
single daily curves leads to a wide-spread deviation interval with the median being
located at approx. 0.43 units for irradiance and 0.23 units for the load. Increasing
the combinatorial order from one to two reduces the median value to 0.12 units
for irradiance and 0.11 units for the load while the box sizes become considerably
smaller. With a further increase of the combinatorial order up to four and five, me-
dian values below 0.05 units are achieved for both irradiance and load. It can be
seen that the convergence proceeds monotonously. As the number of possible
combinations increases factorially, the combinatorial order analysed in this work is
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Figure A.1.: Three best single day irradiance curves after the first profile selection
step

Figure A.2.: Three best single day load curves after the first profile selection step
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limited to five. Figure A.3 illustrates the best-fitting candidate sets in a combinato-
rial order of three and four for each solar irradiance and household consumption.
For any combinatorial order of 2-5, the three subsets with the fewest deviations are
used for further investigation in the second step. Since different combinations of
the irradiance and load candidates with the same combinatorial order are possible,
the final result of the first step is a total of 36 combined profiles. These sets are
called candidate profiles.

A.4. Second step - PV battery system operation
analysis

In the second step of profile selection, the operation of PV battery systems with
the candidate profiles is investigated by means of simulations. For this purpose,
a GPM that is based on comprehensive modes of operation is applied and pa-
rameterized with different system configurations (see Section 3.2.2). This model
is based on an idealized operational strategy and phenomenological equations to
represent intrinsic losses. The resulting power flows are used to calculate the OPs:
self-sufficiency (autarky) εAut, self-consumption εCon, and conversion losses εLoss.
These are defined as follows:

εAut =
∫ PPV,Load(t) + PBat,Load(t)

PLoad(t)
dt (A.15)

εCon =
∫ PPV,Load(t) + PBat,Load(t)

PPV (t) dt (A.16)

εLoss =
∫
((1− ηBESS(P ))× PBat(t)∫

PPV (t)dt

+(1− ηPV S(P ))× PPV (t))dt∫
PPV (t)dt

(A.17)

In these equations, double-indexed variables correspond to energy flows from a
source (indicated by the first index) to a sink (indicated by the second index), see
Figure 2.2. Note that to calculate the OPs, irradiance data must be converted to
PV power profiles using a PV generator model. Here, south-facing modules with a
tilt angle of 30° are used. As a result, the PV power is approximately proportional
to the irradiance. The influence of module temperature is taken into account by a
coefficient of −0, 45 %

°C , which is suitable for multi-crystalline PV modules [78]. The
OP resulting from simulations with the candidate profiles are compared with those
derived from the annual simulation (εAnnualAut and εAnnualCon , εAnnualLoss ). The difference
between these results gives another set of convergence criteria expressed by the
deviation function of the second step:
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Figure A.3.: The best combination of curves after the first step of the profile se-
lection: three-day irradiance (top), three-day consumption (top centre),
three-day irradiance (bottom centre), four-day consumption (bottom)
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Figure A.4.: Deviation of OP

DOP = |εAut−εAnnual
Aut |

εAnnual
Aut

+ |εCon−εAnnual
Con |

εAnnual
Con

+ |εLoss−εAnnual
Loss |

εAnnual
Loss

(A.18)

The candidate profiles with minimum deviations from this equation are the final re-
sults of the presented investigations and are recommended for performance stud-
ies of PV battery systems. Consequently, they are used in the application tests
discussed in this thesis. The second step ensures that the test profiles do not
only correspond to the PPs from Section A.3 but also to the typical annual oper-
ation of PV battery systems. Each of the 36 candidate profiles identified in the
first step results in a set of OPs and deviations according to the Equations A.15 -
A.18. The ranges thereof are shown in Figure 3.6 for the five system specifications
examined in Table 3.2. Here, OP ranges are depicted by coloured dots for the can-
didate profiles, while related results based on an annual simulation are indicated
by black dots. Thus, a deviation of OP can be identified by comparing the position
of coloured and black dots. In contrast to this, Figure A.4 shows the OP deviations
according to the combinatorial order of the candidate profiles.
It can be seen that the OP of the annual simulation tend to be in the centre of areas
in which the simulation results with the candidate profiles accumulate. This applies
in particular to the medium-sized systems III and IV. Furthermore, it becomes ob-
vious that in contrast to the PP of the first steps, no systematic improvement of
the OP deviations occurs with increasing combinatorial order within the analysed
candidate profiles. In general, the relative losses show the least deviations of the
parameters investigated and are best on average with three-day profiles. The best
results in terms of self-sufficiency are achieved on average with three- and four-day
profiles, while the self-consumption in four-day profiles shows minimal deviations.
Table A.3 shows details of the deviations resulting from the best profiles in combina-



A. Derivation of Test Profiles 117

Parameter deviation
Combinatorial order

2 3 4 5

Irradiance 0.082 0.051 0.028 0.025
Consumption 0.080 0.061 0.043 0.033

OP 0.026 0.025 0.014 0.025

Type of days

Sm, Sn Sm, Mn Sm, Mn Sm, Sn
Tr, Fr Wn, Mn Wn, Mn Wn, Mn

Wn, Sn Sm, Sn Tr, Sn
Wn, Mn Sm, Fr

Wn, Fr

Table A.3.: Best profiles after the second step of profile selection with:
Sm-Summer, Wn-Winter, Tr-Transition
Mn-weekday, Fr-Friday, St-Saturday, Sn-Sunday

torial order between two and five. The duration of these profiles confirms that even
with some relatively short profiles, a good agreement with the annual operation can
be achieved. Furthermore, it should be noted that there is at least one summer and
one winter day in each of the irradiance profiles, whereas days of the transitional
periods only occur in two of them. The load profiles show a more variable distri-
bution. Two profiles contain a majority of weekdays, while one does not include a
single regular weekday. Finally, with the findings of this section, the two best profile
combinations in a combinatorial order of three and four are selected from Table A.3
for laboratory tests and further investigations. These profiles are shown in Figure
3.7. Both irradiance profiles use an identical first day, which indicates particularly
high representativeness of this specific curve for the entire dataset.
Both profiles start with a sunny day, so the battery gets charged early during the
test and is discharged later to cover the consumption of the first days in the evening
and night. Depending on the usable capacity, a full battery cycle may have already
passed on the morning of the second test day. On the second day of the three-day
profile, there is also a longer period with a positive residual power so that small
and medium-sized batteries can go through a full cycle again (see Figure A.5). The
second day of the four-day profile shows less sunny conditions. Considering the
entire curve, two to three complete cycles can be expected for common system
designs. The last day of both profiles offers almost only negative residual power
to ensure a discharged battery at the end of the test. This results in a long period
in which systems with efficient standby behaviour can avoid unnecessary losses.
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Figure A.5.: Residual load of finally selected profiles with a rated PV inverter power
of 5 kW

These considerations emphasize that the daily energy content of the irradiance pro-
files and their arrangement have a great influence on the operating behaviour of the
system. However, as the methodology presented has been applied to only one irra-
diance and load dataset, an important step for future investigations is to apply it to a
larger set of annual measurement data to increase the validity of the obtained pro-
files. Furthermore, the methodology presented may be applied to measurements
of households with heat pumps or electric cars to obtain special load profiles for
households with significantly different consumption patterns.
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B. Detailed Tables and Additional
Figures of Measurement Results

This appendix provides additional information on the measurement results of the
laboratory investigations presented in Chapter 5. They may be used to analyse
conversion efficiencies over absolute output power and to supplement result tables
of this chapter. In particular conversion efficiency of PV2AC (Figure B.1), PV2Bat
(Figure B.2), AC2Bat (Figure B.3), and Bat2AC (Figure B.4) are included as well as
detailed tables to PV2AC (Table B.1), PV2Bat (Table B.2), and Bat2AC (Table B.3)
measurement results.
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Figure B.1.: PV2AC-Efficiency over output power

Figure B.2.: PV2Bat Efficiencies over output power
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Figure B.3.: AC2Bat Efficiencies over output power

Figure B.4.: Bat2AC Efficiencies over output power
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System Parameter
Power level

0.05 0.1 0.2 0.25 0.3 0.5 0.75 1

A, B, C

PMPP [W] 235 465 945 1190 1432 2390 3580 4760

PPV [W] 229 460 940 1180 1421 2369 3564 4743

PPV S [W] 210 437 910 1143 1379 2297 3443 4564

VMPP [V] 400 400 400 400 400 400 400 400

VBat [V] 58.0 58.0 58.0 58.0 58.0 58.0 58.0 58.0

ηMPP [%] 97.4 98.9 99.5 99.2 99.2 99.1 99.6 99.6

ηconv [%] 91.7 95.0 96.8 96.9 97.0 97.0 96.6 96.2

ηPV 2AC [%] 89.4 94.0 96.3 96.1 96.3 96.1 96.2 95.9

D

PMPP [W] 239 479 957 1196 1436 2393 3589 4785

PPV [W] 233 472 949 1186 1424 2373 3560 4747

PAC [W] 218 452 918 1150 1382 2298 3439 4569

PBat [W] 0 -1 -1 -1 -1 -1 -2 -2

VMPP [V] 350 350 350 350 350 350 350 350

VBat [V] 164 164 164 164 164 164 164 164

ηMPP [%] 97.5 98.7 99.2 99.2 99.2 99.2 99.2 99.2

ηconv [%] 93.2 95.8 96.8 96.9 97.0 96.8 96.6 96.3

ηPV 2AC [%] 90.9 94.5 96.0 96.1 96.2 96.1 95.9 95.5

E

PMPP [W] 260 519 1038 1298 1557 2595 3893 5190

PPV [W] 221 494 1021 1285 1545 2587 3876 5181

PAC [W] 173 426 924 1183 1439 2435 3717 4977

PBat [W] 3 1 0 0 1 0 7 9

VMPP [V] 510 510 510 510 510 510 510 510

VBat [V] 220 220 220 220 220 220 220 220

ηMPP [%] 85.2 95.1 98.4 99.0 99.2 99.7 99.6 99.8

ηconv [%] 78.2 86.2 90.4 92.0 93.2 94.2 95.9 96.1

ηPV 2AC [%] 66.6 82.0 89.0 91.1 92.4 93.8 95.5 95.9

Table B.1.: Efficiencies derived from PV2AC measurements - detailed view
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System Parameter
Power level

0.05 0.1 0.2 0.25 0.3 0.5 0.75 1

A

PPV S [W] 148 324 666 838 1008 1684 2521 3353

PBESS [W] -129 -305 -645 -816 -986 -1660 -2497 -3312

PBat [W] -110 -283 -614 -778 -939 -1563 -2303 -2989

VBat [V] 54.6 54.7 54.7 54.7 54.7 54.7 54.8 54.7

ηAC2Bat [%] 85.3 92.8 95.3 95.4 95.2 94.2 92.2 90.3

ηPV 2Bat [%] 63.2 81.2 88.1 89.2 89.8 89.6 88.0 85.7

B

PPV S [W] 41 104 233 297 359 614 930 1244

PBESS [W] -8 -8 -165 -231 -292 -546 -771 -1131

PBat [W] 30 30 -128 -194 -255 -504 -716 -1061

VBat [V] 47.6 47.6 47.6 47.7 47.7 47.8 47.9 48.0

ηAC2Bat [%] 76.7 83.3 86.7 92.0 93.6 93.7

ηPV 2Bat [%] 47.5 57.7 64.1 76.7 86.2 86.8

C

PPV S [W] 146 321 656 829 996 1663 2498 3319

PBESS [W] -124 -297 -636 -807 -977 -1647 -2480 -3303

PBat [W] -105 -275 -602 -765 -925 -1543 -2279 -2973

VBat [V] 52.6 52.7 52.7 52.7 52.7 52.8 52.9 52.9

ηAC2Bat [%] 84.7 92.6 94.6 94.7 94.7 93.7 91.9 90.0

ηPV 2Bat [%] 62.9 80.5 87.8 89.0 89.6 89.7 88.1 86.2

D

PPV [W] 127 206 415 521 626 1043 1564 2032

PBat [W] -19 -105 -304 -414 -518 -925 -1434 -1856

PGrid [W] 87 74 80 74 74 76 74 107

VBat [V] 155 155 155 155 155 156 156 155

ηPV 2Bat [%] 87.3 92.7 93.8 94.7 95.8 96.1 93.7

E

PPV [W] 267 534 1068 1335 1602 2670 4005 5340

PBat [W] -141 -423 -950 -1210 -1473 -2508 -3788 -5049

PGrid [W] 10 10 10 10 9 9 9 8

VBat [V] 211 211 212 212 212 212 213 212

ηPV 2Bat [%] 52.8 79.2 88.9 90.6 92.0 93.9 94.6 94.5

Table B.2.: Efficiencies derived from PV2Bat measurements - detailed view
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System Parameter
Power level

0.05 0.1 0.2 0.25 0.3 0.5 0.75 1

A

PBat [W] 233 428 820 1019 1221 2019 3091 3650

PBESS [W] 210 397 772 958 1145 1869 2805 3278

PGrid [W] 17 17 17 17 18 17 18 -7

VBat [V] 53.4 53.4 53.3 53.3 53.3 53.2 53.1 53.2

ηBat2AC [%] 90.2 92.8 94.1 94.0 93.8 92.6 91.1 89.8

B

PBat [W] 175 272 468 592 666 1074 1596 2073

PBESS [W] 135 231 419 537 608 987 1460 1880

PGrid [W] 32 33 32 31 31 31 30 -20

VBat [V] 47.2 47.1 47.0 46.9 46.9 46.7 46.4 46.2

ηBat2AC [%] 77.5 84.6 89.5 90.8 91.2 92.0 91.5 90.7

C

PBat [W] 205 376 719 893 1070 1814 2748 3636

PBESS [W] 184 349 679 844 1009 1694 2515 3284

PGrid [W] 19 19 19 20 20 20 20 -19

VBat [V] 52.1 52.0 52.0 52.0 51.9 51.9 51.8 51.8

ηBat2AC [%] 89.8 92.7 94.4 94.5 94.3 93.4 91.5 90.3

D

PBat [W] 118 209 395 487 578 952 1425 1897

PAC [W] 95 184 365 455 543 904 1356 1804

PGrid [W] -1 -1 -1 -1 -2 -3 -3 -5

VBat [V] 152 152 152 152 152 152 152 152

ηBat2AC [%] 80.5 88.0 92.4 93.4 93.9 95.0 95.2 95.1

E

PBat [W] 323 543 1011 1242 1487 2414 3617 4841

PAC [W] 253 463 912 1133 1367 2244 3364 4468

PGrid [W] 24 17 14 11 22 15 3 -16

VBat [V] 202 202 202 202 202 201 201 201

ηBat2AC [%] 78.3 85.3 90.3 91.3 91.9 93.0 93.0 92.3

Table B.3.: Efficiencies derived from Bat2AC measurements - detailed view
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C. Additional Table for KPI
Calculation

This appendix provides Table C.1 with weighting factors derived from the applica-
tion tests for the determination of εEuro−η.
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System Test Parameter
Power level

0.05 0.1 0.2 0.25 0.3 0.5 0.75 1

A 3-days
fAC2Bat [%] 5 6 6 4 8 21 30 21

fBat2AC [%] 23 28 23 4 6 9 6 2

fBat [%] 54 25 21

A 4-days
fAC2Bat [%] 3 5 7 6 9 23 20 27

fBat2AC [%] 23 24 18 4 5 8 5 13

fBat [%] 51 23 26

B 3-days
fAC2Bat [%] 1 4 5 2 4 6 10 70

fBat2AC [%] 17 18 18 11 16 6 7 6

fBat [%] 46 11 43

B 4-days
fAC2Bat [%] 0 4 4 2 4 8 16 63

fBat2AC [%] 11 19 20 11 14 5 5 14

fBat [%] 43 11 46

C 3-days
fAC2Bat [%] 6 5 5 3 7 17 22 35

fBat2AC [%] 23 27 21 4 5 8 5 7

fBat [%] 52 20 28

C 4-days
fAC2Bat [%] 3 5 6 4 10 21 16 36

fBat2AC [%] 19 24 20 5 5 7 7 15

fBat [%] 48 20 31

D 3-days
fPV 2Bat [%] 3 4 5 4 8 15 24 36

fBat2AC [%] 13 13 15 13 27 8 3 10

fBat [%] 49 21 30

D 4-days
fPV 2Bat [%] 2 3 4 2 9 14 23 43

fBat2AC [%] 8 9 13 14 19 9 4 24

fBat [%] 39 21 40

E 3-days
fPV 2Bat [%] 6 6 7 5 14 33 29 1

fBat2AC [%] 27 29 21 2 5 10 7 0

fBat [%] 58 36 6

E 4-days
fPV 2Bat [%] 4 7 8 6 18 22 27 7

fBat2AC [%] 28 24 16 2 5 7 6 12

fBat [%] 57 28 15

Table C.1.: Weighting factors of Euro-η derived in application tests
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Presently, more than 120,000 photovoltaic (PV) battery systems 

are operating in German households. They differ in the coupling 

between PV and battery, the nominal capacities of their compo-

nents, and their degree of integration. This thesis develops and 

evaluates methods for a uniform determination of PV battery 

system performance. Therefore, major Influences on system per-

formance are analysed and used to derive requirements regard-

ing the test procedures and key performance indicators (KPIs) as 

final metrics of the system evaluation. Already this requirement 

analysis reveals that the performance comparison must cover 

the efficiency and effectiveness during system operation. As the 

assessment of effectiveness based on application-independent 

investigations is impossible, an application-oriented evaluation 

proves to be necessary. Based on these findings, a method that 

combines an application test of system operation during multi-

ple days with additional application-independent investigations is 

proposed. By using the results of the application test, two KPIs 

are calculated, namely: (i) the efficiency as a classic performance 

figure and (ii) the effectiveness to evaluate control and energy 

management of the system. This method is applied to five differ-

ent devices under test (DUT) and its advantages and drawbacks 

are discussed. The analysis reveals that the method does suffi-

ciently address all specifications and is beneficial in terms of result 

comprehensibility and KPI validity.
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