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Abstract

The energy generation paradigm is shifting from centralized fossil-fuel-based generation to distributed-based renewable
generation. Thus, hybrid residential energy systems based on wind turbines, PV panels and/or micro-turbines are gaining
more and more terrain. Nevertheless, such a system needs to be coupled with an energy storage solution, most often a
battery, in order to mitigate its power generation variability and to ensure a stable and reliable operation. In this work,
two power and energy management strategies for a hybrid residential PV-wind system with battery energy storage were
evaluated. Simple but customized performance models for PV modules and a small wind turbine have been developed;
furthermore the models have been parameterized based on real-life time-series for irradiance and wind speed,
characteristic for a site in Denmark. The stress to which the battery was subjected, while providing the two energy
management strategies, was also quantified.

1. Introduction

The solar photovoltaic (PV) total installed capacity in Denmark has exponentially increased in the last years. According
to the International Renewable Energy Agency, the cumulative solar PV capacity increased from 17 MW in 2011 to 399
MW in 2012, reaching 790.4 MW by the end of 2016 [1]. The vast majority of the installations (approx. 95%) are
represented by residential roof-top PV systems with power levels below 6 kW. This trend is expected to continue as by
2020 the aim is to generate 5% of electricity from residential solar PV systems [2]. Furthermore, Denmark has always
been a leader in the wind power production sector. Nowadays, approximately 33% of the installed wind turbines have a
rated power below 25 kW and most of the times they are connected to the low voltage grid [3]. These renewables’ grid
integration trends combined with the presence of new loads such as heat pumps and electric vehicles are threatening the
stable and reliable operation of low voltage grids causing voltage unbalances, neutral point displacement, voltage flickers
etc.

The aforementioned issues can be mitigated using battery energy storage [4], [5]. Among the available storage
technologies, Lithium-ion batteries represent an obvious solution because of their characteristics (e.g., high efficiency,
long lifetime, low self-discharge) combined with rapid price decrease [5], [6]. Nevertheless, the installations of such
systems should be accompanied by the availability of a power and energy management system, which will control and
optimize the power flow by providing different services to the grid and/ or to the end-user (e.g., power smoothing, peak
shaving, self-consumption maximization etc.) [7].

The aim of this paper is to investigate different power and energy management strategies for a hybrid residential PV-wind
system using a Lithium-ion battery energy storage. It is well known that the performance of Lithium-ion batteries is very
sensitive to the operating conditions (i.e., load current, temperature, state-of-charge, state-of-health). Thus, in order to
develop accurate power and energy management strategies, a Lithium-ion battery electric model was developed and
parameterized based on extensive laboratory tests. Furthermore, we have developed simple and robust performance
models for a small wind turbine and solar PV panels. In our work we have investigated two power and energy management
strategies for our hybrid energy system: power smoothing (using a moving average filter for 5 and 15 minutes) and energy
blocks (i.e., constant power to/from the grid during 15 minutes). In order to perform realistic study cases, we have used
real-life data for PV generation, wind power generation, and residential household consumption with a one-second
resolution.

2. System Description and Modeling

The overview configuration of the considered hybrid residential PV-wind system with loads and battery storage is
presented in Fig. 1. The system is composed of 17 PV modules with a power of 360 W each (i.e., approx. 6 kW system),



a 10 kW small wind turbine, the household’s loads and a Li-ion battery storage system. The smart meter between the
household side and the utility side enables the power exchange monitoring with the low voltage grid.
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Figure 1: The architecture of the hybrid energy system.

The battery can be charged from the generated PV and wind power, when the load demand is lower than the generation,
or directly from the grid, as illustrated in Fig. 1.

A. Solar PV Module Model

The performance model of the solar PV module (SPVVM) was developed according to the block diagram presented in Fig.
2 and consists of several blocks. The inputs of the model are the irradiance G, and the ambient temperature T,, while the
output is represented by the SPVM generated power Pspy.

G
G f P P P
q 1 T» DC GC AC 1 SPV
D3PS ey . 1+5sT,

Low Pass Filter PV Module Grid Converter Response Time

Figure 2: Block diagram of the SPVM.

Low Pass Filter. The solar irradiance G used in this research was collected from a site located in Denmark, with a
frequency bandwidth of maximum 5 Hz; thus, the irradiation time series will have a resolution of minimum 200
milliseconds. In order to smoothen the solar irradiance signal, a first order low pass filter was considered. The filtering
time constant Ttspy Of the SPVM was calculated as presented in [8] according to (1).
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Where the cut-off frequency of the low pass filter is a function of the SPVVM power and was determined according to the

procedure described in [8].

Tespy =

PV Module. The output power of an SPVM depends on the ambient temperature T, and on the solar irradiance Gs (in this
case the filtered one) as well as on the performance of the maximum power point tracking (MPPT) algorithm, used to
maximize the power conversion between the solar irradiance and the electrical output in the DC link of the power
converter Ppc [8].

The mathematical model of the SPVM was developed based on (2) — (4) following the methodology presented in [9] and
was parameterized based on the parameters of a real PV panel, which are summarized in Table I.
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Where, V and | are the voltage and current of the PV module, Voc represents the open circuit voltage, s represents the
short-circuit current, Vi, and I represents the MPP voltage and current, respectively.

Table I. Parameters of the PV module at standard test conditions.

Total

Rated No. of PV Module

Power Installed modules Vm Im Voc Isc NOCT efficiency
Power

360 W 6120 W 17 384V 9.39 A 48.3V 9.84 A 318 K 18.4 %

Grid Converter. The PV module is connected to the grid converter GC, which emulates the power losses of a real PV
inverter. Thus, the DC power Ppc obtained at the output of the PV module is multiplied by the efficiency of the GC in
order to obtain the power fed to the grid. In this work, we have assumed the efficiency of the GC to be 0.985 [8], [10].

Response Time. The response time of the active power injected into the grid is considered in the point-of-connection
(PoC). Considering the small scale of the system, the response time T is in the same range as the one of the low pass
filter.

B. Wind Turbine Model

The structure of the performance model of the small wind turbine is presented in Fig. 3. The model has a bandwidth of
maximum 1 Hz and is suitable for energy management studies, where only the output power of the WT is required.
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Figure 3: Block diagram of the wind turbine.

Rotor Inertia Effect. The WT’s rotor inertia smoothens the time and position variability of the wind speed on the WT’s
rotor plan [8]. In order to consider this smoothing effect, a first order filter was considered.

The time constant 7 of the filter was computed based on [8], [11], [12], according to (5).

Vrated

fTRTT (5)

Where, Viared is the rated speed of the wind turbine, v is the actual wind speed and zo is the natural time constant which
depends nonlinearly on the WT rated power.

Power Curve. The power curve is a one-dimensional look-up table, which relates the wind speed with the power
production of the WT. For this work, a 10 kW small WT was considered, with the main parameters summarized in Table
Il and the power curve presented in Fig. 4. Furthermore, it has to be highlighted that the WT was certified for the Danish
market [13].

Table Il. Parameters of the WT [14].

Rated Power Cut-in Rated Survival Rotor diameter
speed speed speed

10 kKW 3m/s 9 m/s 55 m/s 9.7m
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Figure 4: Power curve of the 10 kW WT [14]
C. Lithium-lon battery Model

The Li-ion battery performance model is based on a Thevenin equivalent electrical circuit (EEC), as illustrated in Fig. 5.
The total requested power P request is divided by the DC link voltage Vpc in order to obtain the battery load current lpa:.
The load current is multiplied by the battery voltage Vpar, which is predicted by the EEC, in order to obtain the delivered
or absorbed battery power P pa.
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Figure 5: Block diagram of the lithium-ion battery model.

In order to model the performance behavior of the Li-ion battery, a Thévenin-based EEC was selected as a trade-off
solution between estimation accuracy and computation burden [15]. The EEC is composed of a voltage source, which
emulates the open circuit voltage of the battery, a series resistance Ro which represents the battery ohmic resistance and
an RC parallel network (R1 and C) used to simulate the charge transfer and diffusion processes inside the battery. Thus,
the Li-ion battery voltage is calculated according to (6) and the state-of-charge (SOC) is obtained based on the Coulomb
counting approach (7).

Voar = Voc £ Vigce (6)

1
S0C = S0C; + Ef Ipaedt

Where V. represents the open circuit voltage of the battery, Veec represents the voltage drop across the EEC of the
battery, SOC; represents the initial SOC, and C represents the battery capacity

Capacity measurements, open circuit voltage measurements, and internal resistance measurements, using the DC pulse
technique, were performed in order to parameterize the Thevenin-based EEC model. As it is well known, the battery
performance parameters are very sensitive to the operation conditions [16]. Thus, the charging and discharging capacity
of the battery was measured for different current rates (C-rates), the OCV for different SOCs, and the internal resistance
at different SOCs and for different charging and discharging C-rates, according to the procedures presented in [17]. All
the measurements were performed at 25°C.

The measurements were performed for a lithium iron phosphate (LFP) — based Li-ion battery with the main electrical
parameters summarized in Table IlI.



Table I11. Electrical parameters of the LFP-based Li-ion battery.

Nominal Nominal Minimum Maximum Maximum
Capacity Voltage Voltage Voltage Current
2.5 Ah 3.3V 2V 3.6V 10A

The measured capacity and OCV for the considered LFP-based battery are presented in Fig. 6 and Fig. 7, respectively.
Furthermore, based on the internal resistance measurements, the values of the EEC parameters, Ro, R1, and C1 were
derived following the procedure presented in [18], [19]. The variation of these parameters with the SOC for a current
pulse of 2.5 A applied during both charging and discharging are presented in Fig. 8.
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Figure 6: Dependence of the battery discharging capacity Figure 7: OCV vs SOC characteristic during charging and
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Figure 8: Variation of the ohmic resistance Ry (left), resistance R1 (middle), and capacitance C; (left) with the SOC
obtained for a 2.5 A (1C-rate) charging and discharging current pulse.

3. Mission Profiles
A. Distributed Generation Power Profiles

Real irradiance and wind speed data profiles measured in Denmark, with 5 Hz resolution, were applied to the SPVM and
WT models in order to obtain the PV and WT power profiles. For this study, two periods of the year were considered,
i.e., one summer day and one winter day. In Fig. 9, the measured irradiance and the corresponding generated PV power
profiles are presented, while in Fig. 10, the measured wind speed and the corresponding produced wind power profiles
are presented, for both summer and winter day.
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Figure 9: Irradiance (top) and corresponding PV power (bottom) for one summer day (left) and one winter day (right).
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Figure 10: Wind speed (top) and corresponding WT power (bottom) for one summer (left) and one winter day (right).

During summer, the PV panels start to produce power earlier in the morning than during winter, and the irradiance level
reaches almost 1200 W/m?, and only 550 W/ m? in the winter. Subsequently, the generated PV power reaches
approximately 400 W peak for the maximum irradiance in the summer and only 150 W peak in the winter. As shown in
Fig.10, the wind is present almost whole day during the summer and just half of the day in the winter and in both cases



reaches values of 10 m/s. Consequently, based on the wind speed profiles and considering its characteristics, summarized
in Table 11, the WT produces power for half of the day during summer and only for few hours during winter, reaching in
both cases 7.5 kW.

B. Load Demand Profiles

The load demand profiles used in this work represent the domestic electricity consumption of a residential home in
Denmark, according to [20]. Because the household loads and their demands are different depending on the period of the
year, one summer day and one winter day were considered and the corresponding profiles are presented in Fig. 11.
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Figure 11: Residential load demand profile during one summer day (top) and one winter day (bottom).

As it can be observed from Fig. 11, there is a significant difference between the demand during summer and winter;
during winter, the higher consumption is generated by the heating and lighting loads, with the power reaching peaks of
4000 W.

4, Results

The performance behavior of the hybrid residential PV — wind system with integrated Li-ion battery storage was
investigated for two different energy management strategies, as it will be presented in the next sections.

A. Power smoothing

The variable nature of PV and wind power can affect the safe and reliable operation of the low-voltage grid. Thus, before
being injected into the utility grid, the power needs to be smoothened. In this work, the proposed solution is the use of a
Li-ion battery with a power smoothing algorithm based on a moving average functionality (MAF), as illustrated in Fig.
12. The smoothing algorithm calculates a reference power signal Py, by averaging a given series of data for a predefined
time interval, which the system will try to track. The power mismatch Pt between the reference power signal obtained
from the smoothing algorithm Py and generated power Pryoria represents the reference for the Li-ion battery which
charges or discharges accordingly. For this power smoothing application, two cases were considered; the first cases will
analyze the system behavior for an averaging time window of 5 minutes, while in the second case the time window is
increased to 15 minutes.

5 minutes moving average. The power injected into the grid after the power smoothing EMS was applied to the hybrid
residential system is presented in Fig. 13 for the case of a summer day. The difference between the generated power and
the grid injected power is shown in Fig. 14 together with the corresponding one-day battery SOC. By applying a cycle
counting algorithm to the obtained SOC profile, we have found out that the battery was subjected to 3.25 full cycles.




The behavior of the considered hybrid residential energy system for a winter day is presented in Fig. 15 and Fig. 16. Due
to a less demanding mission profile, the battery was subjected to only 1.4 full cycles.
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Figure 13: Comparison between the generated power by the hybrid system and the smoothed grid-injected power —
summer.
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Figure 14: Battery behavior: power (left) and SOC profile (right) — summer.
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Figure 15: Comparison between the generated power by the hybrid system and the smoothed grid-injected power —
winter.
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Figure 16: Battery behavior: power (left) and SOC profile (right) — winter.

15 minutes moving average. The results obtained for the power smoothing EMS when a 15 minutes moving average
filtering algorithm had been used are presented in Fig. 17 — Fig. 20. Because of a greater moving average time window,
the power injected into the grid is smoother. On the other hand this has caused bigger battery SOC excursions; however,
the number of cycles to which the battery was subjected stayed almost unchanged, i.e., 3.33 and 1.5 cycles for summer
and winter cases, respectively.
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Figure 17: Comparison between the generated power by the hybrid system and the smoothed grid-injected power —
summer.
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Figure 18: Battery behavior: power (left) and SOC profile (right) — summer.
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Figure 19: Comparison between the generated power by the hybrid system and the smoothed grid-injected power —
winter.
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Figure 20: Battery behavior: power (left) and SOC profile (right) — winter.

B. Energy Blocks

Energy storage systems have the flexibility to operate within the electricity market and thus improve the value of the
renewable energy. The scope of the energy blocks EMS is to minimize the amount of energy bought from the utility
grid and sell a part of the excess production. The proposed scheme is to calculate a 15 minutes power average that will
be exchanged with the utility grid. In Fig. 21, there are presented the typical power profiles of the hybrid residential
system after the generated power has been extracted from the load power. A positive signal denotes that the power has
to be bought from the grid and the negative signal denotes that the power is delivered to the grid.

4000 T T T T T 4000
2000 | —rpll‘ 2000
P I R G
0 —-'—'—H——'—‘—-—-r—"\l_r.L‘-h-—-_ru-H-._l—h\,_'_,—'-
g -2000 =
] g -2000
§ -4000 | | o
-4000

-6000

2000 | | -6000 | i

5000 Typical power profile Typical power profile

— Power blocks — Power blocks
10000 ! . . 1 | 8000 | . . " .
o 3 6 9 12 15 18 21 24 o 3 B 9 12 15 18 21 24
Time [h] Time [h]

Figure 21: Typical power profile and power blocks for a summer day (left) and a winter day (right).

The battery power profiles and the corresponding SOC profiles for the two studied cases are presented in Fig. 22
(summer) and Fig. 23 (winter). In both cases, the Li-ion battery is able to provide the energy blocks applications without



reaching saturation. Furthermore, similar to the previously studied EMS, the Li-ion battery is stressed more during
summer, when it is subjected to 3.67 full cycles, in comparison to winter, when it is subjected to less than half (i.e., 1.75
full cycles).
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EMS for a summer day. EMS for a winter day.

The results summarizing the performance behavior of the considered 6 kW Li-ion battery for the two EMSs are
presented in Table V.

Table IV. Performance behavior of the Li-ion battery for the considered EMSs.

EMS Power Smoothing Energy Blocks
5 min. MA 15 min. MA
Period of the year Summer Winter Summer Winter Summer Winter
SOC min [%] 50 50 50 50 43.26 39.18
SOC max [%] 65.11 85.85 64.36 85.83 57.22 59.63
Ah-throughput 16.25 16.66 7.14 7.51 18.35 8.74
FECs 3.25 3.33 1.43 1.50 3.67 1.75

5. Conclusions

In this work, two power and energy management strategies for a hybrid residential PV — wind system with Li-ion battery
storage were developed and the behavior of the system was studied. The strategies were focused on the Danish market by
using real generation profiles (i.e., irradiation and wind speed) as well as a load profile, which are characteristic for a site
in Denmark. In order to achieve this goal, simple but tailored (for such studies), performance models for PV modules, a
small wind turbine, and Li-ion batteries were developed and parameterized. The behavior of the hybrid energy system
was evaluated for power smoothing and energy blocks applications for two different scenarios (i.e. a summer day and a
winter day). For the power smoothing application, a MAF was considered with two averaging time windows of 5 and 15
minutes. In both cases, the desired smoothing effect was achieved, while the battery was subjected to approx. 3.4 and 1.5
full cycles, for a summer and winter day, respectively. Furthermore, the battery was used to maximize the usage of the
renewable energy and minimize the electricity bill, by minimizing the energy bought from the utility grid. This was
achieved by computing a 15-minutes average power curve for an entire day, by considering the load profile of the house
and the produced renewable energy. The difference between the computed curve and the overall house power curve was
charged/discharged from the battery. For the considered size of the battery (i.e., 6 kW), the maximum power of the battery
was never reached while the Li-ion battery was subjected to 3.75 full cycles during a summer day and 1.75 full cycles
during a winter day.
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