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Abstract

In this study, we investigate the impact of electric energy storage (EES) on phase line
power flow symmetry and photovoltaic (PV) energy utilization in prosumer three-phase
four-wire integrated household systems. The analysis is based on high-time-resolution
(1 s) experimental data collected from a real household grid and subsequent simulations
of energy flows using MATLAB/Simulink software. Two converter operation strategies
were evaluated: the conventional symmetric mode and the asymmetric mode developed by
the authors based on an adaptive power flow management algorithm. For both strategies,
the impact of EES capacity on imbalance in the distribution system operator (DSO) grid
was investigated. The methodology analyzes energy flows in each phase line separately,
allowing for a detailed assessment of the imbalance between phase line phenomena and
their impact on local energy consumption. Key performance parameters used for the
efficiency evaluation include the self-consumption and self-sufficiency rates, which quantify
the share of locally generated energy consumed within the household and the degree of
independence from the DSO grid. The results show that combining adaptive asymmetric
inverter control with appropriately sized energy storage allows for more efficient on-site
utilization of PV energy, which, at the same time, improves the load symmetry of the phase
lines in the DSO grid.

Keywords: power flow symmetry; PV power plant; electric energy storage; four-wire
inverter; integrated household power system; self-consumption rate; self-sufficiency rate

1. Introduction

According to the International Energy Agency (IEA), energy production and consump-
tion account for approximately 75% of global greenhouse gas emissions [1]. Climate change
is a global challenge that requires the development of sustainable energy strategies and
the implementation of new technologies for efficient energy use. Buildings account for
approximately 40% of total energy consumption and about 30% of global carbon emis-
sions [2,3]. A growing concern is the rapidly increasing electricity demand, which leads
to rising carbon emissions due to the insufficiently rapid transition from fossil fuel-based
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power generation to renewable energy sources. Therefore, it is essential to not only replace
traditional fossil-fuel-based energy sources with less polluting renewable energy sources
but also promote more efficient and rational electricity consumption to mitigate the rapid
growth in demand [4].

One of the main renewable energy technologies used to generate electricity in private
households is photovoltaic (PV) systems, a large number of which have been installed
in three-phase prosumer households. A characteristic feature of electricity consumption
in such households is the rapid variation and uneven loading of individual phase lines.
As a result, these consumers introduce load imbalance to the three-phase lines of the
distribution system operator (DSO) grid. Phase load imbalance is one of the main factors
leading to increased losses in distribution network lines and transformers [5]. Moreover,
load imbalance is related to the efficiency of utilizing locally generated renewable energy,
since simultaneous bidirectional energy flows may occur in different phase lines. In such
cases, electricity may be exported to the DSO grid through one phase line while being
imported from the grid through another phase line at the same time. These issues and the
associated electricity distribution losses have been discussed in our previous work [6].

Various methods for mitigating load imbalance in phase lines have been proposed in
the literature. In [7], a method is proposed based on real-time information obtained from
smart household phase loads. The approach symmetrizes phase loading by temporarily
disconnecting or reconnecting certain household loads with high thermal inertia, whose
short-term switching does not cause noticeable discomfort to users. However, the imple-
mentation of this method requires significant real-time information exchange between
multiple smart households and a centralized control unit. Simulation results show that
this approach can reduce line energy losses by about 1.095 percentage points, which is
considered a significant improvement.

In [8], load imbalance in distribution grids is reduced through the reconfiguration of
imbalanced radial distribution systems. The proposed methodology focuses on an efficient
three-phase load flow analysis combined with grid reconfiguration. The reconfiguration
process involves strategically opening sectionalizing switches and closing tie switches
based on empirical formulas and bus voltage comparisons to minimize active power losses
and stabilize the system’s voltage profile. The algorithm utilizes detailed component mod-
eling, including transformers, line shunt admittances, and voltage-dependent static loads.
However, the method is subject to several limitations and constraints: the analysis relies on
static load models, lacking the integration of dynamic modeling necessary to account for
real-time, time-varying load fluctuations. The approach requires switching operations in
the DSO grid, which may introduce switching disturbances and degrade power quality. In
addition, the algorithm is specifically tailored for radial distribution architectures, making
its application to looped or more complex grid configurations less straightforward.

A similar load-balancing strategy for phase lines is presented in [9], where phase
switching is performed within individual households. The essence of the proposed method
in the provided source is an autonomous, real-time load-balancing system designed to
mitigate phase imbalance in a three-phase, four-wire distribution grid. This automatic load-
balancing method operates in a continuous cycle that begins with real-time monitoring,
where specialized sensors measure the current, voltage, and power factor of each phase.
The acquired data are stored in a control module for data analysis and comparison, which
identifies the most heavily loaded and freest phases. A smart switching algorithm is then
activated to instantly evaluate all possible connection combinations—totaling 36 patterns—
and select the one that achieves the best possible current balance. Finally, if the detected
unbalance exceeds a specific threshold, the system automatically transfers consumer loads
to more suitable phases through a relay module, thereby minimizing neutral current flow
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and reducing losses in the neutral wire. However, although the system tracks phase
imbalance in real time, it does not balance the load continuously for every minor change;
instead, it triggers reconfiguration only when the detected imbalance exceeds a predefined
threshold. As in the previous case, such an approach inevitably introduces switching
disturbances, which affect grid quality parameters. Moreover, this method, similarly to
the previously discussed approaches, does not consider scenarios involving bidirectional
energy flows in prosumer households. Therefore, it remains unclear whether such methods
would be applicable under these conditions.

Another method for improving three-phase imbalance in the DSO grid, based on
the Particle Swarm Current Injection method, is described in [10]. This method enhances
grid stability by injecting three single-phase currents to mitigate voltage unbalance fac-
tors through steady-state control. The system utilizes a Particle Swarm Optimization
(PSO) algorithm to calculate the necessary injected currents required to eliminate zero-
and negative-sequence components, thereby restoring symmetrical phase magnitudes and
correcting phasor angles. A primary advantage of this technique is that the compensator
remains energy-neutral, balancing the phases without net energy generation or dissipation.
Despite these benefits, the approach is constrained by its dependency on the PSO configura-
tion, as inadequate iteration or particle settings can prevent the algorithm from converging
on a valid solution. Furthermore, although the authors indicate that the method could
be beneficial for the integration of renewable energy sources, its precise performance and
efficiency during large and rapid generation fluctuations remain unclear, as the algorithm'’s
current feasibility is tied to variations occurring in the order of minutes, and its practical
application as an auxiliary service remains unclear.

In recent years, the literature has increasingly focused on electrical energy storage (EES)
systems operating in conjunction with renewable energy sources in residential households
to mitigate fluctuations in electricity flows and improve the local utilization of renew-
able energy. These systems can also contribute to grid balancing. When analyzing the
performance of such hybrid systems, the selection of an appropriate time resolution for
energy flow analysis becomes an important factor, which is determined by the variability in
renewable energy generation and rapidly changing household consumption patterns. This
is particularly relevant for households with photovoltaic (PV) systems, where their power
generation depends on rapid change in meteorological conditions and seasonal periodicity.
For example, the work presented in [11] analyzes the influence of time resolution on simu-
lation accuracy using 5 min, 15 min, 30 min, and 60 min intervals. The results demonstrate
that higher time resolution has a significant impact on the accuracy of techno-economic
assessments. For instance, using a 5 min resolution instead of a 60 min resolution resulted
in a reduction of up to 184.68% in the net present value and an increase of up to 43.12% in
the discounted payback period for cost-effective EES configurations.

In another study, optimal battery sizing was performed using one year of load data
with a 1 min time resolution [12]. Utilizing experimental load data together with local
solar generation profiles and on-site weather data, the approach models energy flows to
determine the most economically optimal battery size while accounting for the degradation
of both PV modules and battery units over a one-year period. One of the objectives was
to maximize energy-related metrics, specifically self-consumption and self-sufficiency. To
achieve this, the model assumes that batteries are charged exclusively from renewable
solar energy and not from the grid. The study also emphasizes that battery storage acts
as a link to the power grid, enabling more sustainable energy consumption and reducing
unpredictable power fluctuations. This is beneficial for the DSO grid, as it helps minimize
sudden energy flow variations and mitigate local voltage rise issues. Furthermore, the use
of high-resolution (1 min) experimental load profiles combined with real local weather data
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allows for a significantly more accurate assessment of system profitability and performance
compared to lower-resolution data. However, the inverter considered does not perform
phase load balancing in a three-phase grid.

To supply power to the phase lines according to their individual consumption levels, an
inverter capable of distributing power asymmetrically among the phases is required. Control
strategies for such inverters are discussed in [13]; however, a three-phase three-wire inverter is
considered, which has limited capability to distribute power asymmetrically among the three
phase lines according to their demand. The system performance is further constrained by the
absence of energy storage, as load balancing is limited to periods of sufficient PV generation.

In [14], the sizing of photovoltaic systems and optimal energy storage capacity is
investigated using neural networks. The method employs a data-driven optimization
framework for PV and battery sizing in a DC microgrid, using Long Short-Term Memory
networks for load forecasting. These forecasts are integrated into a MATLAB simulation
that evaluates feasible component combinations via exhaustive search to maximize the net
present value while ensuring a minimum self-sufficiency ratio over a 25-year lifetime. The
approach incorporates realistic factors such as seasonal irradiance, temperature variations,
battery degradation, and tariff structures, enabling a detailed techno-economic assessment.
However, the model assumes that excess PV generation is curtailed or exported without
compensation, and net metering is not considered. Moreover, the exhaustive search may
become computationally demanding for larger systems, and the use of deterministic data
limits the representation of stochastic generation and consumption patterns.

Several studies have also investigated optimal PV and EES sizing for residential
households using consumption and PV generation data with time resolutions of 5 min,
15 min, and 60 min [15-19]. Note that higher time resolution significantly increases the
amount of processed data. However, only high-resolution data allow accurate analysis of
the dynamic processes of consumption and generation within a prosumer household grid.

Active power balancing in three-phase lines using EES has been investigated through
simulation studies in [20,21]. In [20], the authors propose a distributed control strategy
to mitigate unbalanced active power using single-phase battery storage systems in a
three-phase four-wire microgrid. In this approach, single-phase battery systems within
individual households act as agents that identify their respective phase connections. These
agents communicate with neighboring agents to estimate the average grid power and
cooperatively operate in charging or discharging modes to minimize the deviation between
their phase power and the average grid power. In [21], a three-phase optimal power
flow algorithm is introduced for modeling and simulating EES operation in unbalanced
distribution grids. The algorithm enables the optimization of battery operation while
maintaining grid constraints, including limits on voltage unbalance in accordance with
regulatory requirements. As an application scenario, this study considers the use of EES
to increase the self-consumption parameter. However, although both studies are based
on real input data, their time resolution is relatively low: 1 h in [20] and 15 min in [21].
Such resolutions are insufficient for accurately capturing rapid variations in electricity
consumption and PV generation.

In the literature, the determination of optimal EES capacity is commonly associated
with both sustainability and economic performance considerations [15,16,22-27]. The
placement of energy storage within the network also significantly influences both the
required capacity and operational efficiency. Strategically locating battery energy storage
systems (BESSs) closer to consumer connections can reduce network losses and, conse-
quently, lower the required storage capacity. Research in [28] indicates that configurations
located at the prosumer level may require approximately 10-20% less capacity compared
to transformer-side installations to achieve equivalent power flow management objectives.

https://doi.org/10.3390/sym18050879


https://doi.org/10.3390/sym18050879

Symmetry 2026, 18, 879

5 of 35

Research in [29] emphasizes that the most effective solution is not a single centralized
storage unit but the distribution of several storage systems across strategically selected
nodes, thereby ensuring overall system robustness against uncertainties. Proper siting
allows for compromise between conflicting objectives: reducing investment and energy
purchase costs, stabilizing the grid voltage profile, and increasing the security margin.
The study demonstrates that high photovoltaic penetration and low load levels in certain
scenarios diminish the economic and technical benefits of any siting configuration, making
robust siting even more critical under such conditions.

In this study, the influence of EES on phase power flow imbalance and on the efficiency
of local PV energy utilization in a residential three-phase four-wire grid is investigated.
Particular attention is given to the evaluation of power flow imbalance in phase lines and
to the efficient distribution of locally generated PV energy within the household grid. The
analysis considers the load of each phase line and distributes PV energy according to the
phase load levels using an asymmetric inverter with an implemented adaptive power flow
management control algorithm, thereby avoiding simultaneous bidirectional energy flows
in different phase lines. The proposed approach enables more effective utilization of locally
generated PV energy while simultaneously reducing power flow imbalance in the phase
lines. In addition, the role of EES is evaluated in terms of its ability to further improve these
parameters by reducing phase imbalance and increasing the share of locally consumed PV
energy. The main contributions of this study are as follows:

e High-resolution (1 s) evaluation of the dynamic interaction between household con-
sumption, PV generation, and EES;

e Investigation of an inverter control algorithm that balances power flows across phase
lines and eliminates simultaneous bidirectional power flows in a three-phase four-wire
household grid;

e  Detailed assessment of the impact of EES capacity on PV energy utilization efficiency
and phase power flow imbalance.

2. Methodology

This study aimed to investigate and analyze the impact of electric energy storage (EES)
capacity on energy distribution symmetry and efficiency within a household grid when a
photovoltaic (PV) inverter operates in both conventional symmetric mode and asymmetric
mode. The study was based on the computer simulation of energy flows in a three-phase
four-wire household grid using primary data collected during an experiment conducted in
a selected household.

2.1. Collection of Primary Data

Primary data were obtained using a measurement system composed of two smart three-
phase electricity meters, M1 and M2 (Figure 1), developed by the authors and deployed in
a Lithuanian household with an installed power capacity of 20 kW. The household grid
comprised a 10 kWp PV power plant and a symmetrically operating inverter without an
EES system [30]. One bidirectional smart meter (Smart Meter M1) was used to measure
both imported and exported power flows in each phase line (Pjr1, Pisor2, and Pysor3),
while another bidirectional smart meter (Smart Meter M2) was used to measure the power
flows at the outputs of the three-phase symmetric PV inverter (Pj,;511, Pinor2, and Piyor3)-
The smart meters measured the average active power flows in real time using a predefined
time resolution Af, and transmitted these data to a remote SQL server for storage. The
measuring accuracy of the smart meters was 1%, and the maximum time resolution was 1 s.
Measurements were carried out from April to October 2023.

https://doi.org/10.3390/sym18050879


https://doi.org/10.3390/sym18050879

Symmetry 2026, 18, 879

6 of 35

DSO Grid

DSO meter
Wh
Household Grid
Smart PV
Meter
M1
33 3
o
A A HLn‘uLl
g Smart =}V,
finvis Meter inverter
- Q| @ N MZ
a2l Bl %
2l Il &
QY Q|
Electric
Energy
Storage
Household
Loads

Figure 1. Household energy flow measurement system.

In the case of the asymmetric mode inverter, the inverter’s output data Pi’m} 11 Pl-’nsz,

and P}, ;. were simulated using the MATLAB (version R2023b) Simulink software and

m
the real measured data of the symmetric inverter, P;,,11, Pipor2, and Piypr3. The remaining

household power flows for each time interval At were determined as follows: the load
(consumption) power flows of each of the three phase lines L; (i =1, 2, 3):

Peonsti = PinoLi — PasoLis )
the total load power:
Peons = Peonsta + Peonst2 + Peonsts = Zle Peonsti; 2
the power generated by the PV power plant:
Ppo = Pinor1 + Pinor2 + Pinors = ?:1 Pinori = Pino- 3)

Here, the total PV power Py, generated during the time interval At, was assumed to be
equal to the total inverter output power Prj,,, since inverter power losses were considered
negligible and therefore not taken into account.
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The energy generated by the PV power plant Epy and the energy consumed in the
household Econs over the investigated period (one day in our case) were calculated by
integrating (summing) the corresponding powers over all j-th time intervals At:

N
Epy = At =1 va]‘ = At-Ppy, (4)

N
Econs = At) ;_y Peons j = At-Pcons, ®)

where N is the number of At time intervals; Ppy, generated PV power; and Pcons, power
consumed over the investigated period.

As mentioned above, the initially measured and calculated household data were used
as primary input data for the household grid simulation and analysis. Based on these
data, the household grid power flows were analyzed through the simulation of inverter
operation with an EES system of variable capacity under both symmetric and asymmetric
operating modes. The asymmetric mode was simulated using the adaptive power flow
management (APFM) algorithm proposed by the authors [30]. The adaptivity of the APFM
algorithm is achieved by controlling the inverter output power according to the load levels
in each of the three-phase grid lines. During the simulations, the storage energy capacity
(EC) was varied from zero (no EES connected or utilized) to the maximum value EC;y, in
increments of AEC.

2.2. Electrical Energy Storage Control Algorithm

The household EES control algorithm developed by the authors is intended for the
adaptive control of EES charging and discharging under various household grid operating
conditions, taking into account the instantaneous power generated by the PV system P,
and the power consumed by household users Proys. For this purpose, an ideal EES model
was selected, which does not consider any chemical or electrochemical processes occurring
inside the storage device. Such an EES model allows for simpler simulation of the electrical
processes required to evaluate mutual energy exchange among the PV system, inverter,
EES, and power grid.

The EES is characterized by the following properties and assumptions:

e  The EES is charged with PV energy only;

e  The internal resistance is assumed to be zero, and the storage can conduct unlimited
charging or discharging current during the energy exchange;

e  The storage EC is assumed to be constant throughout the energy exchange process
and can be set differently for each simulation case;

e  The EES has no losses or self-discharge;

e  All stored energy can be extracted from the EES by discharging it down to a zero state
of charge;

e  The energy remaining in the EES for the next day is not considered.

Figure 2 presents one cycle of the EES control algorithm, which performs the sequence
of operations shown in the figure using input (primary) data obtained during a single time
interval At.

The entire EES charging and discharging control process consists of a continuous
sequence of control algorithm cycles. At the beginning of the operation of the control
algorithm, the capacity of the ideal EES and the time resolution interval of the input data
At are defined. These parameters remain constant throughout all algorithm operations. In
the next step, data on the EES initial energy level EL are provided, as well as the average
generated and consumed powers Py, and Peops during time interval At. These data change
at each At interval.
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Figure 2. EES charging and discharging control algorithm.
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First, the algorithm evaluates the power imbalance between Py, and Props; that is, it
calculates the difference between the generated and consumed power:

Pdif:va*Pcon& (6)

Depending on the sign of this power imbalance Py;f, the storage is charged or dis-
charged accordingly.

If the PV system generates more power than the household consumes, the power
imbalance Py;f is positive (Pyr > 0), and whether the storage is not yet fully charged and
can still accept an amount of energy E . is then checked:

Eepi = Paig-At. 7)

The verification condition is expressed as
EL + Pyip-At < EC (8)
If this condition is satisfied, the storage EL is increased by the amount of energy Ej;:
EL = EL+ Egpy. ©)

If condition (8) is not satisfied, only the amount of energy required to reach full charge
Epp is directed to the storage:
E.o = EC — EL. (10)

The EES then becomes fully charged, i.e.,
EL =EL+ Ey, = EC. (11)

When the PV system generates less (or equal) power than the household consumes
(Psir < 0), the EES energy is used to cover consumption. In this case, the algorithm
checks whether the storage is not fully discharged (condition EL > 0) and, if this con-
dition is satisfied, verifies whether the stored energy is sufficient to cover the current
energy consumption:

EL — Pdif'At > 0. (12)

If the stored energy is sufficient, it is used to cover consumption. Then, the storage
energy amount is reduced by
Eqcm = Paif-Bt, (13)

and the EES energy acquires a new value
EL=EL—Eyyn. (14)

If the stored energy is insufficient, all remaining energy is taken from the storage for
consumption:
Ejeno = EL. (15)

The storage is then fully discharged, and its EL becomes
EL=EL—-E;yp =0. (16)

The process based on this algorithm is repeated in the next cycle, using the newly
obtained storage EL and the Py, and Py,s data values of the subsequent At interval.
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3. Simulation of Power Flows in a Household Grid

The power flows between the PV system, EES, and inverter were simulated using the
previously described EES charging and discharging control algorithm and data obtained
experimentally from a real household. Both the symmetric and asymmetric inverters
operating according to the APFM algorithm were simulated and analyzed separately.

In the absence of an EES system, the entire PV power Py is transferred to the inverter,
and the total (summed over all phase lines) output power of the symmetric inverter Pr;,,,
and output power of the asymmetric inverter P}, . are equal:

PTinv = P’%inv = PP"U (17)

As previously noted, when simulating an inverter with an ideal EES system, energy
losses in both the energy storage and inverter were not considered. Energy generated by
the PV system that exceeds the total household consumption is stored in the EES. Thus, the
EES charging process occurs when the power difference between the PV generation Py, and
household consumption P.s is positive. In this case, the storage is charged either with the
full surplus energy or only up to its maximum capacity EC, in case the available surplus
energy together with the energy already stored would exceed the maximum capacity:

Egn = Pyip-At,  if EL+ Pyy-At < EC,

Ey =
‘ Ecp = EC—EL, if EL+ Pyis-At > EC.

(18)

Accordingly, the total power delivered by both the symmetric inverter (Prj,,) and
asymmetric inverter (Pf;,.) to the household grid is reduced as follows:

Ech

At (19)

/
PTinU:PTinv:PPU_

If the total inverter power Prjy,, or P, .~ exceeds the total household consumption

mo
power Peops, for example, when the storage is fully charged (EL = EC), the surplus power
is exported to the DSO grid.

If the PV generation power is lower than the total household consumption (Py;r < 0)
and energy is available in the storage (EL > 0), the lacking energy is supplied to the inverter
from the storage. Consequently, the storage is discharged depending on the amount of

stored energy EL. The discharged energy is defined as

Eaen1 = Paip-Ot, if EL— Pyip-At >0,

Egen = (20)
‘ Ejenp = EL, if EL— Pdif-At <0.
In this case, the total inverter output power is increased to
E
Priny = va + —dch (21)

At

If the energy in storage is insufficient or unavailable (EL = 0), the inverter supplies
only part of the household power demand, and the remaining required power is imported
from the DSO grid.

However, the distribution of inverter output power among the phase lines differs
depending on the inverter operating mode. For an inverter operating in symmetric mode,
the output powers are equal across all phase lines:

1
Pinor1 = Pinor2 = Pinors = 3Priy (22)
inv
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In the case of an adaptive inverter operating in asymmetric mode based on the APFM
algorithm proposed in [30], the output power is distributed across the phase lines according
to their respective loads and is typically unequal. The load power values can subsequently
be evaluated as follows: first, the load power values of all three phases are sorted in
ascending order, and the power imbalances Al and A2 are determined:

Al = PconsLmax — LconsLmedr (23)
A2 = PconsLmed - PconsLminr

where PeousLmax = max(PeonsLi), PeonsLmed = med(Peonsti), and PeopsLmin = min(PeonsLi)-

If the photovoltaic system generates a low power level, i.e., Prj,, < Al, all of the
generated power of the asymmetric inverter is directed to the most heavily loaded phase
line. In this case, the output powers of the three-phase inverter are as follows:

/ — .
PinvLmax - PT”W’

/ —
PinvLmed =0, (24)
/ —
P invLmin — 0.
Here P} P imeq and P, . denote the inverter output powers corresponding

to the most heavily, moderately, and least loaded phase lines, respectively.
If the PV system generates a higher power level, i.e., A1 < Prj, < Al 42-A2, the
inverter output power is allocated between the two most heavily loaded phase lines:

Pz'/nvLmux =Al+ (PTinv - Al) /2,
PilnvLmed = (Pinv - Al) /2, (25)
Pz',nvLmin =0.

When the PV system generates a high-power level, i.e., Pri,, > Al + 2-A2, the inverter
output power is allocated across all three phase lines:

Pi/nvLmax =A1+A2+ (Pinv — Al — Z-AZ) /3,
Pi/nvLmed = A2+ (Pinv —Al— Z'Az) /3, (26)
Pi/nvLmin = (Pim) — Al - Z-AZ) /3.

The total output power of the asymmetric inverter is

/ _ pl / / _ /
PTinv - PinvLmax + PinvLmed + PinvLmin - Zi invLi’ (27)

wherei =1,2,3.

After determining the inverter phase line power flows P;,,; and P}, ; for each At
interval, and using the measured household load power flows P.y,;1;, the power flows
between the household and DSO grid (Pys,ri, P‘;S o), as well as the import (Pyypri, Pl.’mpu)
and export (PexpLi, Péxp 1) power flows, are calculated for both inverter operating modes.

For the symmetric inverter operating mode,

Pisori = PinoLi — PeonsLis (28)
|PdsoLi|/ if Pisori <0

Pimpri = , 29

mpld { 0, otherwise. (29)

_ {|PdsoLi|r if PdsoLi >0' (30)

P = ‘
expLi 0, otherwise.
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Analogously, these flows are determined for the inverter operating in adaptive asym-
metric mode:

Pisori = Piori — Peonstis (31)

p if Ph..<0
P! — | dsoLil” dsoLi , 32
impLi { 0, otherwise. (32)

P, .|, if P >0
P’ ’ dsoLil’ dsoLi . 33
expLi { 0, otherwise. (33)

The total import P, and export Pex, powers summed over all three phase lines for
the symmetric inverter are calculated as

Piwp = Y. PimpLis (34)
Pexp =Y . PexpLis (35)
and analogously for the asymmetric inverter,
= Y Pimp (36)
Poxp = Loi Pexpriv (37)

Power imbalances P;,,; and P/, , in the DSO grid caused by household phase line loads
in both cases were evaluated as the difference between the maximum and minimum of

phase line powers:

P;., = max P, min Pyoori 38
imb =123 dsoLi — =123 dsoLir ( )
/

! = max P/ min P/ 39
imb =123 dsoLi — =123 dsoLi* ( )

From the obtained data, the daily imported energy deficit Ejpsp and surplus exported
energy Epxp were calculated for the symmetric inverter operating mode as

Emp = Atz Pimp j = At-Prvip, (40)

Epxp = At Pexp] = At-Pexp, (41)

and for the adaptive asymmetric inverter operating mode as

E;MP At lemp] = At'PfMPf (42)
/EXP - Atz] 1 exp] At’P]/:"XP' (43)

Here, Pipp, PExp, Pf mp-and P,’5 xp are the daily values of the import and export powers
of inverters operating in symmetric and asymmetric modes, respectively.

Similarly, the daily imbalance energy was found for the inverter’s symmetrical and
asymmetrical operating modes:

N
Eimp = Atzjzl Piypj, (44)

EIMB_At j= 1 zmb] (45)

The influence of storage capacity EC on energy distribution and consumption effi-
ciency in the household grid was evaluated using two parameters. The self-sufficiency rate
(SSR) represents the percentage of energy consumed in the household that originates from
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local generation relative to the total energy consumption during the investigated period.
The self-consumption rate (SCR) represents the percentage of locally generated energy
that is consumed locally relative to the total energy generated by that source during the
investigated period. For the inverter operating in symmetric mode,

N
E -E Y1 (Peons j = Pimp
GSR — CCONS = BIMP 1440, _ & 1 ons) Zm’”)-100%, (46)
Econs E]':1 Pconsj
N
Epy — E Y1 (Py i — Pexpj
SCR = =PV__ZEXP g9, — =L o) 1) 1000, (47)
Epy Z]':1 vaj

For the inverter operating in adaptive asymmetric mode, these indicators are defined as

Econs — E} L1 (Peons j = Phup
SSR' = ZCONS — ZIMP q(gef, — 1T _coeT iy ) 100%, (48)
CONS Zj:l Pconsj

N /
EPV — E/EXP -100% = ijl (vaj B Pexpj)

SCR = N

-100%. (49)

4. Simulation Results

A simulation-based analysis was conducted to evaluate the influence of EES capacity
on phase line power flow asymmetry and the efficiency of the PV energy distribution
between the household and DSO grid. All calculations were performed with a time
resolution of At = 1, resulting in N = 86,400 samples per day for each parameter. For each
day, a series of simulations was carried out by uniformly varying the storage capacity from
ECy = 0 Wh to ECyyy = 8 kWh with a step of AEC = 50 Wh. Thus, 160 grid operating
scenarios associated with different storage capacities were generated and examined.

The analysis encompassed eleven representative days selected from a seven-month
measurement period. Table 1 presents the generated and consumed energies in a household
without an EES for each of those eleven days: the daily generated energy Epy, found
according to (4); the energy consumed in separate phase lines Econs 11, Econs 12, and
Econs 13 (1) and in total Econs during the day (5). Although these energies were obtained
under symmetric inverter operation, their values are independent of the inverter type.

Table 1. Comparison of household energy generation, consumption, and imbalance over eleven
selected days.

Day Epy, Econst1r  Econsizs  Econsis,  Econs, Ervp
kWh kWh kWh kWh kWh kWh
9 April 2023 43.8 3.6 17.2 4.6 25.3 15.3
15 April 2023 23.1 4.1 17.2 5.1 26.4 14.2
20 April 2023 69.1 2.6 18.0 5.8 26.3 17.0
5 May 2023 80.4 5.1 13.7 4.7 23.5 9.6
12 May 2023 81.0 2.1 13.8 2.5 18.4 13.3
27 May 2023 83.3 0.8 12.1 0.8 13.7 12.0
6 June 2023 87.3 2.1 12.0 2.3 16.5 14.4
18 June 2023 30.4 0.6 13.4 2.3 16.4 14.6
24 June 2023 63.2 0.4 5.9 0.2 6.5 5.7
1 July 2023 60.1 2.2 10.4 0.6 13.3 11.5
23 September 2023 41.0 4.7 7.7 2.3 14.7 11.6

https://doi.org/10.3390/sym18050879


https://doi.org/10.3390/sym18050879

Symmetry 2026, 18, 879

14 of 35

Uneven loading of the household grid phase lines was observed on all days. The
last column of the table presents the calculated values of the total imbalance energy in
phase lines for symmetric inverter mode Epp (44). The unequal loading of household grid
phase lines results in power imbalance, negatively impacting the DSO grid. Thus, power
imbalance represents a significant performance indicator of the household electrical system.

4.1. Impact of Primary Data Time Resolution on Simulation Results

The accuracy of power flow evaluation depends on the time resolution of the input
data. Conventional household electricity meters used for DSO billing generally provide
data with a one-hour time resolution, whereas newer smart DSO meters provide data
aggregated over 15-min intervals. Many studies reported in the literature were conducted
using data with such time resolutions. Higher time resolution allows for a more precise
evaluation of the influence of short-term rapidly changing fluctuations in generation
and consumption on grid qualitative parameters. However, it simultaneously leads to
a substantial increase in data volume and computational complexity. To evaluate the
impact of one-second resolution on the accuracy of simulation results, simulations using 1 s,
15 min, and 1 h time resolutions were compared. The instantaneous power imbalance P;,,;,
in the phase lines was chosen as the evaluation parameter because it is directly related to
consumption and can change rapidly over time. The investigation was carried out without
considering the presence of an energy storage system.

In the symmetric inverter mode, the initial one-second import and export power data
of each phase line Py,1; (Where i = 1, 2, 3), acquired from smart meter M1 (Figure 1),
were resampled to the required time resolutions. The values for each phase over the
analyzed period were recalculated according to the following rule, while generating a new
time-series dataset:

M 2M 3M N
Y Pasoriji X Pasorijp X PasoLiji--- X Pasorijp =
=1 j=M-+1 j=2M+1 j=(n—1)M+1 (50)

{Pasori 1; Pasori 2; Pasori 3; - - - Pasorin}-

Here, i =1, 2, 3; M denotes the number of one-second power samples aggregated to
form each new sample; N, as defined previously, is the total number of one-second power
samples over the investigated period; and n = £} represents the number of samples at the
new time resolution within the analyzed period.

For a 15 min time resolution (At = 15 min = 900 s), M = 9000; for a 1 h resolution
At = 1h = 3600 s), M = 3600. Since the investigated period corresponds to one day
(86,400 s), N = 86,400. Consequently, the number of new time samples per day is n = 96
in the first case and n = 24 in the second.

Having obtained the P;,,;; datasets corresponding to different time resolutions and
the respective number of samples 7, the imbalance values P;,,;, for all analyzed days were
calculated using expression (38).

For visualization purposes, Figure 3 presents the resulting P;,,;, values for 15 April
(a), characterized by relatively low PV generation, and 6 June (b), when PV generation is
significantly higher. The green curves correspond to a 1 s resolution, the red curves to 15
min, and the blue curves to 1 h. As evident from these examples, neither the 15 min nor,
especially, the 1 h resolution is sufficient to capture short-term imbalance peaks, which
may be up to an order of magnitude higher than those observable at coarser resolutions.
Under such conditions, short-duration power imbalances cannot be accurately assessed or
effectively compensated.
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Figure 3. Dependence of imbalance P;,,;, on primary data time resolution for 15 April (a) and
6 June (b).

Table 2 presents the imbalance parameters for all investigated days calculated from the
measurement results with a time resolution of 1 s, as well as the values simulated from the
same measurements assuming time resolutions of 15 min and 1 h (50). The table includes
the daily mean imbalance P;,;; the standard deviation o, indicating how dispersed the
data are relative to the mean; and the maximum daily imbalance m]axPimb]- (wherej=1,2,

..., n,and n is the number of samples per day). The bottom row of the table presents the
averages of these parameters across all investigated days.

Table 2. Three-phase line imbalance parameters at three different time resolutions.

Day Piwp oW m]?XP imbjrW
At=1s At=900s At=3600s At=1s At=900s At=3600s At=1s At=900s At=3600s

9 April 2023 624.7 613.7 602.8 899.4 707.7 573.3 5759.3 3529.5 2060.7
15 April 2023 592.9 574.1 579.6 933.5 770.0 645.1 6087.6 4150.2 2013.7
20 April 2023 7013 678.9 674.4 964.8 794.1 710.6 5819.6 3429.9 2416.4
5 May 2023 376.8 377.2 383.1 628.5 467.9 348.3 6285.6 2408.5 1190.5
12May 2023 539.9 539.1 546.8 777.9 552.1 4377 4513.9 2335.9 1469.9
27May 2023 506.4 499.6 503.5 861.1 656.9 540.8 5307.7 3164.8 1949.6
6 June 2023 586.7 572.9 557.8 968.7 788.0 639.4 7228.9 4666.8 23534
18June 2023  606.9 594.5 577.4 962.3 823.9 765.2 5576.9 3026.6 2703.5
24June2023 2346 234.8 241.0 502.0 358.3 239.9 2954.4 2035.1 938.1
1 July 2023 470.3 464.6 4717 810.9 611.6 494.2 4908.5 3703.2 1953.2
23 S’;%tzesmber 456.4 394.4 354.9 725.0 556.4 495.6 5941.6 2957.8 24233
Average 517.9 504.0 499.4 821.3 644.3 535.5 5489.4 32189 1952.0

It can be observed that with the highest time resolution (1 s), both the average imbal-
ance and standard deviation are generally larger than those obtained with lower resolutions
(900 s and 3600 s). This indicates that lower time resolutions fail to capture short-term
imbalance variations, leading to less accurate results. This effect is particularly evident
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in the values of the maximum daily imbalance maxP;,;;;. On average, the values ob-
)

tained for At = 1 s are 1.7 times higher than those for At = 900 s and 2.8 times higher
than those for At = 3600 s. For example, on 5 May, these differences increased to 2.6 and
5.3 times, respectively.

4.2. Dependence of Energy Import and Export Parameters on Storage Capacity

The following graphs present the simulated dependencies of the grid parameters
on the EES capacity. Figure 4 presents the dependencies of total daily energy flows on
storage capacity in the case of a symmetric inverter: Figure 4a shows the dependence
of the daily energy exported to the DSO grid Egxp, and Figure 4b, the corresponding
dependencies of the daily imported energy Ejpp. The colors of the curves correspond to
different days, as indicated in the legend of Figure 4a, and are consistent across all figures.
As can be seen, all of these dependencies are nonlinear. In the case of energy import, the
most pronounced reduction is observed at small storage capacities (up to 100-500 Wh).
With further increases in storage capacity, the rate of decrease in this parameter slows
down until a breakpoint capacity value is reached, beyond which the parameter typically
stabilizes or may even begin to increase. The rise in import after the breakpoint is due to
phase line load asymmetry and will be examined in detail later in this section.
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\ 2023-05-27 12,000
50,000 \_zozs-osoe L
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(a) (b)

Figure 4. Dependence of energy flows Erxp (a) and Ejpp (b) on storage capacity in symmetric
inverter mode simulation.

In general, the breakpoint capacity values indicate the threshold beyond which further
increases in storage capacity become impractical, as they no longer improve the quality
indicators of energy distribution in the grid—parameters SCR and SSR. The breakpoint
capacity value differs for export and import, and as revealed by further investigations, it
depends on the specific day’s generation and consumption conditions. Moreover, for all
days except 15 April, the export breakpoint was not reached due to insufficient storage
capacity EC. The breakpoint is associated with the maximum amount of PV energy that can
be accumulated over a day. With increasing storage capacity, the capacity level at which
the entire daily PV generation is stored in the battery can always be reached, where energy
export is reduced to its minimum value and remains constant thereafter. In the case of a
symmetric inverter, it is not possible to reduce energy export to zero due to bidirectional
energy flows, which occur in the grid phase lines.
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Next, Figure 5 presents the dependence of the energy flows on storage capacity in the
asymmetric inverter mode for all of the aforementioned days. As expected, lower energy
export (Figure 5a) and import (Figure 5b) flows were obtained in this case.
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Figure 5. Dependence of energy flows Efy ) (a) and E,,p (b) on storage capacity in asymmetric
inverter mode simulation.

Nonetheless, the breakpoint capacities for both import and export were identical to
those observed for the symmetric inverter. The main difference here is that, beyond the
breakpoint, the imported energy values stabilize and no longer increase. This is because, as
the storage capacity increases, a threshold is reached at which the energy stored during the
day is sufficient to maintain the symmetrization of import and export energy flows in the
grid phase lines until the end of the day. Moreover, in the case of the asymmetric inverter,
energy export can be reduced to zero if the storage capacity is sufficient, as, for example,
on 15 April.

Table 3 summarizes the average energy import (Ejymp, E}y,p), export (Egxp, Eryp), and
imbalance (Ejp5, %) values for all analyzed days as the storage capacity varied from 0
kWh to 8 kWh in 1 kWh steps. When considering all 11 days, the EES with a capacity of 8000
Wh enabled an average reduction in energy import of 16% in the symmetric inverter mode
and 56% in the asymmetric inverter mode. Meanwhile, energy export was reduced by 13%
and 19%, respectively. These results clearly indicate that the asymmetric inverter power
flow balancing improves EES utilization, enhancing PV energy distribution efficiency and
grid performance parameters.

Table 3. Average values of energy import, export, and imbalance across 11 days for different EES
capacities.

Day

EC, Wh

0

1000 2000 3000 4000 5000 6000 7000 8000

Ermp, Wh

8116.3

7430.1 7076.4 6733.7 6568.4 6569.7 6663.1 6737.6 6815.6

Ejpp Wh

6115.6

4383.0 3617.2 3052.1 2756.4 2674.8 2675.5 2675.7 2676.2

Egxp, Wh

50,100.7

49,2383 48,5684 47,7456 46,878.8 45962.6 45,0560 44,167.1 43,336.1

Ervp Wh

48,157.8

46,243.3 45,1525 44,1022  43,102.6  42,103.0 41,104.3 40,141.6  39,233.1

Ermp, Wh

12,429.8

12,4298 12,4298 12,429.8 12,4298 12,4298 12,429.8 12,4298 12,429.8

E} g Wh

2678.7

1642.2 1134.5 890.4 772.4 754.3 755.6 756.0 756.9
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The total daily imbalance energy TMB in the case of the asymmetric inverter mode
depends on the storage capacity, and its variation over the eleven days is shown in Figure 6.
The imbalance energy initially decreases rapidly at small capacities, and then stabilizes
and remains constant as the capacity increases. The imbalance energy stabilization level is
determined by the simulation approach, which assumes an initially empty battery and no
available PV energy during the early hours of the day.
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Figure 6. Dependence of the total imbalance energy E},; on storage capacity in the asymmetric
inverter mode simulation.

Only in the morning, when PV generation begins, does the inverter’s APFM algorithm
become active, reducing the power flow imbalance in the grid phase lines. Energy imported
asymmetrically into the household grid phase lines before this generation is not influenced
by the storage capacity, thereby determining the total daily energy flow imbalance. The
breakpoints of imbalance energy stabilization coincide with those observed in the imported
energy curves (Figure 5b).

As can be seen from Table 3, the EES with a capacity of 8000 Wh let us achieve an
average reduction of 72% in daily imbalance energy under asymmetric inverter operation.
However, this parameter varied considerably from day to day. The greatest reduction
ranged from 32% on 24 June to 75% on 15 April. This parameter is strongly correlated with
energy consumption and, consequently, with energy import: according to measured data
(Table 1), 24 June corresponds to the lowest daily energy consumption, whereas 15 April
exhibits the highest.

Table 3 also shows that, in the case of the symmetric inverter, the total phase line
imbalance energy Ejyp does not depend on storage capacity and remains constant across
all capacities, equal to the mean imbalance energy of 11 days given in Table 1 for the
household grid without EES.

To clarify the origin of the parameter nonlinearity observed in the graphs shown
in Figures 4-6, the power flow profiles over the course of two contrasting days were
analyzed in detail. The days selected, 15 April and 6 June, were chosen due to their
markedly different generation and consumption conditions, in order to illustrate how these
differences affect the local power distribution between grid phase lines. On 15 April, the
lowest generation among all days and comparatively high consumption were observed,
whereas on 6 June, the opposite situation occurred, with the highest generation but rather
moderate consumption.

Figure 7a,b show the daily imported energy Ejyip (dashed blue line) and exported
energy Erxp (dashed red line) for the inverter operating in symmetric mode, as well
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as the corresponding energies Ej,,p and Epyp (solid lines) for the inverter operating in
asymmetric mode, for 15 April (Figure 7a) and 6 June (Figure 7b). The absolute values
of imported and exported energy in the asymmetric inverter mode are consistently lower
than those in the symmetric inverter mode. It is also important to note that, as the storage
capacity EC increases, the slope of the import and export characteristics is steeper in the
asymmetric inverter case than in the symmetric inverter case. On 15 April, after applying
the EES, energy import was reduced at maximum by 3534 Wh (21%) and energy export by
5543 Wh (40%) in the symmetric inverter mode. In contrast, under asymmetric inverter
operation, energy import decreased by 7965 Wh (60%) and export by 9994 Wh (100%). On
6 June, in the symmetric inverter mode, energy import decreased by 269 Wh (8%) and
export by 6747 Wh (9%), whereas in the asymmetric inverter mode, the corresponding
reductions were 1700 Wh (71%) and 8193 Wh (12%), respectively. This demonstrates that
the asymmetric inverter enables more effective utilization of EES in the household grid.
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Figure 7. Dependencies of exported energies Epxp and E%Xp, imported energies Ejyp and E} mp (@,b),
imbalance energy E}, 5, and end-of-day EES energy level EL (c,d) on storage capacity for 15 April (a,c)
and 6 June (b,d).

The primary factor determining the breakpoints in the dependencies of energy flows
on storage capacity is the EES energy level at the end of the day (Figure 7c,d), which
indicates the amount of stored but unused energy carried over to the next day. As long
as the EES fully discharges by the end of the day, increasing storage capacity leads to a
reduction in all energy flows. However, once a threshold capacity is reached, at which
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the battery can no longer fully discharge (this occurs at approximately EC = 4500 Wh 15
March and at EC = 1500 Wh on 6 June), a breakpoint occurs, and energy import as well as
total imbalance energy cease to decrease.

Further increases in capacity result in a growing amount of residual stored energy. As
observed in the 15 March end-of-day EL profile (Figure 7c), another threshold is eventually
reached at which the amount of stored energy ceases to increase. This is because all
generated PV energy is either locally consumed or stored. At this stage, a breakpoint
appears in the export curve, beyond which energy export no longer decreases.

4.3. Analysis of Parameters SSR and SCR in Symmetric and Asymmetric Inverter Modes

As mentioned earlier, the overall daily efficiency of energy distribution in the house-
hold grid was evaluated using the SCR and SSR parameters. These parameters were
calculated for all eleven selected days for both the symmetric inverter case (SCR and SSR)
and asymmetric inverter case (SCR" and SSR').

Figure 8 presents the dependencies of the parameters SCR (47) and SSR (46) on
storage capacity for the symmetric inverter mode. In the proposed grid model, varying the
storage capacity EC does not affect the locally consumed energy Econs and only affects
the imported energy Ejpp. Consequently, the value of SSR, which depends on imported
energy, increases with increasing storage capacity, and breakpoint is reached at the same
capacity value at which the reduction in imported energy stabilizes (see Figure 4b).

85

SOP—<

2023-04-09
2023-04-15 |- —
2023-04-20
2023-05-05
EN 2023-05-12

o 2023-05-27 |
3 2023-06-06
2023-06-18
2023-06-24
2023-07-01
2023-09-23

T
SSR, %
o
<)

LI

,//
10/

0 I I I I I I I I
0 1000 2000 3000 4000 5000 6000 7000 8000
EC, Wh

(@) (b)

0 1000 2000 3000 4000 5000 6000 7000 8000
EC, Wh

Figure 8. Dependence of parameters SCR (a) and SSR (b) on storage capacity in symmetric inverter
mode simulation.

The similar relation between the parameter SCR (Figure 8a) and exported energy Erpxp
(Figure 4a) is observed. Since the generated energy Epy (4) does not depend on the storage
capacity, the entire change in parameter SCR is associated with variations in the exported
energies. It increases with increasing storage capacity and stabilizes at the same breakpoint
storage capacity value as in the export case (stabilization appears only on 15 April).

Figure 9 shows the obtained dependencies of the parameters SCR" and SSR’ on EES
capacitance EC for the asymmetric inverter operating mode. Both parameters reached
higher values compared to the symmetric inverter mode. A rapid increase in their values
is observed at relatively small storage capacities, which then slows until the breakpoint
capacity is reached, beyond which the parameters remain constant (due to insufficient
storage capacity, the breakpoint of the SCR’ parameter is reached only on 15 April). Higher
values of the parameter SCR’ are obtained on days when solar generation is low compared
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to the consumed power. Conversely, the parameter SSR’ is higher when solar generation is
high and a larger portion of the consumption demand is covered by it.
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Figure 9. Dependence of parameters SCR’ (a) and SSR’ (b) on storage capacity in asymmetric inverter
mode simulation.

Since these efficiency parameters increase most rapidly at relatively small storage
capacities and saturate at higher capacities, it is worth examining this small-capacity effect
in more detail. Table 4 presents a difference between the SCR’ parameter (asymmetric
inverter case) and SCR parameter (symmetric inverter case) for the eleven investigated
days at different storage capacities. Here, the storage capacity was increased in discrete
1000 Wh steps. The bottom row of the table presents the average difference SCR’ — SCR
between the two parameters for all analyzed days at the specified storage capacities.
Table 4. Difference between parameters SCR’ and SCR at different storage capacities EC.

EC, Wh
Day 0 1000 2000 3000 4000 5000 6000 7000 8000
SCR —SCR, %
9 April 2023 7.3 9.6 11.0 11.9 12.9 13.1 13.2 13.4 13.7
15 April 2023 16.5 28.6 30.9 32.6 34.2 35.0 35.6 35.7 35.7
20 April 2023 3.0 42 47 49 49 5.0 5.3 5.7 59
5 May 2023 0.6 1.3 1.5 1.6 1.8 1.8 1.8 1.8 1.8
12 May 2023 1.1 2.6 3.5 3.9 3.9 3.9 3.9 4.0 4.0
27 May 2023 1.0 21 3.0 3.7 4.0 41 41 41 41
6 June 2023 1.1 21 24 2.4 24 2.4 2.5 2.6 2.7
18 June 2023 15.3 21.5 23.8 25.1 25.5 26.1 27.0 27.7 27.9
24 June 2023 0.8 1.1 12 12 12 12 12 1.3 14
1 July 2023 3.7 4.6 4.6 4.6 47 49 52 52 5.5
23 September 2023 42 6.0 7.3 7.6 7.9 8.2 8.4 8.6 9.0
SCR' — SCR, %
5.0 7.6 8.5 9.1 9.4 9.6 9.8 10.0 10.1
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As can be seen from the results presented in the table, the asymmetric inverter op-
erating mode is superior to the symmetric mode in terms of the self-consumption rate
in all cases. As observed from the previous dependencies, increasing the energy storage
capacity improves both the SCR and SCR’ parameters; however, the improvement is more
pronounced in the case of the asymmetric inverter. Under conditions of low solar genera-
tion, for example, on 15 April, increasing the storage capacity from 0 to 1 kWh increases
the difference between SCR’ and SCR by 73%. Under conditions of high solar generation,
for example, on 6 June, the increase is even more pronounced: the difference between SCR’
and SCR increases by 91%. On average, across all investigated days, the difference between
SCR’ and SCR increases by 42%, when a 1 kWh EES is applied.

As the storage capacity continues to increase, the growth in the difference between
these parameters gradually diminishes and ultimately approaches a stable value. For
instance, increasing the storage capacity from 7 kWh to 8 kWh results in an average
increase of only about 1%. In this case study, the application of the EES resulted in more
than a twofold increase in the difference between the SCR’ and SCR’ parameters, indicating
the growing advantage of the asymmetric inverter. This shows that the storage system
effectively enhances the advantages of the asymmetric inverter control algorithm for energy
flow management.

Analogously to the analyzed parameters, Table 5 presents the difference between
the SSR’ parameter (asymmetric inverter case) and SSR parameter (symmetric inverter
case) for the same eleven investigated days and average difference SSR’ — SSR at the
aforementioned storage capacities. The data presented here indicate that the asymmetric
inverter operating mode is superior to the symmetric mode in all cases with respect to the
self-sufficiency rate parameter. As shown, increasing the storage capacity from 0 to 1 kWh
results in an average 51% increase in the difference between S SR’ and SSR. However, the
same increase in storage capacity from 7 kWh to 8 kWh increased the difference between
these parameters by only 2%.

Table 5. Difference between parameters SSR’ and SSR at different storage capacities EC.

EC, Wh
Day 0 1000 2000 3000 4000 5000 6000 7000 8000
SSR —SSR, %

9 April 2023 12.8 16.8 19.2 20.8 224 22.8 23.0 23.2 23.8

15 April 2023 146 25.2 27.3 28.7 30.0 30.8 31.2 314 314
20 April 2023 8.0 112 125 129 13.0 133 14.0 15.0 15.5

5 May 2023 2.2 47 5.2 5.7 6.2 6.3 6.4 6.4 6.4

12 May 2023 5.2 11.8 15.7 17.1 17.3 174 175 17.6 17.7

27 May 2023 6.6 133 183 22.9 24.6 24.8 24.9 25.0 25.1

6 June 2023 5.9 112 12.8 129 13.0 13.1 134 14.0 146

18 June 2023 28.8 40.1 444 46.8 47.6 48.7 50.4 51.6 52.0

24 June 2023 8.3 11.2 11.6 11.8 119 12.1 123 12.9 13.7

1 July 2023 17.0 20.9 21.1 21.2 215 224 23.8 23.9 25.1

23 September 2023 132 18.1 215 22.2 22.8 23.8 24.4 24.8 25.9

SSR' — SSR, %
11.1 16.8 19.0 20.3 20.9 214 21.9 23 28
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This indicates that, with respect to the SSR parameter, the relative efficiency at smaller
storage capacities is higher than at larger capacities and that the impact of increasing
storage capacity on efficiency decreases as the capacity grows. Overall, the use of the
storage system increased the difference between the SCR’ and SCR parameters by up to
22.8%. This also proves the enhanced efficiency of the storage system when combined with
the asymmetric inverter algorithm.

The simulation shows that low-capacity energy storage systems (1-2 kWh) have the
greatest impact on increasing the SCR and SSR parameters. As the energy storage capacity
is further increased to 5-8 kWh, its influence on the growth of the SCR and SSR parameters
becomes smaller compared to the effect of low-capacity energy storage systems. These
results also demonstrate that intelligent control and optimal sizing are more important for
sustainable energy systems than maximizing storage capacity.

4.4. Storage Capacity Impact on Daily Exported and Imported Power Flows

The previously presented simulation of dependencies of total daily energy import and
export on storage capacity do not reveal the factors determining the breakpoint capacity
level for a specific day, beyond which these quantities no longer decrease. This can only be
clarified through a detailed second-by-second analysis of the daily power flow distribution.
To investigate the variation in energy import, export, and phase line load asymmetry over
the course of the day, a comprehensive analysis of daily power flows was conducted for all
studied days. A more detailed analysis is presented using the examples of 15 April and 6
June, discussed earlier in Section 4.2.

Figure 10a shows the impact of energy storage capacity on the total exported power
across the three phase lines Py, (35) on 15 April. The time axis (x-axis) has a resolution of
one second, and the sidebar color scale indicates the power magnitude in watts for each
level. Similarly, Figure 10b presents the total imported power Py, (34) for each second of
the day at different storage capacities. These graphs present results obtained only for the
symmetric inverter case.

The graphs illustrate at which times of day and how rapidly the import and export
powers decrease as the storage capacity EC is increased. To facilitate the comparison of
these power profiles at different storage capacities, four cross-sections of these graphs at
storage capacities of 0, 1, 2, and 5 kWh are shown below (Figure 10c), depicting both the
imported and exported power. For visual clarity, imported and exported power are depicted
in blue and red with negative and positive values, respectively. Here, the power at zero
storage capacity (cross-section EC0) corresponds to the import and export power measured
during the experiment in the household without an EES system. This representation clearly
demonstrates that, in the symmetric inverter mode, both energy import and export may
occur simultaneously during periods of PV generation.

As the storage capacity increases, the export and import power profiles decrease;
however, the rate of decrease is not uniform and varies over the course of the day. On 15
April, when solar generation is relatively low (see Table 1), the export power decreases until
the storage capacity reaches approximately 6500 Wh. With further increases in capacity,
export remains practically unchanged. In contrast, import decreases noticeably up to a
capacity of approximately 4500 Wh and, as can be seen from the graph, remains unchanged
in the morning, while the main change occurs in the evening. This is related to the fact
that each simulation day starts with an empty storage system and, until solar generation
begins in the morning, household grid import does not depend on storage capacity. As the
storage capacity increases, a larger share of the energy accumulated during the day remains
available to meet evening consumption, and as shown in Figure 10b, once a capacity of
approximately 4500 Wh is reached, evening consumption is largely supplied from the
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storage system and decreases only marginally thereafter, because the storage does not
discharge completely until 24:00. This storage capacity represents a threshold beyond
which further increases in capacity become only marginally effective in reducing energy

import and export flows. Note that the specific numerical power values are characteristic

only of this particular day under a specific solar generation and consumption scenario.

Nevertheless, similar trends were observed on other days as well.
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Figure 10. Influence of energy storage capacity EC on daily profiles of exported power Peyp (a) and

imported power Py, (b), and four particular cases of this dependance (c) in the case of the symmetric

inverter on 15 April.
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Figure 11 presents the daily power variation profiles for 6 June obtained for the

symmetric inverter case. Unlike the 15 April example, on this day, the total solar generation

was several times higher, while consumption was lower (Table 1). As a result, power export

(Figure 11a) is significantly higher and, although it decreases as the storage capacity is

increased, the threshold at which export reduction completely stabilizes is not reached. This

indicates that the maximum storage capacity of 8000 Wh used in the model is insufficient

to accumulate all the solar energy generated.
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Figure 11. Influence of energy storage capacity EC on daily profiles of exported power Peyp (a) and

imported power Py, (b), and four particular cases of this dependance (c) in the case of the symmetric

inverter on 6 June.
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From the detailed import and export power profiles shown in Figure 11c, it can be
observed that, when the storage system is connected, export decreases in the morning;
however, in the evening, an additional exported power flow appears, which, in the absence
of storage, was consumed locally.

As a result, the overall absolute change in export with increasing storage capacity is
smaller than that on 15 April. Figure 11b shows that increasing the storage capacity also
reduces import, and this reduction occurs mainly during the evening consumption period.
At the same time, a slight increase in import is observed in the morning, which is related
to the fact that, while the storage is charging, the grid inverter receives only the amount
of energy required to satisfy the total three-phase consumption Econs (5) (see the storage
control algorithm).

In turn, the symmetric grid inverter distributes the received energy equally among
all three phases, and due to phase load imbalance, this energy is insufficient for the most
heavily loaded phases, resulting in import, while the least loaded phases have excess
energy, which is exported.

This effect is most pronounced when generation is low and the storage is not fully
charged. Indeed, due to load asymmetry, energy export and import can occur simul-
taneously at any time of the day whenever solar generation is present and household
consumption is taking place. This is illustrated in both Figures 10c and 11c.

Figures 12 and 13 present the corresponding graphs for the same days (15 April and 6
June, respectively), obtained for the asymmetric inverter mode. In this case, simultaneous
bidirectional energy flows between the household grid and DSO grid are eliminated. This
can be observed in the graphs shown in Figures 12c and 13c, where, as in the previous
case, the daily import P_imp and export P_exp power profiles are shown for four different
storage capacities.

For both days, significantly reduced import power levels are observed compared with
the symmetric inverter case. This reduction, in absolute terms, increases with increasing
storage capacity. At a certain storage capacity, evening import disappears in both cases, as
the entire consumption demand is supplied from the EES system. Export in the asymmetric
inverter case is also reduced, although to a lesser extent. Export is reduced most noticeably
during the morning generation period, when the storage system is only beginning to charge.
The influence of the storage system on export is more pronounced under conditions of
lower daily solar generation.

As shown in Figure 12a, once a certain storage capacity (approximately 6500 Wh) is
reached, export ceases because all surplus generated energy is accumulated in the storage
system. In the case of the asymmetric inverter, the limiting storage capacities beyond which
further increases in capacity become impractical are more clearly observed, as further
capacity increases have only a minor effect on reducing energy import or export.

4.5. Storage Capacity Impact on Daily Imbalance Power

Figure 14 shows the influence of storage capacity EC on power imbalance P}, (39) in
the household grid phase lines on 15 April. The daily imbalance profile is characterized
by short peaks associated with abrupt changes in consumption, which can be effectively
compensated with small-capacity EES through the injection of stored PV energy into the
household grid. This is clearly illustrated by the four imbalance daily profiles corresponding
to different storage capacities presented in Figure 14b.
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Figure 12. Influence of energy storage capacity EC on daily profiles of exported power Pe’xp (a)
and imported power Pi’m p (b), and four particular cases of this dependance (c) in the case of the
asymmetric inverter on 15 April.
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Figure 13. Influence of energy storage capacity EC on daily profiles of exported power PE’XI[J (a)

and imported power P!

imp

asymmetric inverter on 6 June.

(b), and four particular cases of this dependance (c) in the case of the

With increasing storage capacity, the imbalance first disappears around midday and

subsequently in the evening (see Figure 14a).
During the early hours of the day, however, the power flow imbalance is not affected

by storage capacity. Therefore, the remaining daily imbalance energy E},, (Figure 6) is
primarily determined by the imbalance occurring at the beginning of the day and cannot
be eliminated within the framework of the proposed model.
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Figure 14. Influence of energy storage capacity EC on daily imbalance power P;, , (a), and four
particular cases of this dependance corresponding to different storage capacities (b) on 15 April.

Figure 15 illustrates the dependence of power imbalance P}, , on storage capacity EC
at different times of the day on 6 June. Due to higher PV generation, a larger share of the
generated energy is used to satisfy local consumption and to symmetrize phase line power
flows. Consequently, a smaller storage capacity is sufficient to achieve the minimum daily
imbalance energy, as only a relatively small imbalance emerging in the evening needs to
be compensated.
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Figure 15. Influence of energy storage capacity EC on daily imbalance power P/, (a), and four

particular cases of this dependance corresponding to different storage capacities (b) on 6 June.

The presented examples illustrate the seasonal variation in energy flows in the prosumer

grid. The results indicate that under conditions of higher PV generation (on 6 June), the

energy required for consumption and balancing is supplied directly through PV generation.

Consequently, a smaller energy storage capacity EC (2 kWh) is sufficient to meet consumption

demand and ensure balancing. In this case, only a minor evening imbalance needs to be

compensated. Under conditions of lower PV generation (on 15 April), a larger energy storage

capacity EC (5 kWh) is required to satisfy consumption demand and ensure balancing.
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With detailed, complete one-year data on household generation and consumption, it
would be possible to propose an efficient forecasting-based strategy for the utilization of
available storage resources across all four seasons. In this manner, the reduced seasonal
storage demand would free up resources that could be used, for example, for trading on
the electricity market. This could also serve as a basis for further research.

5. Discussion

The main objective of this study was to validate the proposed simulation methodology
and identify key trends in the interactions between energy storage systems, inverter control,
and household energy flows. The simulation results are based on real data from a single
household. For this purpose, a typical household with a 10 kWp photovoltaic system
was selected, and representative days from the spring, summer, and autumn periods
were analyzed. During this period, the ratio of daily PV energy generation to energy
consumption varied from 0.87 (15 April) to 9.72 (24 July).

The proposed system operates efficiently when the energy generated by the PV panels
is sufficient to both balance energy exchange across the phase lines of the DSO grid and
charge the energy storage system, which can subsequently be used for balancing in the
absence of generation. In regions with lower solar irradiance, higher-capacity PV systems
would be required, whereas in regions with higher solar availability, smaller systems
may be sufficient. The winter period was not included in this study, as PV generation
in Lithuania is negligible due to limited solar irradiance and frequent snow coverage. It
should also be noted that the proposed methodology can be extended to other types of
household generation systems, such as small-scale wind power plants.

According to the National Electrical Manufacturers Association (NEMA), the phase im-
balance factor is intended for assessing unidirectional power flow imbalance in phase lines
and is not suitable for cases involving bidirectional power flows. In this study, due to PV
generation and asymmetric household consumption, bidirectional power flows frequently
occur across the phase lines (i.e., generation in one phase and consumption in another).
Under such conditions, the conventional imbalance factor may yield misleading average
values. To address this, imbalance is evaluated using the maximum signed difference
between phase line power flows, defined as imbalance power P;,,;, and imbalance energy
Emp. For similar reasons, the evaluation of neutral current is not considered informative
in this context.

Simulations were carried out using measured household grid power values, i.e.,
the values after a specific symmetric inverter; therefore, system losses were inherently
included. However, when simulating both symmetric and asymmetric inverter operation
with different EES capacities, the components were assumed to be ideal. Consequently, the
measured output power of the symmetric inverter P;,,,, without EES was considered equal
to the PV generated power Py,. This assumption was adopted to evaluate the theoretical
potential for improving PV energy utilization and reducing energy exchange with the
DSO grid.

The use of an idealized EES model in this study is intended for conceptual analysis.
In practice, EES technologies exhibit diverse characteristics and operational constraints.
Here, an idealized representation was employed to simplify the modeling framework,
which is sufficient for assessing the fundamental behavior of the proposed approach. The
system performance is determined by the PV generation power Py, and the household
phase line load powers P,,,s1; at each time step. The PV generated power is used both for
redistribution among the household phase lines and for charging the EES system.

In the case of a symmetric inverter, the generated PV power is distributed equally
among all three household phase lines P,,,;1;, regardless of their individual loads. Any
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surplus energy is stored in the EES and later supplied back to the household grid when PV
generation becomes insufficient or unavailable. As a result, both daily electricity export
Erxp and import Ejpp are reduced. With an EES capacity of 8 kWh, the average energy

import Ejpp across the analyzed days decreases by 16%, while the export Epxp decreases by
13%. However, the daily imbalance energy Ejjp remains unaffected, since the differences
in simultaneous import and export power flows Pj,1; across the phase lines do not change.

In contrast, when an asymmetric inverter operates according to the APFM algorithm,

the PV generation power is first redistributed among the phase lines P/ based on their

consLi

instantaneous loads. This reduces the differences between phase line powers P . and

soLi
improves the symmetry of the DSO grid load. Any remaining excess PV power is used to
charge the EES system. When PV generation is insufficient or absent, the stored energy is
supplied back to the household grid and redistributed in the same manner, i.e., according
to the phase line loads. As a result, daily energy import E},,p, export Efyp, and imbalance

energy E},,p are further reduced. For an EES capacity of 8 kWh, the average energy import

E\1p decreases by 56%, energy export % by 19%, and imbalance energy E},,; by up
to 75% across the analyzed days. Note that these results represent an idealized scenario
and may be less pronounced when using real energy storage systems. In practice, the
achievable benefits will depend on system specific parameters, particularly the efficiency
of energy storage and retrieval. The impact of these parameters will be investigated in
future work.

Residual stored energy at the end of the day primarily occurs at relatively large
storage capacities. However, the results indicate that the most significant benefits of EES
are achieved at smaller capacities. Therefore, future work will focus on addressing an
optimization problem aimed at achieving the best system performance with minimal
storage capacity. Under such conditions, inter-day energy carry-over is expected to be
relatively limited. Nevertheless, any carry-over of stored energy to the following day is
expected to further improve grid performance parameters and overall energy utilization
efficiency.

6. Conclusions

This study analyzes the impact of an EES system on power flows in a prosumer’s
three-phase household grid under two different inverter operating modes: a conventional
symmetric mode and an adaptive asymmetric mode based on the Adaptive Power Flow
Management algorithm. The entire analysis is based on the simulation of household power
flows using real measured data of energy import, export, consumption, and PV generation
from a specific residential installation. Once the primary data were obtained, simulation
was performed using a 1 s time resolution.

A comparative analysis of phase power imbalance parameters obtained using different
time resolutions (1 s, 15 min, and 1 h) revealed that higher resolution enables more accu-
rate detection of rapid short-term imbalance variations, which are averaged out at lower
resolutions. For example, increasing the resolution from 1 h to 1 s results in an average
2.8 times increase in maximum phase imbalance and 1.5 times increase in its daily standard
deviation. This significantly affects the accuracy of derived parameters such as the total
daily imbalance energy, self-sufficiency rate, and self-consumption rate.

The simulation results show that combining EES with an asymmetric inverter signifi-
cantly reduces phase imbalance and energy exchange with the DSO grid. Most improve-
ments occur at relatively small EES capacities (1-2 kWh), with diminishing gains at higher
capacities. Over the analyzed period, the EES operating with the asymmetric inverter
reduced the total household imbalance energy E},,; by an average of 72%. This parameter
strongly correlates with energy consumption and import: higher daily imports result in
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higher imbalance, and vice versa. Moreover, the EES paired with a symmetric inverter does
not reduce this imbalance energy and has no effect on it.

The simulation results also show that, across all analyzed days, the application of an
8 kWh EES enabled an average reduction in energy import of 16% in symmetric mode and
56% in asymmetric mode, while energy export decreased by 13% and 19%, respectively.
These results indicate that the asymmetric inverter operating mode improves EES utilization
compared with the symmetric mode, resulting in increased prosumer autonomy and
enhanced household grid performance.

The impact of EES capacity on household energy distribution efficiency was evaluated
using SCR and SSR. Without EES, SCR in the asymmetric case is 5% higher than in the
symmetric case; with an 8 kWh EES, this difference increases to 10.1%. A similar trend
is observed for SSR: 11.1% without EES and 22.8% with EES. The largest performance
gains occur at low capacities: increasing EES capacity from 0 to 1 kWh improves SCR by
approximately 42% and SSR by about 51%, whereas increasing capacity from 7 to 8 kWh
yields only an additional 1-2% improvement.

Overall, the results demonstrate that combining an adaptive asymmetric inverter
control algorithm with an appropriately sized energy storage system enables more efficient
utilization of on-site PV energy while simultaneously improving the load symmetry of the
phase lines in the DSO grid. This study contributes to the development of smart energy
flow management strategies aimed at enhancing the efficiency of prosumer household-
integrated energy systems and reducing hardware resource requirements.
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Abbreviations

The following abbreviations are used in this manuscript:

APFM  Adaptive Power Flow Management
PV Photovoltaic

DSO Distribution System Operator

SSR Self-Sufficiency Rate

SCR Self-Consumption Rate

EES Electric Energy Storage

EC Energy Capacity
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