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SFC Nonprofit Ltd
Budapest, Hungary

Abstract—This paper presents a custom Home Assistant (HA)
setup for real-time control of bidirectional electric vehicle (EV)
charging within a residential Home Energy Management System
(HEMS). The proposed system enables Vehicle-to-Home (V2H)
operation, allowing the EV to act as both a flexible load and
a distributed energy storage unit. A custom Smart Charging
Algorithm (SCA) is developed to optimize EV charging and
discharging based on electricity prices, solar generation forecasts,
household demand, and user preferences. The algorithm is
implemented as a lightweight HA add-on and deployed both
in the HA environment and on the EV charging hardware for
local execution and fallback. This work highlights the potential of
open-source platforms like Home Assistant to enable intelligent,
decentralized energy management with bidirectional EV integra-
tion. This study contributes to the objectives of the EU Green
Deal and REPowerEU by supporting clean energy transitions at
the household level, and aligns with UN Sustainable Development
Goals 7 (Affordable and Clean Energy) and 13 (Climate Action).

Index Terms—Home Energy Management system, Bidirec-
tional Electric Vehicle Charging, Home Assistant, Smart Charg-
ing Algorithm, Vehicle-to-Home (V2H)

I. INTRODUCTION

The energy sector is undergoing structural changes as more
and more homeowners adopt decentralized power generation
and electric mobility solutions [1]. Rooftop photovoltaic (PV)
systems and battery electric vehicles (EVs) have become
common elements in modern households [2] and their
growing penetration affects electricity demand patterns and
introduces new local energy management and consumption
planning challenges.

EVs have been traditionally treated as electrical loads that
add to the overall peak demand of a household. However,
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with the introduction of bidirectional charging, EVs are now
capable of discharging energy back into the home or the grid
[3]. In particular, vehicle-to-home (V2H) setups allow the EV
battery to act as a backup or balancing storage system. This
function helps reduce grid imports during peak electricity
hours, supports local energy use from PV generation, and
can help lower electricity bills when time-of-use tariffs are in
place, or provide opportunities to earn revenue from flexibility
services, when market frameworks allowing it are in force [4].

Home Energy Management Systems (HEMS) are typically
used to manage in real time and schedule the operation
of multiple household devices, together with PV systems,
batteries, and EV chargers [5]. Such systems make use of
different types of sensored, metered, and forecasted data to
optimize the consumption, storage, and exports of energy.
When a HEMS includes V2H capabilities, it can further
improve the energy resilience and self-sufficiency of the
household.

A. The DriVe2X project testbed

DriVe2X, a funded project under the European Union (EU)’s
Horizon Europe Research and Innovation programme and
UKRI, develops new expert knowledge, ICT solutions, and
hardware technologies to help cope with a mass EV deploy-
ment future for Europe. The project tests several use cases for
bidirectional EV charging in real-world testbeds, being one of
them V2H integration with HEMS for renewables’ penetration
and tariff optimization in electricity customers with installed
DER (prosumers homes) and electricity customers without it
(consumers homes).

The demonstration environment for DriVe2X’s V2H use
case is the city of Budapest, in Hungary. The demonstrator will
investigate the enhanced role bidirectional EV charging could
play in the energy affairs of homeowners. When integrated



into homes, EV batteries become a DER asset at the service
of the HEMS. The charging bidirectionality will allow for
reduced energy consumption in peak hours, the stabilization of
demand on the grid, and active contribution to grid flexibility
through implicit demand response. The demo will install
five single-phase bidirectional EV chargers in homes spread
across different neighborhoods of Budapest city center and
suburbs. To better understand the nuanced impacts of V2H
strategies, the selection of recruited homes will consider a mix
of prosumers.

B. Review of recent literature

The integration of bidirectional EV charging in residential
homes has been relatively well studied in scientific literature.
For example, in [6], the authors introduce a combined vehicle-
to-building (V2B) and V2H strategy in order to decrease
the households’ peak demand and increase the EV market
share. Another study [7] discusses social benefits and models
user behavior of V2H. The uncertainty analysis of the EV
potential for a household is presented in [8]. In this work, the
performance and optimization results of V2H systems are eval-
uated based on three dimensions: Economic viability, carbon
emissions reduction, and energy and power autonomy. In [9]
a smart home energy management is developed considering
the uncertainty analysis of electric vehicles, and the authors
consider smart appliances, wind generation, PV production,
demand response, and electric vehicles in the optimization
modeling.

Other works could be cited around V2H integration
of similar characteristics to those of the above. However,
despite the significant body of work on this topic, most
studies rely heavily on theoretical models or on simulation
approaches, with the downside of limited consideration
of practical deployment constraints. A comprehensive
framework that bridges optimization-based charging control
with real-world integration, accounting for data exchange,
hardware interfacing, user preferences, state-of-charge (SoC)
limitations, warranty constraints, and real-time adaptivity has
not yet been proposed.

C. Smart charging for home energy optimization

This work proposes a real-world implementation scheme for
a smart charging algorithm (SCA) embedded within a HEMS,
designed as a custom add-on in the Home Assistant (HA)
open source platform [10]. The HEMS add-on is developed
to operate natively within the HA environment, enabling
autonomous management of residential energy flows based
on real-time measurements, forecasted data, and a series of
user-defined constraints. The proposed architecture is intended
for implementation within a residential EV charging station,
where it will coordinate energy interactions among rooftop
PV generation, household electricity consumption, electricity
market prices, and bidirectional EV charging. Thus, in the
envisioned setup, the EV charger will operate as a central

controller unit, executing the optimization and control routines
required to manage dynamic energy flows in real time.

The SCA is formulated as a flexible and context-aware
optimization framework that dynamically schedules EV charg-
ing and discharging sessions under a variety of real-world
constraints. The latter include user-specified preferences, such
as departure time and minimum required SOC, along with
technical characteristics of the EV battery and charger, and
exogenous signals including time-varying electricity prices,
solar generation forecasts, and grid emission intensities. The
optimization problem is modeled using a mathematical pro-
gramming approach to ensure cost-effective and emission-
aware energy scheduling that also considers battery degrada-
tion and user comfort requirements.

By embedding the SCA within the HA ecosystem and devel-
oping a practical deployment scheme at the residential level,
this work advances the integration of intelligent energy control
systems into real-world smart homes. The proposed system
lays the groundwork for future deployment and evaluation,
with the objective of bridging the gap between theoretical
energy optimization models and operational residential energy
management infrastructure.

II. METHODOLOGY

This section presents the overall methodology used to design
and implement the SCA within the HEMS framework. The
approach uses optimization-based decision-making to enable
smart and flexible control of energy flows between the EV
and the home. The formulation integrates system constraints,
user-defined preferences, and external signals such as market
and grid conditions. The control algorithm operates on a time-
indexed basis and is implemented as a modular component that
interfaces with the rest of the HEMS in real time.

A. Smart charging formulation

The SCA developed in this study is adapted from the
DriVe2X generalized control structure [11], and customized
for residential V2H applications. It is designed to manage
bidirectional energy exchange between the home and the
EV battery based on user preferences, battery constraints,
grid signals, and local PV generation. The SCA operates
by solving a time-indexed optimization problem. It schedules
charging and discharging decisions over a time horizon by
minimizing an objective function (e.g., cost or emissions),
subject to constraints that represent the physical behavior of
the EV battery, user requirements, and hardware limitations.
The algorithm is implemented as a modular block within the
HEMS, resulting in an integrated control system for managing
both bidirectional EV charging and home assets.

1) Battery Model: At the core of the SCA is the battery
model. The EV battery state-of-charge (SoC) evolves over time
depending on the charging power P t

CH and discharging power
P t

DCH, adjusted by their respective efficiencies ηCH and ηDCH.
The energy balance is modeled as:

Et
EV = Et−∆t

EV +∆t · P t
CH · ηCH −∆t · P

t
DCH

ηDCH
. (1)



This relationship is critical because it defines how energy
flows in and out of the vehicle, and thus governs its role as a
flexible storage unit in the home. SoC limits (e.g., 20–80%) are
imposed to ensure safe operation and maintain battery health.

2) Efficiency Modeling and Power Decomposition: Battery
charging and discharging are not perfectly efficient. These
losses vary depending on the power level, and thus affect
energy cost and heat generation. To model this accurately,
power is segmented into multiple intervals:

P t
CH =

k−1∑
i=1

θt,iCHηiCH , P t
DCH =

m−1∑
i=1

θt,iDCH

ηiDCH

(2)

Each θt,i represents energy exchanged within a power-
efficiency interval, and ηi corresponds to the associated effi-
ciency. This decomposition captures the nonlinearity of power
conversion in real EVs and chargers, improving control accu-
racy.

3) CC/CV Charging Phase Transition: EV batteries un-
dergo two distinct charging phases: constant current (CC) and
constant voltage (CV). The maximum power is constant during
the CC phase but decreases during CV as SoC increases. To
account for this:

Pmax
CH (t) =

{
PCH,max, if SoCt < τch

ωCH + πCH · SoCt, otherwise

This ensures that the algorithm does not overestimate power
input during high SoC levels, maintaining realism in energy
scheduling and preventing control overshoot.

4) Driver Constraints and Preferences: User satisfaction is
a key part of any residential energy control system. Drivers
often have fixed departure times and expect the EV to be
charged to a certain SoC before use. To ensure this, the SCA
imposes constraints such as:

E
tdep
EV ≥ SOCdep · EEV,rated (3)

Some users may also want a minimum SoC at all times (for
emergencies), or may allow the system to discharge the EV
partially in exchange for cost savings. These preferences are
fully parameterized, making the algorithm flexible for different
behavioral profiles.

5) Warranty Constraints and Battery Health: Battery
degradation depends on charge/discharge cycles and depth of
discharge. To extend battery life and align with manufacturer
warranty terms, the SCA includes:

• SoC window limits (e.g., avoid charging above 80% or
discharging below 20%)

• Total energy throughput cap per session:∑
t∈TEV

∆t ·
∑
i

θt,iDCH

ηiDCH

≤ WEV (4)

• Degradation cost estimation in objective function
These features ensure long-term sustainability and compli-

ance with technical guarantees.

6) Objective Functions: The algorithm supports two main
optimization goals:

1) Cost Minimization:

min

(∑
t

∆t · (P t
CH · ρtCH − P t

DCH · ρtDCH) +DegC

)
(5)

2) Emission Minimization:

min

(∑
t

∆t · ϵt · (P t
CH,grid − P t

DCH,grid)

)
(6)

Where ρt and ϵt are time-varying electricity prices and emis-
sion intensities, respectively.

As described earlier, the SCA is formulated as a constrained
optimization problem. However, real-world implementation of
the algorithm requires a well-defined control structure that
manages different operational stages, such as initialization,
data acquisition, optimization, decision execution, and real-
time updating.

Algorithm 1 outlines the procedural logic used to deploy the
SCA in a residential HEMS. The control sequence begins with
event-driven triggers upon EV plug-in, followed by structured
data collection from the charger, HEMS, and EV driver inputs.
Once sufficient data are collected, the algorithm performs pre-
processing and feasibility checks before executing the opti-
mization routine. Based on the computed results, the control
signals are sent to the bidirectional charger. During the active
charging session, the system continuously monitors updated
data and user preferences to adapt the control plan in real
time.

B. HEMS Integration in Home Assistant

1) Home Assistant Integration Framework: HA is an
open-source home automation platform designed to run on
lightweight hardware such as Raspberry Pi or local servers. It
operates on a modular architecture where components (called
integrations) interact via a message bus, typically built on
Python and YAML configurations. HA supports a wide range
of energy-related devices through protocols such as MQTT,
Modbus, Zigbee, and REST APIs.

HA provides a modular and containerized environment
ideal for implementing energy management functions at the
residential level. As shown in Fig. 1, the HA Core acts
as the central control engine, coordinating the execution
of functional extensions through add-ons. These include a
dedicated SCAs Add-on for executing the Smart Charging
Algorithm, a Load Add-on for monitoring and forecasting
household consumption, and a Database Add-on for recording
historical data. The Data Integration Add-on serves as an
interface to external energy devices such as EV chargers,
inverters, and meters. All add-ons are managed by the HA
Supervisor Function, which ensures isolation, deployment
control, and consistent runtime behavior. The user accesses
and configures system settings through the HEMS UI, which
interacts directly with HA Core. This architecture supports



Algorithm 1 Smart Charging Algorithm for V2H Control
1: Start: EV driver plugs in the vehicle and initiates charg-

ing.
2: Verify plug-in connection with the charger.
3: if EV not detected then
4: Notify the driver to check the connection.
5: Driver checks the connection.
6: Go to 2.
7: end if
8: Retrieve data from:

• EV driver: preferences (SoC target, departure time,
objective type)

• Charger: SoC, battery characteristics, power limits
• HEMS: load forecast, PV forecast, import/export ca-

pacity
9: Preprocess all collected data.

10: if driver preferences are not feasible then
11: Notify driver to adjust parameters.
12: Terminate.
13: end if
14: Run the SCA optimization:

• Compute optimal charge/discharge profile.
• Consider driver SoC constraints, battery warranty

limits, and power efficiency.
15: Send control setpoints to the charger.
16: Receive charger confirmation.
17: Notify driver and update HEMS with load profile.

18: Begin Real-Time Updating Loop:
19: while charging session not finished do
20: Check for new inputs:

• EV driver updates
• Load/PV forecast changes
• SoC feedback

21: Preprocess the new data.
22: if preferences are not achievable then
23: Notify driver to revise.
24: else if input deviation exceeds threshold then
25: Re-run the SCA with updated inputs.
26: Send updated setpoints to charger.
27: end if
28: end while
29: Log all session data to the database.
30: End.

localized, real-time, and user-customized control, making it
suitable for scalable V2H deployments.HOME AUTOMATION AND EV SMART CHARGING 
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Fig. 1. Overall structure of SCA-HEMS integration in Home Assistant for
V2H

The SCA is implemented as a custom Python-based add-on
within HA. This add-on is deployed as a background service
that subscribes to live sensor data and publishes control signals
using HA’s internal event loop or through MQTT channel.
Specifically, the SCA receives data from:

• The EV charger integration ,
• Energy meters or smart plugs for real-time household

consumption,
• PV inverters or solar forecasting services,
• The user interface for driver preferences (via HA’s

Lovelace dashboard or YAML scripts).
The add-on can operate in two control modes: (1) Passive

monitoring, where it logs data and simulates control actions,
and (2) Active scheduling, where it overrides or adjusts charg-
ing setpoints in real time. The results of the optimization
are pushed back into HA’s state machine, allowing seamless
visualization, logging, and triggering of automation scripts.

This integration provides a scalable and vendor-independent
solution for implementing bidirectional EV control logic in
real households. It enables real-time adaptability and does not
rely on cloud services, ensuring full user control and local data
privacy.

Furthermore, as mentioned, HA provides APIs and
messaging tools, like MQTT, that allow the add-on to
interact with hardware and gather sensor data. MQTT
is a lightweight, publish–subscribe messaging protocol
widely adopted in home automation systems for reliable
communication between distributed components [12]. MQTT
is particularly suited for dynamic control loops, such as those
required for bidirectional charging, where fast and reliable
state updates, such as SoC, PV output and load demand, are
critical to maintaining optimal system performance.



To ensure responsive and efficient coordination of household
energy resources, the proposed system leverages HA’s modular
architecture to implement a two-level optimization approach.
HA serves as the central platform for real-time monitoring
and control, continuously interacting with local energy assets.
The control process is structured into two layers to reflect
operational realities:

1) Day-ahead scheduling: Based on PV forecast, price
signals, and EV availability.

2) Real-time control: Reacts to changes in load, PV
output, and SoC.

This setup allows the household to coordinate solar pro-
duction and EV storage using only open-source software and
consumer-grade hardware. It supports a practical V2H scenario
that can be replicated in real environments with minimal cost
and complexity.

III. CONCLUSION

This paper presented a real-world implementation of a bidi-
rectional charging control system integrated into a residential
HEMS using a custom SCA developed as an add-on in HA.
The system coordinates EV charging and discharging based on
forecasted PV generation, household load, electricity prices,
and user-defined constraints, while accounting for SoC dy-
namics, CC/CV transitions, efficiency variations, and warranty
limitations. By deploying the SCA within the HA environment,
the architecture supports direct interaction with household
energy assets and user interfaces, leveraging MQTT and native
integrations for seamless data flow. This approach empha-
sizes practical feasibility, modularity, and system transparency,
which are often overlooked in simulation-based studies. The
use of HA’s add-on architecture makes the solution scalable
and replicable, with the potential for wide adoption in both
residential and experimental contexts. The SCA supports both
passive monitoring and active control modes, ensuring adapt-
ability to different use cases and user engagement levels. While
the system shows strong potential for local energy autonomy
and optimized EV integration, further research is required
to address challenges such as forecast uncertainty, dynamic

market participation, and real-time multi-device coordination.
Long-term deployment and user-centric evaluation will be
essential for assessing the robustness, usability, and overall
impact of such intelligent home energy systems.
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