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Abstract: The widespread deployment of photovoltaic (PV) systems in urban areas poses new challenges
for integration into the low-voltage grid, operation under variable meteorological conditions, and the im-
pact of local disturbances. Research using Hardware-in-the-Loop (HIL) simulations, especially techniques
with physically present controllers (Controller Hardware-in-the Loop - C-HIL), represents a powerful en-
vironment for testing and validating power electronics-based converter control strategies in real-world
conditions without the risks and costs associated with field experiments. This paper presents the applica-
tion of C-HIL simulation to analyze and optimize the operation of a home PV system integrated into an
urban distribution grid. The conducted case studies address operational scenarios such as rapid changes in
solar radiation, load fluctuations, and voltage disturbances, demonstrating the effectiveness of the C-HIL
platform for assessing dynamic performance, voltage quality, and stability. The results confirm that C-HIL
simulation can provide useful insights for the design of PV systems aimed at the safe and widespread de-
ployment of distributed renewable energy sources in urban networks.
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1. INTRODUCTION of PV systems can initiate unstable operation with
large voltage and frequency fluctuations due to the

The integration of residential photovoltaic  Jow inertia of this inverter-based resources (IBRs)

(PV) systems in urban environments is rapidly in-
creasing, driven by the need for decarbonization and
distributed energy generation [1]. However, oper-
ating PV systems in cities poses challenges due to
fluctuating irradiance, shading effects, local air pol-
lution, and complex interactions with the urban dis-
tribution grid [2]. Practically, installed PV systems
work during short period of time under nominal
power conditions, i.e. nominal operating conditions
for PV panels [3]. All this leads to potential problems
with unwanted harmonic distortions of currents and
voltages generated by these systems, regardless of
how they are used [4]. Also, the potential wider use

[5].

In an urban environment, the mix of con-
sumption becomes quite complex and in addition to
classic thermal consumers, it increasingly includes
various electronic consumers with highly non-line-
ar and time-varying characteristics. The significant
participation of light sources powered by switching
sources, followed by air conditioners that incorpo-
rate appropriate motor drives, lead to a combination
of non-linear consumers that inject significant high-
er harmonic currents into the network [6]. All this
makes the application of the usual methodology for
testing the behaviour of IBRs in the context of such
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consumers and distribution networks quite question-
able. Moreover, the usual aggregate consumption
models used so far are quite imprecise and require
not only a change in time distribution, but also the in-
troduction of additional quantitative and qualitative
factors such as harmonics and harmonic distortion
values.

Urban PV integration has been extensive-
ly studied through numerical simulations and pilot
projects [7]. Existing works emphasize the impacts
of variability in production and consumption condi-
tions, as well as power quality issues in urban distri-
bution networks. Laboratory tests and field measure-
ments provide valuable data, but they lack flexibility
and are resource-intensive [8]. Therefore, research
usually relies heavily on computer simulations, most
recently by using specialized software to reduce the
time required to form complex models of these urban
distribution networks. Depending on the simulation
methodology used, certain inaccuracies may occur in
the results, especially when it is necessary to verify
the functionality of innovative solutions for solving
high-dynamic problems caused by regular operation
or in fault modes.

Namely, traditional offline simulations can-
not fully capture these dynamics, as they usually rely
on simplified system models and do not accurately
reproduce the time conditions, element nonlineari-
ties and hardware-dependent behaviours that occur
in real-world converter operation (grid inverters and
DC/DC converters). Due to the need for simplified mo=
dels, measurement noise, switching sequence effects,
and control loop delays are often neglected, which can
lead to inaccurate predictions of system responses dur-
ing fast transients or fault conditions. As a result, inter-
actions between the controller and the physical system,
especially in critical situations such as faults, rapid
changes in operating conditions and load sequences,
may remain untested and unverified [9].

In contrast, conducting these tests directly on
physical hardware is often very demanding, requir-
ing expensive and complex laboratory infrastructure,
specific high-power installations, and demanding
safety protocols [8]. Similar problems exist with
field testing, with the added problem of reproduc-
ing and repeating experiments under identical test
conditions, which sometimes makes this approach
time-consuming and quite expensive.

In recent years, several advances have been
made that allow overcoming the above-mentioned

shortcomings of field or laboratory testing [10].
Hardware-in-the-Loop (HIL) approaches bridge this
gap by combining real controllers with simulated
grid conditions, enabling cost-effective and repeat-
able experiments [11]. In this way, this approach
simplifies, increases the reliability and repeatabili-
ty of tests and at the same time shortens testing and
validation time, while the reliability of these tests is
improved in combination with real physical devices
— control systems and/or adjustable power supplies.

Controller Hardware-in-the-Loop (C-HIL)
simulation offers a flexible and realistic environment
where actual control hardware is tested against a
detailed real-time model of the PV system and grid
[12]. Power Hardware-in-the-Loop (P-HIL) simula-
tion involves connecting a real device to a real-time
model via a power interface, so that the device works
as if it were connected to a real power system, thus
performing tests under real energy conditions with
full control and safety of the laboratory environment
[13]. While P-HIL is often used for inverter testing,
C-HIL is particularly suitable for evaluating control
algorithms and operational strategies in real time
without the need for high-power interfaces.

This paper presents the application of C-HIL
simulation to analyse and critically evaluate the
performance of a home PV system in an urban con-
text. The main contributions include: (i) design of a
C-HIL testbench for residential PV, (ii) evaluation of
system response under representative urban operat-
ing scenarios, and (iii) discussion of benefits for grid
operators and prosumers.

2. METHODOLOGY

The performance of grid-connected home in-
verters was tested using a controller-hardware-in-the-
loop (C-HIL) test environment. This methodology
integrates a real inverter controller with a simulated
real-time model of a PV system, residential loads, and
the local city distribution network. By connecting the
real controller to a realistic and detailed model of the
power system, it becomes possible to evaluate perfor-
mance, stability, and control behaviour in realistic, but
fully controlled and repeatable laboratory conditions.

Unlike conventional simulations that run en-
tirely in software, the C-HIL setup allows the control
hardware to interact with a high-quality real-time
model of the system. This allows the study of con-
trol algorithms under various dynamic and transient

Contemporary Materials, XVI-2 (2025)

201



Milutin Petronijevi¢, lvana Radonji¢, Boban Veseli¢,
Senad Huseinbegovié¢, Martin Calasan

pages: 200-211

operating conditions before building a physical pro-
totype. Consequently, this approach significantly im-
proves the efficiency, safety and reliability of the de-
velopment process of modern PV inverters and their
integration into urban power grids.

The developed experimental setup consists of
two main components:

—A real-time simulator (Typhoon HIL404,
[14]) that runs detailed models of the photovoltaic
array, DC/DC converter, grid-connected inverter and
household loads; and

—A real-time controller (dSpace DS1103.
[15]) that implements the inverter control algorithms,
including maximum power point tracking (MPPT),
current and voltage control loops and grid synchro-
nization logic.

The simulator and controller are interconnect-
ed via digital Pulse Width Modulation (PWM) and
analog interfaces. The PWM signals generated by
the dSpace controller act as switching commands
for the inverter model within the simulator, while
key feedback signals, such as DC voltage, inverter
currents, and grid voltage, are transmitted back as
analog signals to the controller. This closed-loop
configuration reproduces real-world inverter behav-
iour with microsecond-level synchronization and fi-
delity. The basic scheme of the C-HIL experimental
setup is shown in Fig. 1.

Inverter
Controller +
Home Loads

dSpace
DS1103 BNE HIL404

(o)

Analog measurement 2%
Figure 1. Scheme of C-HIL setup

The modelled PV source consists of an array
of 20 monocrystalline panels with a total installed
capacity of 10 kWp. The model incorporates the
nonlinear current and voltage characteristics of the
PV modules and dynamically responds to varia-
tions in irradiance and temperature. To represent re-
al-world conditions, the irradiance input is shaped as
a time-varying function, allowing the simulation of
fast transients such as partial shading or cloud move-
ment. The inverter itself is modelled as a two-stage,
three-phase 7.5 kW converter, with IGBT switches
and an LCL output filter. The inverter is connected to

a simplified representation of the city’s low-voltage
grid and typical residential loads, allowing for real-
istic interaction between distributed generation and
consumption.

The C-HIL methodology provides several key
benefits:

— Safe testing of grid conditions. Faults such
as short circuits, voltage dips, overvoltage events,
load variations, and frequency fluctuations can be
accurately emulated. This allows testing of the in-
verter’s response without the risk of equipment dam-
age or safety hazards, which is especially important
when evaluating grid support functionality.

— Accelerated development. Control algo-
rithms can be validated and optimized in real time on
the C-HIL platform long before a physical prototype
is available. This “upfront” testing approach short-
ens design cycles, facilitates rapid prototyping, and
reduces overall development costs.

—Repeatability and transparency. Identical
test scenarios can be reproduced at any time, ena-
bling consistent benchmarking, debugging, and iter-
ative refinement of control strategies.

— High-precision insights. The direct interac-
tion between the digital model and the physical con-
troller captures fast transients and nonlinear effects
that are often overlooked in offline simulations. This
enables early detection of potential instabilities or
control saturation issues.

— Cost-effectiveness. By minimizing the need
for numerous physical prototypes and reducing re-
liance on field testing, the C-HIL method provides
significant financial and time savings.

— Compliance and reliability testing. The plat-
form enables a systematic assessment of grid com-
pliance, including week grid behaviour, voltage im-
balance, and harmonics.

In this study, the developed setup was used to
evaluate MPPT performance, grid synchronization,
and voltage control capabilities under typical and dis-
turbed urban operating conditions. The real-time re-
sponse of the controller to grid irradiance and voltage
variations was analysed, providing a robust frame-
work for validating advanced control strategies that
improve both energy efficiency and grid stability.

This C-HIL-based approach thus bridges the
gap between theoretical design and field implemen-
tation, establishing a reliable platform for the future
development of smart inverters and adaptive control
schemes in urban PV systems.
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3. HIL SETUP AND CASE STUDIES

Within the real-time simulator (Typhoon
HIL404), a detailed simulation of the grid-tied in-
verter and residential load was implemented to rep-
resent a typical household prosumer. The modelling
of residential loads was performed using individual
components from the core library of Typhoon HIL
Control Center software, complemented with the
Residential Energy Toolbox [16], which provides
pre-configured blocks for typical domestic loads, in-
cluding nonlinear appliances.

In this article, residential loads are represented
using the standard ZIP model [17], which describes
energy consumption as a combination of three com-
ponents: constant impedance (Z), constant current (/),
and constant power (P). This more comprehensive
approach models the voltage-dependent behaviour
of typical household appliances, allowing for a more
realistic simulation of load dynamics in low-voltage
networks. The simulation model expresses active
and reactive power as nonlinear functions of the ter-
minal voltage, which enables valid modelling of the
load response to voltage fluctuations in the house-
hold power system. The active (P) and reactive (Q)
power are expressed as functions of the root-mean-
square (RMS) voltage Vj,4q4 at the point of device
connection:

Vload 2 Vload

P,(V) = Bom Zy ( ) +1, ( ) + P, )]
Vnom 5 Vnom
V 1%

QL(V) = Qnom [Zq < load) + Iq ( load) + Pq], 2)
Vnom Vnom

where Pnom and Qnom are nominal active and
reactive power values, Vnom is nominal voltage, Zp,
Ipand Pp are the weighting factors for active power,
and Zg, Iqand Pq are the weighting factors for reactive
power. These coefficients should satisfy the normal-
ization conditions:

Zy+1,+P, =1, 3)
Zg+l+P =1 4)

In modern residential power systems, an in-
creasing share of household energy consumption is
driven by electronic loads based on switch-mode
power supply (SMPS) technology. Devices such as
televisions, computers, LED lighting, chargers, and
various kitchen appliances draw nonlinear current
waveforms that differ significantly from traditional
resistive or inductive loads. Nonlinear power ele-

ctronic loads that generate significant current har-
monics during operation are therefore modelled us-
ing a different approach to better capture their impact
on voltage quality and grid behaviour.

The “Power Electronic Loads” component
from the Residential Toolbox models typical house-
hold appliances using a generic approach based on
a switch-mode power supply (SMPS) circuit [18].
This model can reproduce the instantaneous power
waveform with good accuracy, while preserving key
behaviours observed in real devices, such as harmon-
ic injection and nonlinear distortion. As a result, it is
well suited for studying power quality in residential,
commercial, and industrial environments. The circuit
is essentially composed of a diode bridge rectifier,
where the load-side impedance varies depending on
the appliance category. The impedance on the load
side of the diode bridge consists of four components:
R, , which models the inrush-current protection using
a Negative Temperature Coefficient (NTC) resistor;
L,, a series inductance representing the Power Fac-
tor Correction (PFC) stage of the SMPS circuit; and
the parallel combination of R, and C,, which mod-
els the DC-side load and the corresponding DC-link
capacitor. This structure captures the key nonlinear
characteristics of SMPS-based appliances, particu-
larly the pulsed current draw and harmonic distortion
introduced by the diode bridge and DC-link dynamics.

Three types of consumers are represented in
this model:

—PEL1 - Compact and Linear Fluorescent
Lamps (CFL/LFL): “Fluorescent Lamp”

—PEL2 - Switch-Mode Power Supply with-
out Power Factor Correction (SMPS noPFC):
“Low-Power Consumer Electronics”

—PEL3 - Switch-Mode Power Supply with
Passive Power Factor Correction (SMPS pPFC):
“High-Power Consumer Electronics”, “Microwave
Oven”

The photovoltaic system model consists of a
PV module array and a two-stage conversion sys-
tem composed of a DC-DC converter and a three-
phase grid inverter. The DC-DC converter and the
grid-connected inverter were implemented using ge-
neric switching components (ideal switches), while
their control functions were executed externally
through digital PWM inputs, enabling real-time in-
teraction with the physical controller. The electrical
parameters of the converter system, together with the
numerical values of the classical current PI controller
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Table I Details of hardware components of grid inverter and current controller parameters

Inverter rated power Sn 7.5 kVA Rated DC voltage Vdc 450 v
Inverter-side inductance L1 4.0 mH Supply grid line voltage (rms) Vg 400 vV
Inverter-side resistance R1 0.078 Q Supply grid frequency 50 Hz
Grid-side inductance L2 1.84 mH Discretization time 100 ps
Grid-side resistance R2 0.017 Q PWM switching frequency 10 kHz
Filter capacitance Cf 4.7 uF DT PI current controller proportional gain 15.41
Damping resistance Rd 9.4 Q) DT PI current controller integral gain 474

developed in Matlab/Simulink and deployed to the
dSPACE controller via the real controller interface,
are listed in Table I. Additional details on parameter
selection and the discrete-time (DT) implementation
of the controller can be found in [15].

The grid-tied inverter operates in Grid-Follo-
wing (GFL) mode, meaning that both active and
reactive power injected into the grid are explicitly
controlled. The active power delivered by the PV in-
verter is proportional to the maximum available PV
array power; therefore, the primary control objective
on the active power side is Maximum Power Point
Tracking (MPPT). In this two-stage inverter topol-
ogy, MPPT is implemented within the control loop
of the DC-side boost converter. The reactive power
reference is maintained at zero under normal opera-
ting conditions, although the controller is capable of
adjusting reactive power when required.

The complete simulation model of the house-
hold PV system, including the selected groups of
residential loads, is shown in Figure 2. Residential
loads are commonly categorized into ten subgroups,
as presented in [17]. However, several of these sub-
categories are not typical for households in Serbia,
while some specific local appliances are not included
in this international classification.

In the model shown in Fig. 2, household loads
are grouped into four main categories, representing
the following consumer types:

Load 1: Thermal loads with predominantly
symmetric behaviour toward the grid, represented as
an equivalent three-phase load. This group includes
typical appliances in Serbian households such as
electric heaters, three-phase furnaces, electric boil-
ers, or the aggregated representation of water heaters
and electric stoves.

Load 2: Lighting loads, placed on phase L1,
comprising two subcategories: incandescent lighting
and LED lighting.

Load 3: Single-phase dynamic loads, connect-
ed on phase L2, which introduce time-varying and
often unbalanced consumption due to motor-driven
appliances such as washing machines, refrigerators,
and air-conditioning units.

Load 4: Nonlinear electronic loads, supplied
by phase L3, and modelled using the PEL3 category,
representing devices with pronounced harmonic con-
tent and power-electronic front ends (e.g., consumer
electronics, chargers, microwave ovens).

The complete list of loads, together with the
corresponding ZIP model parameters, is provided in
Table II.
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Figure 2. HIL simulation scheme of home PV system
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Table II Residential Load Groups and Assigned Model Parameters

Load category S IkVAT| P [kW] | O, [kVAr] Zp Ip Pp Zq Iq Pq

Load I: 3-phase load 6.0 6 0 1 0 0 0 0 0

Load 2: Incandescent Lamp 0.5 0.5 0 0.43 0.69 | -0.12 0 0 0
Load 2: LED Light Sources 0.2 0.027 -0.198 0.23 0.85 | -0.08 | -1.05 | 0.04 | 0.01
Load 3: Washing machine drum 1.0 0.9 0.436 05 | -062 | 111 | 154 | -1.43 | 089

rotation
Load 3: Washing machine heating 1.0 1 0 1 0 0 0 0 0
. R;, = 0.2998 O, L;;,, = 4.15mH, Cy4. = 2.51 mF,
Load 4: PEL3 1.5 Ry, = 7053 Q

The inverter control was carried out using a
dSpace DS1103 real-time controller, programmed
in a full Rapid Prototyping environment via MAT-
LAB/Simulink. The interface between the DS1103
controller and the HIL404 device was established
through PWM gating signals, while the correspond-
ing analog feedback signals from measurement
points were connected to the DS1103 analog inputs.
The laboratory setup used for executing the experi-
ments is shown in Fig. 3. It is important to note that
the parameters of the HIL and Rapid Control Pro-
totyping (RCP) setup (Table I) are fully identical to
those used in experiments with the actual hardware
[15]. This includes the same scaling of analog signals
as well as the digital controller parameters, ensuring
a one-to-one correspondence between the virtual and
physical implementations.

PC with RCP
Matlab/Simulink

dSpace - HIL
Interface Board

Figure 3. Laboratory setup for experiments with C-HIL
simulation of a residential PV system

To demonstrate the applicability of the devel-
oped platform, several test scenarios were defined
for the operating mode in which the system is con-

nected to the low-voltage (LV) distribution network
(on-grid mode):

a) initial synchronization and grid connection
in order to evaluate the inverter’s ability to synchro-
nize with the LV grid and smoothly transition to
steady-state operation;

b) Load fluctuations caused by the simulta-
neous operation of household appliances, used to
assess the inverter’s capability to maintain voltage
regulation and active/reactive power balance under
dynamically changing demand;

¢) Voltage disturbances in the urban feeder, in-
cluding harmonic distortion, applied to evaluate the
robustness and stability of the inverter control under
non-ideal grid conditions.

d) Clouding, shading or soiling effects, imple-
mented as a reduction in PV array effective irradi-
ance, representing typical urban atmospheric condi-
tions.

Each scenario is executed in real time with full
interaction between the controller hardware and the
simulated system.

4. RESULTS AND DISCUSSIONS

In the first scenario of the initial connection
of the photovoltaic inverter to the LV distribution
network, a three-phase symmetrical load (Load 1) is
connected first. After that, the synchronization pro-
cedure and the active-power reference ramping were
initiated. The obtained results are presented in Fig. 4.

The figure shows the initial current surges that
occur at the moment of connecting the inverter to the
grid, followed by a gradual increase in the injected
active power. At approximately 0.16 s from the start
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Figure 4. Initial start-up of the residential PV system showing: a) grid phase voltages; b) grid phase currents;
¢) active and reactive power at the smart meter, and d) inverter phase currents.

of the inverter operation, the active power changes nected to phases L1 and L2, resulting in sinusoidal
sign from positive to negative, which means that the but asymmetric load currents. As shown in Fig. 5, in
residential photovoltaic system starts to export active  this case the PV inverter—while injecting balanced
energy back to the grid. The inverter currents show a  three-phase currents—effectively increases the cur-
satisfactory quality, very similar to the ideal currents rent unbalance seen by the distribution network. Al-

injected into the grid. though the total power of the residential PV system
The next scenario considers the operation of  remains on the generation side (net active-power ex-

the PV inverter under unbalanced loading condi-  port), this comes at the cost of significantly increased

tions, where single-phase household loads are con- current asymmetry at the grid connection point.
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Figure 5. Operation under single-phase load conditions (Load 1 and Load 2): a) grid phase voltages;
b) grid phase currents, c) load phase currents; and d) inverter phase currents.
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The next critical situation is when a nonlinear
load (Load 3) with significant harmonic content is
connected to phase L3. From the following Fig. 6, it
is observed that the harmonic distortion of the grid
current of phase L3 is caused by the superposition of
the consumer current. This can be confirmed by com-
paring the harmonic spectra of the household input
currents of these two characteristic cases, which are
shown in Fig. 7, where the values of the character-
istic harmonics are observed. In practice, the higher
harmonics of the consumers are superimposed on the
input network currents with the same amplitudes and
harmonic order.

In addition to the impact of nonlinear house-
hold loads on the low-voltage distribution network,

the influence of the grid itself on the behaviour of
devices within the residential installation must also
be considered. Grid-connected inverters are known
to be particularly sensitive to voltage harmonic dis-
tortion. For this reason, the next simulation scenario
includes the presence of a 5" order voltage harmonic
with an amplitude of 3% relative to the fundamental
component.

The results are presented in Fig. 8, starting
with the case where the PV system is not in operation
and the three-phase household load is supplied solely
from the LV distribution network. As expected, due
to the linear nature of the load, the distorted voltage
waveform is directly reflected in the corresponding
current waveform drawn from the grid.
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Figure 6. System operation with a nonlinear, harmonic-rich load (Load 3) connected to phase L3:
a) grid phase voltages; b) grid phase currents; c) load currents; and d) inverter phase currents.
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Figure 9. System operation under distorted grid conditions with a Sth-order voltage harmonic and the PV inverter con-
nected: a) grid phase voltages; b) grid phase currents, c) load currents; and d) inverter phase currents

However, the operating conditions change sig- exhibit pronounced distortion. This behaviour indi-
nificantly once the grid-connected inverter is activat-  cates that, under such realistic grid conditions, con-
ed. This situation is illustrated in Fig. 9, where sev- ventional inverter control strategies may not be suffi-

eral characteristic system variables are presented. It  cient, and alternative control approaches are required
can be observed that the inverter currents themselves to preserve the desired level of power quality.

are not significantly distorted; however, the currents Finally, a scenario involving a reduction in
associated with the total household consumption solar irradiance from the standard value of 1000 W/
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Figure 10. System operation under reduced solar irradiance: a) grid phase voltages, b) grid phase currents; c) active
and reactive power at the smart meter and PV plant active power; and d) inverter phase currents

m? to 500 W/m? was simulated, emulating a sudden
increase in cloud coverage. As a result, the power
output of the residential PV system decreases pro-
portionally, causing the household to shift from net
energy production to net energy consumption. As
shown in Fig. 10, this transition occurs smoothly,
without any disturbances to the operation or stability
of the household power system.

All previously simulated situations were in-
tended to illustrate the possibilities of the proposed
C-HIL approach in modelling and analysing the
functionality of a home PV system. From the above,
it can be seen that there may be problems in the oper-
ation of the system, especially in cases where voltage
or current harmonics occur in the network, which is a
practically relevant situation for real operating con-
ditions. Also, the proposed approach provides excep-
tional flexibility for testing the functionality of the
control hardware in almost real exploitation condi-
tions, which ultimately leads to faster development
of fully functional devices.

5. CONCLUSIONS

The presented study demonstrates the advan-
tages and practical relevance of controller-hardware-
in-the-loop (C-HIL) simulation for testing and vali-
dating small grid-connected photovoltaic systems in
an urban residential context. The developed C-HIL
setup enabled realistic emulation of photovoltaic

system dynamics under varying irradiance and load
conditions, providing valuable insights into inverter
behaviour and control performance.

The results confirmed that the integration of
a residential PV system significantly reduces the
amount of electrical energy drawn from the distri-
bution network. The classical GFL control structure
of a three-phase grid-tied inverter performs ade-
quately under balanced load conditions; however, it
becomes suboptimal in the presence of pronounced
single-phase loads. This limitation is particularly
evident with high PE loads that introduce substantial
current harmonic distortion. In such cases, the opera-
tion of a three-phase PV inverter within a household
installation can noticeably degrade the overall cur-
rent spectrum, which may have long-term negative
effects on power quality. These findings highlight
the need for innovative inverter control strategies
capable of mitigating load unbalance and actively
compensating undesirable harmonics injected into
the grid. Such advancements are essential to enable
wider and more sustainable integration of renewable
energy sources in urban distribution networks.

In addition to its technical validity, the C-HIL
approach significantly reduces development time
and costs by bridging the gap between offline sim-
ulation and real-world hardware testing. It provides
a safe and repeatable environment for evaluating
control robustness before field implementation,
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which is particularly useful for densely populated
urban areas where large-scale experimental setups
are not feasible.

Overall, this research highlights the potential
of C-HIL simulation as a powerful tool for designing
and validating intelligent inverter control strategies
that contribute to the flexibility, resilience, and sus-
tainability of future urban power grids. Future work
will focus on expanding the framework to include
more inverters, integrating energy storage, and test-
ing advanced grid support functionalities.
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C-HIL CUMVYJIAIIMJA KYRHOT' ®OTOHAITIOHCKOI' CUCTEMA

Ancrpakr: Illupoka nmpumjena doronanonckux (PV) cucrema y ypOanumm monpydjuMa IOCTaBIba
HOBE M3a30B€ y IIOIVIEAy MHTErpanyje y HUCKOHANOHCKY NUCTPUOYTHBHY MPEXY, paja y yCIOBHMa
MIPOMjEHJBUBUX METEOPOJIOIIKNX yTUIIAja, Ka0 U YTHIAja JoKaiHuX nopemehaja. McrpakuBarma 3acHo-
BaHa Ha cumyianujama tuna Hardware-in-the-Loop (HIL), a Hapouuto TexHuke ca (GU3MYKH IPUCYT-
HuMm perynaropuma (Controller Hardware-in-the-Loop — C-HIL), npencrasibajy MohiHO OKpykeme 3a
UCIUTHBAkhE ¥ BAIUAIM]Y CTpaTeruja yrpasibama MpeTBapaynMa 3aCHOBAHUM Ha €HEPreTCKO] eleK-
TPOHMIM Y YCJIOBHMA OJIMCKUM pealiHuM, 0e3 pU3MKa M TPOIIKOBA MIOBE3aHUX Ca TEPEHCKUM EKCIIepH-
MeHTHMa. Y 0BOM paiy npukaszana je npumjena C-HIL cumyrnanuje paay aHaau3e U ONTHMH3ALIM]E pajia
kyhHor hoToHamOHCKOT CCTeMa HHTETPUCAHOT y ypOaHy nucTpuOyTHBHY Mpexky. CripoBeieHe CTy/m]je
ciydaja 00yxBarajy paJHe CleHapHje Kao IITO Cy Harje IpoMjeHe CYHUYEBOT 3pauciha, BapHjarnje Oll-
tepehema n HanoHCKH mopemehaju, mpu gemy je memoHcTpupana epukacHoct C-HIL mmardopme y
OLjeH! TMHAMHUYKHX IepPOpMaHCH, KBAIUTETa HANIOHA U CTAaOMIHOCTH cucTeMa. JJoOujeHu pesynraru
notBphyjy na C-HIL cumynaunja Moxke NMpy>XHUTH 3Ha4ajHE yBHIE 32 MPOjEKTOBamE (POTOHAMOHCKUX
crcTeMa yCMjepeHHX Ka 0e30je1H0j ¥ MIMPOKOj IPUMjEeHH JUCTPUOYUpaHUX OOHOBJBMBUX U3BOPA CHEP-
ruje y ypoaHuMm Mpexama.

Kibyune pujeun: cuMynamuja y peaqHoM BpeMeHy, KyhHu QoTOHAOHCKN cucTeM, ypOaHa aucTpuoy-
TUBHA Mpeka, MpexkHu uaeepropu, C-HIL.
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