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Abstract. This study presents a hybrid AC/DC microgrid designed
to reduce unnecessary power conversions between alternating
current and direct current systems. The AC and DC networks are
interconnected using bidirectional converters, allowing power to
flow efficiently between them and reducing conversion losses.
The proposed hybrid microgrid operates in two modes: grid-con-
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nected and autonomous. Renewable energy sources, loads, and

energy storage devices are connected on both AC and DC sides based on their natural operating characteris-
tics. The system is modeled and simulated using the MATLAB/Simulink environment to evaluate its dynamic
performance under varying load and renewable generation conditions. A supercapacitor is coordinated with
existing converters to provide fast transient power support, helping to stabilize the DC bus voltage during
sudden disturbances and mode transitions. Simulation results show improved DC bus voltage regulation and
smoother transitions between operating modes. The main contribution of this work is demonstrating that
significant improvements in transient stability and DC bus voltage regulation can be achieved in hybrid AC/DC
microgrids through the coordinated operation of existing converters and energy storage elements, without
introducing new control algorithms.

Keywords: PV system microgrid energy coordination, grid control and operation, wind energy, supercapaci-
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AHomauyia. Y pobomi npedcmasneHo 2ibpudHy AC/DC mikpome-
pexy, po3pobseHy 3 MEMOK 3MeHWEHHA HaOAUWKO8UX nepe-
meopeHb eneKmpoeHepezii Mix cucmemamu 3MiIHHO20 ma ro-
cmiliHo2zo cmpymy. Mepexci 3miHHO20 ma nocmiliHo2zo cmpymy
3’€0HaHIi mixc coboro 3a 00romMo2oro 08OHANPAMHUX repemeo-
prosauyis, wo 3abesneqye edpekmusHull nepemik nomymcHocmi
Mi¥C HUMU ma 3MeHWYE 8mpamu HA rnepemeopeHHA. 3anporio-

TacnipaHT-40CAIAHMK, IHCTUTYT TEXHONOTIi
Ta ynpasAaiHHA iMm. FaHAj (3i cTaTycom yHi-
Bepcutety), wrtat AHaxpa-Mpagew, IHAja

2 Npodecop, IHCTUTYT TeXHONOTrIN Ta yn-
paBniHHA im. TaHAj (3i cTaTycom yHiBepcu-
TeTy), wrtaT AHAxpa-MNpagew, IHAiA

HOBAHA 2i6pUdHa MiKpomMepexca NPaytoe y 080X PEXUMAX: 3 MPUEOHAHHAM 00 eneKmpu4vHoi mepexci ma
a8MOHOMHOMY. BidHo808aHI Oxcepena eHepeail, HABAHMAMXEHHA MA HAKoNu4Yysayi eHepaii niOKAYeHi aK
00 AC-, mak i o DC-cmopoHu cucmemu 8i0rnog8idHO 00 IXHiX MPUPOOHUX pexcumie pobomu. [19 OUiHIOBAHHSA
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OUHAMIYHUX XAPAKMepUCmuK cucmemu 30 3MiHHUX HOBAHMAX(EHb i pexumie eeHepayii 3 8i0HOBMOBAHUX
Oxcepen eHepeail BUKOHAHO iT MoOentoeaHHA ma imimauiliHi docnidxceHHA 8 cepedoasuwsi MATLAB/Simulink.
CynepkoHdeHcamop hyHKUIOHYE y32004(eHO 3 HAABHUMU repemaoptosayamu, 3abe3neyyoyu WeuoKy Kom-
neHcayito nepexioHux nomyxcHocmed, wio cnpuse cmabinizayii Hanpyau DC-wuHU nid Yac panmosux 36y-
peHb i nepexodis Mix« pexcumamu pobomu. Peaynemamu mMoOento8aHHA 3aC8i0YUAU MOKPAULEHHA pe2yto-
8aHHA Hanpyau DC-wuHU ma 6inbW naasHe nepemMmuKaHHA MiX pexcumamu ¢yHKUioHyeaHHA. Haykoea
UiHHicmb pobomu nonazae 8 demoHcmpayii moeo, wo 8 2ibpudHux AC/DC mikpomepexcax MoxcHa docazmu
icmomHo20 nidsuweHHA nepexioHoi cmilikocmi ma skocmi peaynto8aHHA Hanpyau DC-wuHU 3a808KU y320-
OxceHili pobomi HassHUX Nepemeoprosayie i HaKonu4vyea4ie eHepeaii 6e3 8rpo8adHeHHS HOBUX A120pUMMI8

KepysaHHA.

Knrouoei cnoea: chomoenekmpuyHa Mikpomepexca; KoopOUHAUia eHepeemu4HUX romoKis; KepyeaHHA ma eKc-
nayamauis enekmpu4yHUX MEPEeX; 8impoeHep2emuKa; cyrnepKoHoeHcamop.

Introduction. Due to their ability to operate at different
voltage levels, their efficient long-distance power transmis-
sion capability, and their compatibility with rotating ma-
chinery driven by fossil-fuel energy sources, three-phase AC
power systems have been used for a long time. Because of
the natural issues presented by customary petroleum de-
rivative power plants, sustainable energy systems are cur-
rently being connected to low voltage AC distribution sys-
tems as distributed generators or as AC microgrids.
However, to conserve energy and reduce CO2 emissions,
numerous DC loads, such as electric vehicles (EVs) and light-
producing diode (LED) lighting systems, are connected to
AC power systems. Power from nearby renewable energy
sources eliminates the need for costly and tedious trans-
mission of power over long distances at high voltages [1].
To facilitate integration of renewable energy sources into
conventional AC systems, AC microgrids [2] - [5] have been
proposed. To connect to the AC grid, DC/DC converters and
DC/AC inverters are required to convert the DC power from
energy components or photovoltaic (PV) panels into AC
power. Many commercial and residential buildings rely on
integrated AC/DC and DC/DC converters to meet their di-
verse DC power needs when connected to an alternating
current grid. Controlling the speed of AC motors in indus-
trial facilities is a common application of AC-DC-AC convert-
ers.

Renewable direct current power sources, together with the
inherent advantages of direct current loads in a variety of
applications (commercial, industrial, and residential), have
recently contributed to the growing importance of DC grids.
To include various distributed generators, the DC microgrid
has been suggested in references [6] through [10]. Never-
theless, DC/AC inverters are necessary for the standard AC
loads, and converting AC sources to DC is necessary before
connecting to a DC grid.

The reason is that compared to a standalone AC or DC grid,
managing, controlling, and operating a hybrid grid is more
complex. Additionally, a hybrid AC/DC grid has many modes
of operation. One way to reduce power losses while switch-
ing between alternating current and direct current net-
works is to coordinate the control of different converters.
This would allow us to use renewable energy sources to
their full potential. Unlike studies that focus on developing

novel control algorithms or optimization techniques, this
work emphasizes the coordinated operation of existing
control schemes within a hybrid AC/DC microgrid. The cen-
tral objective is to analyze how proper coordination among
converters and energy storage elements, particularly the
supercapacitor, can improve transient response, reduce DC
bus voltage deviations, and enable smoother transitions
between operating modes. This operational perspective
provides practical insights into microgrid stability enhance-
ment without increasing control complexity. This paper
presents a coordinated control framework for a hybrid
AC/DC microgrid in which the supercapacitor is deliberately
prioritized for transient power compensation. Rather than
modifying individual converter control laws, the proposed
framework focuses on system-level coordination among
existing controllers to enhance dynamic performance.

Contributions of this work:

The central objective of this study is to analyze how the co-
ordinated operation of existing converters and a superca-
pacitor-based storage system can improve transient re-
sponse and enable smoother transitions between
operating modes. Specifically, this work seeks to demon-
strate that prioritizing supercapacitors for fast transient
compensation can reduce battery stress and maintain DC
bus stability without the need for complex new control al-
gorithms.

¢ Presentation of a coordinated control framework for a

hybrid AC/DC microgrid that prioritizes supercapacitors
for transient power compensation.

Operational analysis of DC bus voltage stability under
varying load and renewable generation conditions with-
out introducing new control algorithms.

Observation of reduced battery stress during transient
events through coordinated utilization of supercapaci-
tors.

Evaluation of seamless mode transitions enabled by
converter coordination in grid-connected and autono-
mous modes.

Materials and Methods. The research was conducted using
MATLAB/Simulink R2024a to model and simulate a hybrid
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AC/DC microgrid. The methodology involves mathematical
modeling of renewable energy sources, including a PV array
based on the single-diode circuit model and a 50 kW per-
manent magnet synchronous generator (PMSG)-based
wind turbine. The control strategy employs standard Pl
controllers within a PQ control framework to regulate bus
voltages during mode transitions. Data for solar irradiance
and wind speed were integrated as time-varying inputs to
evaluate the system's dynamic response under realistic
fluctuations.

System configuration and modeling. This section describes
the configuration of the proposed hybrid AC/DC microgrid
and outlines the modeling assumptions used to evaluate its
dynamic performance.

Grid Configuration. Fig. 1 illustrates the proposed hybrid
AC/DC microgrid architecture integrating PV, wind genera-
tion, battery, and supercapacitor through coordinated bidi-
rectional converters. The configuration enables selective
prioritization of the supercapacitor during transient condi-
tions, as implemented through coordinated converter op-
eration described later. To interface DC sources, a DC boost
converter is utilized. To represent a renewable generation
sources, a 50 kW wind turbine generator (WTG) is con-
nected to the AC bus through a grid-interfaced converter
[11][12].

The energy storage unit consists of a 65 Ah battery con-
nected to the DC bus through a bidirectional DC/DC con-
verter. The variable load, ranging from 20 kW to 40 kW, is
connected to both the DC bus and the AC buses, separately.
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Fig. 1. A hybrid AC/DC grid system

The microgrid includes two types of buses: a DC bus with a
rated voltage of 400 V and an AC bus with a rated voltage
of 400 V rms[13].

Operation of the grid. The hybrid AC/DC microgrid oper-
ates under multiple predefined modes determined by grid
availability, load demand, and renewable generation levels.
The system operates in two principal modes. In the grid-
connected mode, the converter enables power exchange
between the AC and DC buses, maintains a consistent DC
bus voltage, and provides reactive power support when

required. When the generated power is insufficient to meet
the load demand, the utility grid supplies the deficit. If the
total generated power exceeds the demand, the excess
electricity is fed back to the utility grid. In this operating
mode, the battery converter plays only a minor role. De-
pending on the operating conditions, either the battery
converter or the boost converter may be responsible for
maintaining a constant DC bus voltage. A stable and reliable
AC bus voltage is maintained by controlling the primary
converter. The system functional requirements determine
whether the PV array and the WTG operate in the off-MPPT
mode or maximum power point tracking (MPPT) mode. To
assess the MPPT control algorithm, the power output of the
AC and DC sources is simulated by applying variable wind
speed to the WTG and variable solar irradiance to the PV
array, respectively [14]. The microgrid transitions through
four distinct operating states:

e Mode I: Steady-state operation where PV generation
meets the constant DC load demand and the DC bus
voltage is maintained at 380 V, and the AC grid remains
stable.

e Mode Il: Transition triggered by a light load addition
(e.g., 400 W), where the supercapacitor manages the in-
itial voltage dip.

e Mode lll: High-demand state (e.g., 1000 W load) where
the bidirectional AC/DC converter enters rectification
mode to draw power from the AC grid.

e Mode IV: Autonomous/Isolated state where the system
must balance power using only internal energy storage
during a grid fault.

Coordinated Operation of Existing Converter Control
Schemes. In a hybrid grid, there are several kinds of con-
verters. To supply variable DC and AC loads with uninter-
rupted power under changing conditions, such as variations
in solar irradiance and wind speed, these converters should
be properly controlled and coordinated with the utility grid.
They should be capable of operating in both grid-connected
and islanded modes. This subsection outlines the existing
control schemes used by each converter and their coordi-
nated operation within the hybrid microgrid.

Grid-Connected Mode. The PQ control method is imple-
mented using a current-controlled voltage-source con-
verter. Pl control is employed to maintain a constant DC bus
voltage despite variations in load demand and renewable
energy generation conditions. The Pl controller parameters
are tuned to ensure stable and reliable system operation.

The converter is modulated when there is an abrupt reduc-
tion in DC demand, which results in excess DC power. Dur-
ing sudden load changes, voltage deviations may occur on
the DC network. The primary converter is designed to trans-
fer power from the AC side to the DC side. As a result,
power can be supplied from the AC network to support the
DC side.

11
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Modeling of the PV Panel. Fig. 3 shows the equivalent cir-
cuit of a PV panel connected to a load. The output current
of the PV panel is described by Equations (1)-(3) [11], [12].

Vpv
Ly = Nyl — My lige [exp (# (ni + IpvRS)> - 1] (1)
S
Iph = (Isso + ki(T - Tr)) To00 (2)
T3 qE 1 1
Isqr = Ly (E) eXp( quap (T—r - 7)) (3)

In Equations 1-3, the variables are defined as follows:

I_{pv}: Output current of the PV panel.

e |_{ph}: Photocurrent, which is proportional to solar irra-

diance.
|_{sat}: Reverse saturation current of the diode.
n_p, n_s: Number of parallel and series-connected cells.

g, k, A: Elementary charge, Boltzmann constant, and di-
ode ideality factor.

T, T_r: Cell temperature and reference temperature
(Kelvin).

Battery. The hybrid grid operates in grid-connected mode,
where the control objective of the boost converter is to reg-
ulate AC/DC/AC converter associated with the wind gener-
ation system. After that, the proposed method in [15] may
be used to regulate the battery's DC/DC converter as an en-
ergy buffer. The primary converter is bidirectional and built
to take advantage of the synergistic properties of wind and
solar power [16], [17].

Power flow equations for both alternating current and di-
rect current are written as follows:

va+Pac=Pch+Pb (4)

Py =B, — Pycr — Pac (5)
The 50 kW WTG is connected to the AC bus and is repre-
sented by the power term Pw in Equation 5.

These equations are included to represent the power flow
interactions between the AC and DC subsystems during dy-
namic operation.

In the proposed configuration, the battery primarily sup-
ports energy balancing, while the supercapacitor is priori-
tized for fast transient power compensation.

Simulation results. To test the suggested control algo-
rithms, we model the hybrid grid's operations under differ-
ent source and load scenarios. The transition mechanism
between operating modes is illustrated in Fig. 2, which rep-
resents the simulation model used to analyze system be-
havior during mode changes. This section presents simula-
tion results obtained under different load and renewable
generation scenarios to evaluate DC bus voltage regulation,
energy storage behavior, and mode transition performance
of the proposed hybrid AC/DC microgrid. Multiple operat-
ing modes and transition cases are examined to assess the

effectiveness of supercapacitor-assisted coordinated con-
trol under dynamic conditions.

e
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Fig. 2. Simulation model for the transition from Mode Ito
Mode Il

The DC bus voltage remains close to its nominal value of
380 V during steady-state operation and transient condi-
tions, as shown in Fig. 3. The corresponding load variations
applied during the simulation are illustrated in Fig. 4. The
variation in photovoltaic power output due to changes in
irradiance is shown in Fig. 5. The power exchanged by the
supercapacitor during transient events is shown in Fig. 6.
The dynamic response of the hybrid AC/DC microgrid under
varying load and photovoltaic generation conditions is sim-
ulated. Despite sudden load changes and renewable power
fluctuations, the DC bus voltage remains close to its nomi-
nal value, indicating effective voltage regulation. The su-
percapacitor provides rapid transient power support,
thereby mitigating power imbalances and enhancing over-
all system dynamic stability.
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Fig. 3. DC voltage versus time
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Fig. 4. Load power versus time
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Fig. 5. Solar power (watts) versus time

Analysis: With a maximum of 2000 W, a temperature of
25 °C and an irradiance of 1 KW/m?, the MPPT voltage is
180 V. The voltage of the power grid is 110 volts. The bat-
tery has a rated capacity of 90 Ah and a nominal voltage of
90 V. A supercapacitor with a capacitance of 12.5 F is con-
nected in series with a resistance of 0.01 Q. It is necessary
to set the simulation sample time to 2 x 10°®s.
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Fig. 6. Power of the capacitor versus time

Within six seconds, the system switches between two
modes, mode | and mode Il. There are one to four opera-
tions included. Changes in temperature and irradiance, or
the introduction of a light load, will trigger the transitions.
To start, the microgrid is up and running in 1-2 seconds,
and the DC bus value is close to 380 V in the figures above,
so the PV power that is delivered is sufficient to fulfill the
need [18] - [22]. The voltage and current responses of the
supercapacitor during mode transitions are shown in Figs.
7 and 8.

87
0 1 2 3 4 5 6 7

Time (s)

Fig. 7. Voltage across the supercapacitor versus time

-10
0 1 2 3 4 5 6 7

Time (s)
Fig. 8. Current through the supercapacitor versus time

The DC bus voltage would then fall to 377 V in 2 seconds
under a 400 W load. During this time, the DC bus voltage
is maintained by the supercapacitor's bidirectional
DC/DC converter. Within three seconds, the 400 W load
is disconnected from the system, and the DC bus voltage
returns to 380 V. In 5 seconds, a 500 W load is discon-
nected, causing the DC bus voltage to rise to 383 V. The
supercapacitor is utilized to store the excess energy dur-
ing this time. The simulation model used to analyze the
transition between Mode | and Mode Il is shown in Fig.
9. The corresponding DC bus voltage, load power, and
solar power responses for this operating condition are
shown in Figs. 10-12.
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Fig. 9. Block diagram for different transition processes

400

390

(v)

Va

370

360

380 _

3 4 5 6
Time (s)

Fig. 10. DC voltage versus time

13



BiaHoBNtOBaHa eHepreTuKa

. N2 2/2026 | KomnneKcHi npobnemmn eHepreTUYHUX cuctem Ha ocHosi HBJE

3000

2500

w)

2000

load

1500

1000
0 3 4

Time (s)
Fig. 11. Load power versus time
2053

2052.5

(w)

2052

P
pv

2051.5

2051
0 3 4

Time (s)
Fig. 12. Solar power (watts) versus time

Fig. 13 shows the simulation model for the transition be-
tween Mode Il and Mode IV. The load power, battery re-
sponse, and supercapacitor dynamics during this transition
are shown in Figs. 14-18. During the transition between
Mode Il and Mode |V, the system experiences significant
load variations and changes in power flow direction, creat-
ing transient power imbalances. The supercapacitor re-
sponds rapidly by supplying or absorbing power, thereby
limiting DC bus voltage deviations during the transition pe-
riod. In contrast, the battery exhibits smoother current and
power profiles, indicating reduced involvement in fast tran-
sients. This coordinated behavior confirms that transient
power compensation is effectively shifted toward the su-
percapacitor, reducing battery stress. As a result, stable op-
eration and smooth mode transitions are achieved without
modifying existing converter control schemes.

Fig. 13. Simulation model for the transition between Mode
Il and Mode IV
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Fig. 14. Load power, PV (solar power) versus time

The corresponding transition is observed during the simu-
lation. If the supercapacitor converter fails or if the energy
stored in the supercapacitor is outside the allowable range,
the corresponding system response is observed. Initially,
the PV converter regulates the DC bus voltage at 380 V. At
t=2sa 1000 W load is connected to the system, causing
the grid-connected AC/DC converter to enter rectification
mode and begin drawing power from the AC grid. During
this period, the AC grid current and voltage remain synchro-
nized. The grid converter maintains the DC bus voltage at
370V. At t =4 seconds, a 2000 W load is disconnected from
the system, and at t = 4.8 seconds, the DC bus voltage
reaches 390 V [23-25].
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Fig. 15. Battery power, current versus time
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Fig. 16. Current of the supercapacitor versus time

If power is exported to the grid or the grid-connected con-
verter fails, the DC bus voltage is regulated at 380 V by the
PV converter. Att=2s,a 300 W load, and the DC bus volt-
age is maintained at 377 V by the supercapacitor's bidirec-
tional DC/DC converter. Att =4.5s, a 1100 W load is con-
nected to the system, causing the DC bus voltage to
decrease to 365 V. Att = 7s, a 1400 W load is disconnected
from the system, resulting in the DC bus voltage rising to
383 V.
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Fig. 19. Simulation model for the transition from Mode | to

Mode IV

Table. Comparison of Results

1/P (V) Load Time c()\/,;’
300 2 377 | Supercapaci-
PV 380V 1100 4.5 365 | torand
source Bi-directional
1400 3 383 DC-DC
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