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Fuzzy-Integrated Direct Model Predictive Power Control for Enhanced Stability in
Renewable Energy Systems

P. SAI SAMPATH KUMAR?*, P. SURESH, D. LENINE

Abstract: This paper presents a novel Direct Model Predictive Power Controller (DMPPC) designed to address voltage fluctuations and power quality issues arising from
variable load demands and the intermittent behavior of renewable energy sources (RES). The proposed control framework incorporates a bidirectional DC-DC converter
integrated with a Battery Energy Storage (BES) system to manage power flow and stabilize the DC bus voltage. A fuzzy logic-based decision-making mechanism dynamically
optimizes energy exchange, enhancing system adaptability across varying operating conditions. Furthermore, the AC/DC interlinking converter is regulated in real-time
based on both grid constraints and the BES state of charge, enabling efficient energy exchange and stable AC voltage support. Unlike traditional layered control structures,
the DMPPC introduces an enhanced cost function that fuses predictive control with fuzzy objectives, thereby offering superior resilience to external disturbances and system
nonlinearities. MATLAB/Simulink-based simulations were conducted under diverse loading scenarios, including linear and non-linear loads. Results confirm the superior
performance of the proposed controller in minimizing Total Harmonic Distortion (THD), improving dynamic response, and increasing energy conversion efficiency, when
compared to conventional control methods such as Sliding Mode Control (SMC). By effectively mitigating voltage instabilities and enhancing power quality, the DMPPC
facilitates reliable and robust integration of RES into smart utility grids. These findings affirm its potential for advancing the management and control of renewable-powered
hybrid energy systems.

Keywords: battery energy storage (BES); direct model predictive power control (DMPPC); fuzzy decision-making; renewable energy systems (RES); total harmonic distortion
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1 INTRODUCTION

In larger grid systems, possible limitations are higher
computational demands, challenges in data management,
slower simulation performance, and scalability issues in
precisely capturing diverse dynamic behaviors across
interconnected networks. In recent years, there has been a
growing interest in grid-tied solar and wind turbines, along
with other renewable energy source (RES)-based
generation technologies. Distributed generation systems
increasingly rely on grid-connected inverters as a
fundamental component for efficient operation.
Consequently, the performance and effectiveness of these
inverters are largely determined by the adopted control
strategies [1, 2]. Hybrid configurations, which integrate
multiple renewable energy sources with energy storage
systems, have emerged as a promising solution for
enhancing both the technical and economic performance of
power generation systems. These systems offer improved
reliability, flexibility, and energy management capabilities.
Whether in standalone (off-grid) or grid-connected modes,
hybrid systems that combine wind, photovoltaic (PV), and
battery storage are considered highly desirable and cost-
effective. Their ability to ensure stable power supply,
mitigate intermittency, and provide load balancing makes
them particularly suitable for modern energy needs and
smart grid integration.

Due to the increasing ubiquity of DC-built sources
with micro grids and the need to take into consideration an
era older ac power structures, importance in hybrid ac/dc
micro-grids has begun to grow rapidly in recent years.
Given their ability to efficiently handle the stochastic
nature of both distributed generation (DG) as well as
energy via RES, such as wind and photovoltaic energy,
microgrids represent the most viable options for integrating
DG and RES into power distribution networks. In addition,
microgrids provide reduced transmission and distribution
costs, greater dependability, and decreased energy losses
(3, 4].

These microgrids usually use PID controllers to
govern the interlinking AC/DC circuits and DC to DC
converters through cascading inner current and outer
voltage looping connections. The bi-directional DC to DC
configuration retains the DC side voltage, and the primary
interlinking AC/DC systems have been modified to
provide uniform frequency along with voltage whereas the
AC sub grid operates in islanded mode [5, 6].

MATLAB/Simulink is used for its strong toolboxes
and accurate modeling. The model is validated by
comparing with benchmarks, checking sensitivity, and
matching results from existing literature. Hence,
MATLAB/Simulink is adopted as the simulation platform
paper to ensure reliable modeling, analysis, and validation
of the system performance.

2 RELATED WORKS

The main sources of problems with electrical power
quality associated with the hybrid PV/wind/battery power
system are harmonic generations, voltage changes, and
frequency swings. Actually, the main sources of harmonics
are non-linear loads and non-linear components like power
converters. Furthermore, the primary causes of variations
in frequency and voltage are modifications in methodical
issue conditions and network disruptions. Microgrid
applications have improved things, but there are still a lot
of technical issues that researchers in electrical engineering
need to concentrate on [7, 8]. Using the grid-interfaced
converter, the microgrid is expected to meet the operational
requirements of several more power electronic devices.
This might slash the overall cost as well as complexity of
the network. Several guidelines are proposed to regulate
the microgrid application. Power quality, specifically the
current harmonic distortion, is one of the indicators.

One way to address these issues is to design the proper
control regulations for power converters in hybrid systems.
Storage units are mainly introduced to the energy mix to
deal with such stability concerns, though they are also used
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as spinning reserves. They help the PCC adjust voltage and
frequency and store energy generated by solar and wind
farms during off-peak hours. Controlling the working of
hybrid AC/DC grids could be complicated by the timescale
variance among sluggish AC responses and quicker DC
responses [9]. Unsuited control design can result in poor
transient operation and oscillations. Therefore, it is
necessary to develop systematic design and analysis
methodologies.

Technology improvements in processing power have
made it possible to apply complex control techniques.
Model predictive control (MPC) thereby works with
systems that have precise mathematical models, and is one
such promising control technique [10, 11]. Since
astandard VSC could be simulated through a linear
mathematical representation, MPC control is a better
choice. Conversely, though a fuzzy control, which is built
on fuzzy based decision making (FDM), does not require a
mathematical model because control objectives and
commands are defined using human knowledge [12-15],
most real-life situations are hard to model numerically and
instead rely on estimates or predictions due to wide
changes in parameters and a lack of necessary data.

In order to enrich the transient performance of the PV
farm, the fuzzy depended gain scheduling sequence used
by the PID controller has been described in [16, 17]. Fuzzy-
MPC control integrates FDM and conventional MPC to
address complicated and fluctuating control systems.
Numerous conventional control techniques, such as PID
controllers, have been studied over the years for voltage
control [18, 19]. The majorityof these advanced control
methods involve space vector modulation that is based on
three dimensions, which is a laborious, complex, and
challenging process to perform [20].

When designing the goal-oriented features for MPC
alongside various scenarios FDM or in systems with non-
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linear models, fuzzy-based MPC controllers may be
employed [21, 22]. The authors of [23] suggest an
improved duty cycle modulation procedure for fuzzy logic
modelled duty cycle modulation (MPDPC). Some systems
require unique control upon the components for the
objective function; subsequently the extent of influence
can vary dynamically through response to human
intelligence based on experience[24-26].

The research gap lies in the lack of robust, adaptive
control strategies capable of simultaneously handling the
non-linearities, dynamic disturbances, and hybrid nature of
PV/wind/battery energy systems in grid-connected
microgrids. Existing conventional control methods like
PID and traditional MPC are limited by their dependence
on linear models, insufficient adaptability to rapid system
variations, and high implementation complexity, especially
under variable load and grid conditions. Additionally, the
integration of bidirectional energy flow in BESS with
efficient control remains underexplored. This study
addresses this gap by proposing a fuzzy-based Direct
Model Predictive Power Control (DMPPC) system for
enhanced reliability, adaptability, and power quality.

3 DESIGN PROCEDURES OF THE PROPOSED
CONTROLLERS

The key proposals of this article are the application of
FDM predictive control over grid-connected converter
control as well as the automatic control of the converter to
regulate a BESS's bi-directional flow of power in
accordance with dynamic system circumstances. A fuzzy-
DMPPC mechanism has been suggested and its
performance is shown methodically via the MATLAB
Simulink platform. The block diagram of the proposed
system is shown in Fig. 1.
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Figure 1 Overview of the proposed system
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3.1 Fuzzy Control Algorithm

The significance of fuzzy control lies in its ability to
incorporate human understanding concepts as control rules
over an array of rules. These arrays of rules are typically
specified by a design engineer or operator with system
experience. The fuzzy logic controller uses triangular
membership functions for inputs and outputs. SOC is split
into low (0-30%), medium (30-70%), and high (70-100%).
RES fluctuation is also low, medium, or high. Nine simple
IF-THEN rules guide charging and discharging. The
Mamdani method with centroid defuzzification ensures
smooth, adaptive control.

The following are the control measures defined by
fuzzy DPMPC. Appropriate control over power is required
to maximize the benefits and prolong the life of expensive
BESS. This leads to the establishment of a minimum SOC
threshold 4, for battery discharge. Reactive power might be
released as soon as state of charge attains 4, after the
battery starts to charge when the SOC magnitude attains 4.
The battery shall be utilized readily for grid environments
once it attains a SOC magnitude of 4s.

Egs. (1) to (3) is the expression of the error functions.
ep, €4, along with e, represents error cost of real, reactive
power, in addition to battery power. Furthermore, its
appropriate membership functions, g, t4e, along with s,
are shown in exponential form, as given in Eq. (4). The
membership deviation with reference towards error
functions of true, power, in addition to battery power is
adjusted using normalization variables Kp, Kq, and Kb.
The exponential model is chosen because it is more likely
to affect the objective function, even though the error is
tiny. The entire of these uncertain criteria should be defined
by the design engineer, along with parameter settings that
align with the system's requirements and specifications for
performance. The design requirements for membership
functions have been satisfied, and as shown in Fig. 2 of this
article, the proper SOC range to control BESS's operation
is determined. The basic block diagram of the suggested
fuzzy-based MPC control structure is displayed in Fig. 3.
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Figure 3 Fundamental layout of the suggested FLC-Based MPC
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3.2 DMPPC Control Algorithm

Clarke & Park transformations are used to convert the
network voltage expressions to synchronous reference
frame in order to overcome the control problems. The grid
voltage, converter side potential, as well as grid current
from the synchronous reference frame in this instance are
represented by the d-g elements Uy, Vi, and iz,
respectively. The Uy, equation is represented by Eq. (5).
Eq. (6) provides the discrete state space formula of the
network.

. dldq
Uy =Vag +Reigg+Ly-—— &)
dt
x(k+1)=A-x(k)+B-u(k)+M 6)

Eq. (7) represents the state variable x, and the
subsequent Egs. (8) to (11) represent other System
parameters.

x=[igi,] 7

w=[vr, ] ®)

A= 9
-T,0 [1— T‘RJ
L,
Input Matrix,
1 1
B :{-_,——} (10)
L, Ly
u
M = {u_d]_q:| (11)
Ly Ly

To find the real and reactive powers of the (k + 2)®
position at PCC, utilize Eq. (12).
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In the next control cycle, the switching condition * _l: *
related to the vector voltages that produces the minimum Po (k - 1) lde (k " 1)*Vd°’ (18)

value of the predefined objective function will be chosen
and applied to the converter.

3.3 MPCP Control Model

The battery is discharged by using the lower output
voltage that the buck-boost converter produces from the
lower input voltage. There can be just two possible values
for the current ip in boost mode, as indicated beneath in
Egs. (13) and (14).

di
L —Lt=y, 13
raall (13)
di
L,—L2=V, -V 14
b = b Ve (14)

The discrete-time model for a sampling Period ts is
expressed in Eq. (15) and Eq. (16).

ib(k+l)=£—‘be(k)+ib(k) (15)
i, (k+1):]i¢(—Vdc(k)+V,, (K))+i, (k) (16)

b

Eq. (17) illustrates how a cost function could be
developed to control battery current whether it has been
charged or discharged.

C, = is =iy (k+1)| (17)
The (k + 1) power necessitated by BESS to hold the

micro grid's power balance shall then be evaluated using
Eq. (18).

Given that the battery voltage ¥} changes relatively
slowly and that the inductor current /, and battery current
outflow 75, are equivalent in steady state, it is possible to
forecast the battery output power Po by using Eq. (19).

Py (Fe+1) =iy (k+1) %, (k) (19)
It is feasible to predict the battery's output power as
follows given that the battery voltage V) fluctuates

relatively slowly and that, in a steady state, the inductor
current /, and the battery current discharge 7. are equal.

C,=

By (k+1)= Py (k+1) (20)

The switching mode of the buck-boost converter is
selected such that the cost function in Eq. (20) is
minimised.

3.4 MPVP Control Algorithm

The capacitor filter potential is predicted using the
current output, and each sampling period's switching state
is ascertained by minimalizing a cost function. The
discrete-time equation will be used to predict the expected
output current and capacitor filter voltage for various
voltage vector Vi evaluates at the time of (j + 1).

T,

i(+1)=i() = [ (1) () =R (i)~ (/)] @D

The projected capacitor potential at the (j + 1)
moment can be expressed as follows by converting Eq. (21)
into Eq. (22).

V(1) = Ve )42 [ 1) 4, ()] @)

Vo(j+1)=V. (j)+%{i(j)+%[V(j)—Vc (N)=R(1()=1s (D], (1)} 23)

Once voltage V.((j + 1)) were calculated and related
with the help of a cost variable g, the ideal voltage vector
J(j) that minimalizes Eq. (23) is chosen and employed at
the subsequent sampling time.

4  SIMULATION OUTCOMES AND ANALYSES

For the suggested design, a MATLAB/Simulink model
has been utilized to model and analyze the recommended

Fuzzy based DMPPC, MPVP, MPCP, and SMC,
controllers. The analysis's conclusions are given. Twelve
solar PV modules of 64.2 V capacity, a power of 305 W,
and a current rating of 5.96 A were assumed for the
simulation purposes. A wind farm having a wind speed of
11 m/s?, power rating of 500 W and voltage rating of 250
V are considered for simulation purposes. Tab. 1 comprises
the simulation parameters.
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Table 1 Ratings of the variables considered The solar system’s output Voltage and current
__Name of Variable Rating waveforms are shown in Fig. 5.
FilterCircuit inductance L 0.09 H
Filter Circuit capacitor C 100 pF PV voltage (V)
DC voltage 220V =
Load Resistance R =30 ohm MU
Sampling instance 20 ps 200
The output voltage and current waveforms for the 150
WECS are shown in Fig. 4 before and after the AC-DC %
converter. g
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Figure 4 Waveform of WECS's: (a) Voltage before & (b) Voltage after AC-DC Figure 6 Voltage output of a DC to DC configuration: (a) Without filter &
converter (c) Current before and (d) Current after AC-DC converter (b) With filter
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Fig. 7 shows the current, power and capacitor link
voltage at the PCC of the system for the suggested
controller. It also depicts the voltage across the filter
capacitance of the system for the suggested controller.
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12
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Figure 7 Waveforms at the PCC: (a) Current, (b) Power (c) DC-link voltage and
(d) capacitor filter voltage
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Figure 8 Interlink converter: (a) Output voltage without filter & (b) With filter

The voltage across the interlink converter of the 3
phases, namely V,,V,,& V., are displayed in Fig. 8
respectively and show the potential across the
recommended interlink converter excluding and including
filters. It is clear from this figure, that ripple is notably
condensed by the filter design of the converter.
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Figure 9 Interlink converter: (a) Output currentwithout filter & (b) With
filter
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Similarly, Fig. 9 depicts the interlink converter's
output current waveforms with & without filter. It also
clearly shows the current ripple is notably reduced by the
filter design of the converter. Fig. 10 and Fig. 11 display
the comparison of the various parameters, that shows the
robustness and efficacy of the proposed controller.

80

" o m THD of output voltage

without LC filter

8 THD of output voltage
with LC filter

8 THD of output current
without LC filter

8 THD of output current
with LC filter

FuzzyMPPDC  MPVP&MPCP MPVP(THD%)  SMC(THD %) PI(THD %)
(TED %) (THD %)

Figure 10 Comparison of THD % of voltage for all controllers

Fig. 10 shows the THD comparison chart of the
different controllers with and without filters. It can be
clearly witnessed that the proposed Fuzzy-MPPDC
controller is superior to the other types.

3 Level Interlink Converter efficiency (%)

989
98.6

981
98 975
96
94

921

92
90
88

MPVP sSMC

(@)

Fuzzy-MPPDC MPVP & MPCP
Transient load-settling time (s)

Fuzzy-MPPDC MPVP & MPCP MPVP SMC Pl

(b)
Figure 11 Comparison of (a) Efficiency & (b) Transient load settling time for
all controllers

Fig. 11 depicts the efficiency and the transient settling
times for the various controllers. Again the dominance of
the recommended method can be noted.

Tabs. 2 to 5 provide an overview of the simulation
results. Tab. 2 shows the output voltage and current total
harmonic distortion (THD) percentage for each type of
controller, both with and without filters.

Table 2 Comparison of % THD for all types of controllers

THD of THD of THD of THD of
output output output
. output
During Load voltage voltage current current with
without LC | with LC | without LC “LC ﬂf”
filter filter filter Hter
Fuzzy-MPPDC
(THD %) 31.1 0.63 2.2 0.48
MPVP &
MPCP 335 0.75 2.8 0.55
(THD %)
MPVP
(THD %) 48.3 1.1 7.5 0.75
SMC
(THD %) 50.2 6.1 3.75 2.4
PI (THD %) 67.1 14.6 8.4 2.9

Tab. 3 presents the % THD for all types of controllers
under tested load conditions.

Table 3 THD (%) Comparison for types of controllers under tested load

conditions
Load % THD Output Voltage Comparison with LC Filter
Condition DMPPC MPVP | MPCP | SMC PI
Light
load 0.63 0.75 1.1 6.1 14.6
(20-30%)
Medium
load 23 2.9 3.1 72 | 163
(50-60%)
Heavy
Load 3.1 3.8 4.0 8.1 17.2
(80-100%)

A summary of each controller's converter efficiency as
well as settling time under transient circumstances can be
found in Tab. 4.

Table 4 Converter efficiency & settling times for all types of controllers

Fuzzy- MPVP

During Load MPPDC | & MPCP MPVP | SMC PI
3 Level Interlink
converter 98.9 98.6 98.1 97.5 92.1
efficiency / %

Transient load -

o 0.031 0.035 0.04 0.07 0.09
settling time / s

Tab. 5 represents the comparison of settling times for
various controllers under tested load conditions.

Table 5 Settling times for all types of controllers under tested load conditions

Load Condition DMPPC si\t/illir\l/'ngimel\/:i)()CnIl’pariS(S)nMC PI

(20—3L0i‘§i§1;0a @ 0.031 0.035 0.04 0.07 | 0.11
(solt/é?)‘ojiulrgad) 012 O | O | 02 | 0B
(80. ﬁ)%izyloa 4 0.19 0.25 0.29 0.31 | 038

5 CONCLUSIONS

In conclusion, this research presents the successful
design, simulation, and verification of a novel Fuzzy-
Based Direct Model Predictive Power Control (Fuzzy-
DMPPC) system for managing a hybrid grid-connected
network utilizing a three-stage AC/DC interlinking
converter. The proposed controller addresses the
limitations of conventional DMPPC by incorporating
fuzzy logic-based decision-making into the objective
function, enabling adaptive and intelligent responses to
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dynamic system conditions. Unlike traditional MPC
approaches that rely heavily on complex optimization and
linear modeling, the Fuzzy-DMPPC framework utilizes
basic mathematical formulations, significantly reducing
computational complexity and enhancing real-time
applicability. Moreover, the proposed cost function,
enhanced with fuzzy logic, adaptively adjusts weights
based on SOC and RES conditions, enabling real-time
prioritization, smoother operation, and improved
robustness over traditional predictive controllers.
Simulation results confirm the superior performance of the
proposed control system across multiple key metrics. The
Total Harmonic Distortion (THD) of voltage was
minimized to an impressive 0.63%, outperforming all other
evaluated controllers. Furthermore, the proposed Fuzzy-
DMPPC improved converter efficiency to 98.9%,
demonstrating its capability in enhancing energy
conversion quality. The findings validate that the Fuzzy-
DMPPC system can effectively regulate the bidirectional
flow of power in the battery energy storage system (BESS),
while ensuring stable AC voltage output and seamless
power exchange between the microgrid and the utility grid.
These outcomes establish the proposed controller as a
highly efficient, intelligent, and robust solution for
advanced power management in hybrid renewable energy
systems, paving the way for practical implementation in
smart grid applications and sustainable energy
infrastructures.
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