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Abstract

This study presents an innovative approach to addressing the persistent issue of voltage minimization in dynamic load feeding
within real-world grids, particularly in Egypt. The proposed method leverages a hybrid multi-stage renewable energy system,
designed to enhance voltage stability and efficiency in isolated or utility grid-connected scenarios via a DC bus. The hybrid
system integrates multi-stage hydro-matrix power water wheels and a multi-stage PV solar system, creating a sustainable
energy solution tailored for regions reliant on the River Nile’s channels. The hydro-matrix component comprises three
undershot water wheels coupled with an induction generator, collectively producing approximately 20 kW of output power.
Simultaneously, the PV solar system consists of eight parallel strings, each with fourteen series modules, delivering a total
output of 28 KW. The energy outputs from these two subsystems are converted into DC voltage and integrated via the DC bus.
To further enhance system reliability, a controlled battery system is incorporated, effectively mitigating performance
fluctuations caused by variations in water speed, PV cell temperature, and solar irradiance. This hybrid multi-stage renewable
energy system demonstrates its potential to feed diverse load types in rural and semi-urban areas near the Nile, addressing
challenges such as low power factors and voltage minimization. The findings underscore the system’s significance in
advancing renewable energy utilization and improving grid stability in regions with fluctuating renewable energy resources.
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1. INTRODUCTION

The increasing demand for reliable and sustainable energy has driven significant advancements in renewable
energy technologies. With the depletion of conventional fossil fuel resources and their adverse environmental
impacts, the adoption of renewable energy systems has become a critical component of global energy strategies.
Hybrid renewable energy systems, which combine multiple energy resources [1], offer a robust solution to the
intermittent and reliability challenges associated with standalone renewable sources [2,3].

Photovoltaic (PV) solar energy and wind energy [4] are among the most prominent renewable energy sources
due to their availability and scalability. Hybrid systems integrating these resources, along with appropriate energy
storage technologies, can provide consistent power output and improve the overall efficiency of energy systems
[5,6]. However, the integration of hydropower, particularly through innovative hydro-matrix systems, into hybrid
configurations has gained attention for its potential to harness low-head water resources efficiently. Studies
demonstrate that hydro-matrix systems, such as those implemented in the Nile River, can generate substantial
energy output by leveraging natural flow characteristics with minimal ecological disruption [7,8].

The development of robust control and energy management strategies is essential to ensure the reliability and
efficiency of hybrid systems. Advanced inverter designs and control algorithms, such as multi-input inverters and
voltage-controlled voltage source inverters, play a pivotal role in stabilizing power supply and mitigating the
adverse effects of variable renewable energy inputs [9-11]. Moreover, predictive current control techniques have
demonstrated significant improvements in harmonic reduction and voltage regulation in hybrid systems [12].
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In regions like Egypt, where fossil fuels dominate the energy mix, the adoption of hybrid renewable systems
integrating PV solar, wind, and hydro-matrix technologies presents a sustainable alternative [13]. These systems
not only reduce dependency on imported energy but also address environmental challenges and promote energy
independence [7], [14]. The incorporation of energy storage units further enhances the system's capability to
handle fluctuations in energy supply and demand, ensuring stability under varying operational conditions.

This study proposes a hybrid renewable energy system combining hydro-matrix power wheels, PV solar
systems, and battery energy storage. The system is designed to operate efficiently in low-head hydropower
environments and aims to optimize energy output and system stability under diverse environmental and
operational conditions. By leveraging advanced control strategies and energy storage solutions [15], the proposed
system demonstrates significant potential to address energy sustainability and reliability challenges in renewable
energy applications.

TABLEL: LITERATURE REVIEW AND IDENTIFIED RESEARCH GAP

Energy Focus Area Methodology/Approach Identified Gap

Reference System

[1] Hybrid Solar- | Optimum sizing for Mathematical optimization of Lacked consideration of

Wind stand-alone systems hybrid systems control strategies for
reliability in dynamic
environmental conditions.

[2] Geothermal Future potential of Reservoir engineering methods Geothermal integration
geothermal energy with hybrid renewable

systems not addressed.

[3] Hybrid PV- Power generation Hybrid system forecasting using Limited exploration of

Wind forecasting machine learning-based models energy storage
optimization in hybrid
systems.

[4] Hydro Matrix | Hydropower Hydro-matrix system modeling Did not integrate PV or
generation from Nile | and energy calculation wind resources for hybrid
canals setups.

[5] Wind Energy | Controller design for | Proportional-Integral-Derivative | Focused only on wind
variable-speed wind | (PID) controllers systems; hybrid
turbine configurations and control

challenges omitted.

[6] Hydro Matrix | Hydro-matrix design | Nine-wheel hydro-matrix system | Lacked exploration of
for power generation | simulation using hybrid energy system

MATLAB/Simulink performance under
dynamic loads.

[7] Hybrid PV- Multi-input inverter Developed a multi-input inverter | Did not focus on isolated

Wind design for hybrid for grid integration or off-grid hybrid systems.
systems
[9] Hybrid Power management Overview of hybrid AC/DC Limited focus on low-head
AC/DC strategies for hybrid power management strategies hydropower integration.
Microgrid grids

[10] Distributed Voltage/current- Applied voltage and current- Focused on distributed
Energy controlled inverters controlled inverters systems, not hybrid or
Systems isolated systems.

[11] Wind-Based Robust control of Robust control and modelling for | Focused on standalone
Energy standalone wind- variable-displacement pump- wind systems; hybrid
Storage based energy storage | driven energy storage system configurations not

addressed.

[12] Distributed Voltage and current Voltage and current control Omitted focus on hybrid

Generation control of distributed | strategies for distributed systems | renewable energy systems.
Systems systems

[13] Inverters Output feedback Developed feedback control Limited exploration of
control of voltage algorithms for voltage source inverter roles in hybrid
source inverters inverters energy systems.

[14] Renewable Review of digital Comprehensive review of control | Lacked specific focus on

Energy control techniques techniques for voltage source hybrid energy systems'
Applications for voltage source inverters dynamic stability and
inverters performance.
Current Hybrid Efficient and reliable | Development of a hybrid system | Addresses energy storage,

Research Hydro-PV power generation combining hydro-matrix power control strategy

(Proposed with low-head wheels, PV, and energy storage optimization, and dynamic

Study) hydropower with advanced control methods environmental condition
integration effects.
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1.1 Research gap

Despite the increasing global focus on renewable energy integration [16,17], existing renewable energy
systems often struggle with maintaining voltage stability and power quality when supplying dynamic loads [18].
Conventional systems typically rely on single-source renewables, which are susceptible to performance
degradation due to environmental variations such as fluctuating water flow rates, inconsistent solar irradiance,
and temperature changes. In Egypt, where many rural and semi-urban regions depend on decentralized energy
systems along the River Nile, these limitations are particularly pronounced. Previous studies have focused on
individual renewable technologies [19] or simple hybrid systems, but there remains a significant gap in developing
robust, multi-stage hybrid systems capable of addressing the combined challenges of voltage minimization, power
factor degradation, and dynamic load variability in such regions. Moreover, the application of advanced energy
management solutions, like controlled battery systems [20], in hybrid setups remains underexplored in these
contexts.

Limited studies explore the integration of hydro-matrix systems with PV and wind energy for hybrid setups.
Lack of focus on advanced control strategies tailored for hybrid renewable systems to handle dynamic
environmental conditions.

Minimal attention to low-head hydropower as a viable resource in hybrid energy configurations.

Few studies integrate energy storage technologies effectively within hybrid systems for enhanced reliability.

1.2 Motivation of the Study

Egypt's geographical and environmental conditions [21,22], particularly the availability of the River Nile and
abundant solar resources, present an immense opportunity for renewable energy development. However, the
dynamic nature of loads in these regions, coupled with fluctuating renewable resource availability, often leads to
power quality issues, including voltage dips and low power factors. These challenges hinder reliable energy access
and grid stability for communities along the Nile. Motivated by the need for sustainable, high-performance energy
systems, this study aims to develop an innovative hybrid energy solution that combines hydro-matrix power
wheels and multi-stage PV solar systems [23]. This system is further supported by a controlled battery storage
mechanism to ensure consistent performance. Addressing these challenges not only improves energy reliability
for underserved regions but also contributes to Egypt's broader renewable energy goals and global sustainability
efforts.

1.3 Main Contribution of the Study

This study introduces a novel hybrid multi-stage renewable energy system designed to mitigate voltage
minimization and enhance power quality for dynamic loads in real-world grid scenarios. The main contributions
of this work are as follows:

o Development of a hybrid system that combines multi-stage hydro-matrix power water wheels (producing 20
kW) with multi-stage PV solar arrays (producing 28 kW) integrated through a DC bus, ensuring efficient
energy conversion and distribution.

e Implementation of a controlled battery storage system to stabilize energy output during fluctuations in water
flow, solar irradiance, and temperature conditions.

o Addressing critical issues such as low power factor and voltage dips, the system is tailored for feeding diverse
load types around the River Nile's main channels.

e Providing a scalable and sustainable energy solution for rural and semi-urban communities in Egypt,
contributing to renewable energy research and advancing the adoption of hybrid systems in similar geographic
and environmental contexts.

2. THE CONSIDERED SYSTEM MODELLING

The proposed hybrid multi-stage hydro matrix and PV solar cell model is illustrated in Figure 1. It incorporates
a kinetic undershot water wheel designed for sustainable energy generation alongside PV solar cells. Each
hydraulic undershot water wheel in the multi-stage system is connected to an induction generator via a large
gearbox. The alternating current (AC) power generated by each water wheel is converted into direct current (DC)
power using a three-phase uncontrolled rectifier [24]. To ensure a stable DC voltage, the system includes a buck
DC/DC converter integrated with the proposed controller and an energy storage battery. A regulator, coupled with
a three-phase inverter [25], is utilized to convert the stable DC power back into AC power, enabling it to supply
the load reliably.

The study investigates the power output of each induction generator, which is primarily determined by water
velocity and the torque of the undershot water wheels. Variations in water velocity, caused by changes in the main
channel stream, directly affect the output power and, subsequently, the terminal load currents and voltage. To
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counteract these fluctuations, the implementation of a control unit is proposed to stabilize the load voltage,
ensuring consistent performance regardless of changes in water velocity or load conditions. The hybrid multi-
stage hydro matrix and PV solar cell system is designed with channels of varying depth and width, as well as
water wheels of different sizes, as depicted in Figure 2. The use of a DC-link [26] is proposed to mitigate
fluctuations in frequency and output voltage amplitude within the hybrid system. This design leverages traditional
undershot water wheels, which have proven effective in harnessing low-head, low-speed moving streams for
electricity generation. The efficiency of these wheels is enhanced with bucket-shaped blades, and their operational
equations and parameters are detailed in [14].
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FIGURE.1 Schematic circuit of the proposed multistage hybrid hydro matrix/ PV solar cell model with the controlled circuit
and feeding an isolated load.

In this investigation, it is proposed that the studied hybrid model consists of multistage underwater wheels
in one main channel for the first kind as shown in Figure 2. The second source contained multi stage PV solar cell
via DC bus. The proposed model of an under-shot water wheel is developed and designed with a
MATLAB/SIMULINK condition as [14].
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FIGURE. 2. Elevation view for hybrid model (hydro matrix / PV solar cell) with three multi-stage water wheels and three multi-stage PV
solar cell.
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2.1 The model of PV solar cell

The physics of the PV [27] cell is look like pn junction which light, the absorbed light energy photons is
transferred to the electrons—holes system of the junction. The charged carrier in the pn junction region will create
potential energy and circulate current through the load. This potential drives the photocurrent in the PV circuit. In
equivalent circuit, the current supplied to the external load is equal to the current produced by the illumination
power, minus the leakage current to the shunt diode. The open-circuit voltage V,. of the photovoltaic cell is
measured when there is no current load.
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FIGURE. 3. (a) PV effect converts the photon energy into voltage across the pn junction (b) the equivalent circuit

Each photovoltaic solar cell block has five-parameter model, current source IL (light-generated current), along
with the diode parameters (10 and nl), as well as the series resistance R, and shunt resistance R, are utilized to
illustrate dependent I-V characteristics of the modules, which are influenced by irradiance and temperature and is
given by the equation:

V,e =V + IR (1)
and the current through the diode is expressed as

QVoc

I; = Ip[e AT —1] )

where

ID = the saturated diode current

Q = the electron charge = 1.6x10'° C

A = constant of curve-fitting

k = constant of Boltzmann = 1.38x10% J/°K

T = absolute temperature on °K scale

Consequently, the load current can be expressed by this following equation:

QV
I=IL—ID[eAkOTC—1 — Loc 3)
Rsn

the open-circuit voltage is obtained from

_ AkT

V _- —
oc Q

I
Log, (6 + 1) (4)
Using a MAT LAB-SIMULINK environment The proposed hybrid model was developed and designed in some
condition to present a six multistage PV solar cell [28] with adding to three multi stage hydro matrix model, as
shown in in Fig 3a. By using a nonlinear equation to modulate the PV solar cell using MATLAB function is
obtained, which block diagram is shown in Fig.3b.
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FIGURE 4. MATLAB/SIMULINK developed a PV solar cell model for temperature and irradiation day applied to PV solar.
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The nonlinear function of the photovoltaic solar cell Array block implements a module as shown in Fig 4. The
array is built of strings and each string consists of modules whi'/;ch some of them are connected in parallel, and
the other modules are connected in series.

TABLE 2. GENERATED POWER PARAMETER FOR ALL WHEELS AND PV SOLAR CELL IN OUR HYBRID MODEL AND
THE VALUE OF INVERTER AND BATTERY CAPACITIES, STATIC AND DYNAMIC LOAD.

) . Total Total of
S | Generation | Number of | Power of Total inverter battery ) .
. ) . o static dynamic
N type items each item power | capacities | capacities
load load
1 | Water wheel three 18 Kw 54 Kw
50 Kw 500 Ah 30 Kw 4 KVA
2 | PV solar cell Sex 3.4 Kw 204

3. THE CONSIDERED ARRANGEMENT FOR THE CONCIDERED MODEL

The simulation results of the proposed hybrid hydro matrix/PV solar cell model were analyzed to evaluate its
performance under varying conditions, including water velocity changes, solar irradiation variations, temperature
fluctuations, and load variations. The study considers two cases, and the outcomes for both cases are depicted in
Figures 5 and 6, respectively. In the first case, the hybrid model includes three large undershot water wheels, each
coupled with a large induction generator. Each undershot water wheel stage comprises three wheels, and all water
wheel stages are connected to six multistage PV solar cell modules. This configuration operates without any
control mechanisms, such as energy storage or advanced controllers. In the second case, the model is enhanced
by introducing a control unit equipped with a PID controller [29]. Additionally, an energy storage system in the
form of a battery tank is incorporated. This configuration is designed to mitigate the impact of parameter
fluctuations, such as changes in water velocity, solar irradiation, temperature, and both dynamic and static load
variations. The output results, specifically the load AC current and load AC voltage, for both cases are shown in
Figures 7 and 8. These figures highlight the effectiveness of the control unit and energy storage system in
maintaining stable load conditions, even under varying system parameters. Comparisons between the two cases
demonstrate the improved stability and reliability of the hybrid system when equipped with the proposed control
mechanisms.

Case 1: Hybrid Hydro Matrix/PV Solar Cell Model with Variable Load and Environmental Conditions
In this case, the design model of a hybrid system consisting of a hydro matrix and PV solar cells is developed
using the MATLAB/SIMULINK environment. This system is connected to a variable load, which includes both
dynamic and static components. The water speed fluctuates between 1.45 m/s and 1.65 m/s, while the irradiation
of the PV solar cells changes from 1000 W/mz2 to 850 W/m2. Additionally, the temperature varies between 25°C
and 37°C, asillustrated in Figure 5. The static load increases by 3 kW after three seconds and further increases by
3 kW after five seconds. The simulation results demonstrate that both load current, and voltage fluctuate in
response to changes in dynamic or static load conditions, as shown in Figure 7.
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Case 2: Hybrid Hydro Matrix/PV Solar Cell Model with Control Unit and Energy Storage
In this case, the hybrid system consists of three multi-stage water wheels connected to six multi-stage PV solar
cells. A control unit is employed in conjunction with a battery bank storage system to regulate the output of the
DC/DC converter from the hydro matrix and the PV solar cell model. The DC/AC inverter is also utilized to
maintain stable AC load voltage under varying conditions. All conditions for varieties (dynamic and static) load
applied as previse case no 1 except the adding of control unit with connecting a battery bank storage system as

shown in Fig. 6.

torque5

Discrete,

5 = 2e-05's.
powergui
load
PV Array1 voltage
) R e Y
1000.00 =
Irradiance PV Array2 DC Voltge
wim~2) || |
Machine2 H 1 | uabc Ref1
Rec2 n
m °c Ir i Vab  5cVoltage
- A A ;a A$¢ [ PV Array3 -+
8 aﬁ bea|B Vabc
l oo c - Temp T Lﬂ A b A labc
1 bcli 2
o T2 Irradiance Link| T B %; bp B a
b
cz2 Temp PV Array4 D7 Ygh—alc <
|| 3 Universal TRA o
- || Bridge -
Machine3 Temperature i
- (deg. C) 7I l 1
PV Array5
A O @ <
m L -+ Dynamic
- Load 8 kw
220V
PV Array6 ~
Q P

FIGURE.5. Hybrid hydro matrix wheel/ PV solar system included both dynamic load and variable static load without control

unit.

Voltage

Timer1

Regulator1
torque5 J
m Bulses Uref [ Vabd/dbe (pu) 4— &
—-@ :
PWM Int
Scop8 m Vd_ref (pu) 1
Rect Varid2 Generatort [|] 1] -
afsda |, Vgrid1 h o
i Z& . N P
n
L eds QJ.. T PV Array1 e Scope9 a switcht
1 L] . 3kw|<D
< 220 V| %
1 I PWM Generator A A i
c1 Timer2 —
T
[

B Machine2
'm

Rec3

c3

-

Irradiance
(W/mA2)

Ir
@ Temp

Irradiance
Temp

Temperature
(deg. C)

T
]
10
Il

PV Array2

ks

PV Array3

Pulses Signal(s)
LJ

@,
1

LC Filter

Ideal Switch

bC

Link | T

PV Array4

fe

IR

D

Batteryl

M

)

i

@ 220V

Fy¥F-

ynamic
Load

|

[« @ 0]

©

Main
Load

m h *" | PV Array5
-ﬁ [ QJ- c Tl 1 = " Discrete,
| P e o Ts = 2e-05's.
i" PV Array6 _ = L

switch2

powergui

FIGURE. 6. Hybrid hydro matrix/ PV solar system included both control unit and battery bank

4. RESUTLS AND DISCUSSION

The performance of the multi-stage hybrid hydro matrix combined with multi-stage PV solar cells under
various conditions was evaluated through simulations using MATLAB/SIMULINK. In the first scenario, each
induction generator (1G) is driven by an undershot water wheel, with water velocity fluctuating between 1.45 m/s
and 1.65 m/s within the hydro stream system. This variation represents the operating conditions for the hydro
matrix system. Solar irradiation ranges from 1000 W/m? to 850 W/m?2 throughout the day, and temperatures vary
between 25°C and 37°C, applying to the multi-stage PV solar cell system. This hybrid hydro-PV system is used
to power an isolated load, which is both static and dynamic, as shown in Fig. 5. The load increases by 3 kW every
three seconds. The results for this scenario are shown in Fig. 7. The water velocity fluctuates between 1.45 m/s
(minimum) and 1.65 m/s (maximum), causing the torque generated by the water wheel to fluctuate between 25
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N-m and 35 N-m, influenced by the water velocity and flow rate. In steady-state conditions, the rotor speed of the
induction generator reaches 190 rad/sec, which is approximately 4% higher than its synchronous speed of 183.16
rad/sec. As for the load variations (dynamic and static), the load increases by 3 kW every three seconds. As a
result, the load voltage drops from 240 V to approximately 160 V, while the load current rises from 25 A to 28 A,
as shown in Figs. 7a and 7b. After five seconds, the load increases by an additional 3 kW, causing the load voltage
to drop from 160 V to 130 V, and the current rises from 28 A to 30 A, as depicted in Figs. 7a and 7b. The results
for this model, considering the variations in water velocity and other parameters, are presented in Fig. 7. It is
evident that without a control unit, significant fluctuations in both load current and voltage occur, as shown in
Figs. 7aand 7b.
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FIGURE 7. The results obtained from hybrid hydro matrix wheel/ PV solar system simulation without control (case number
one) (a) water velocity. (b) 1G rotor speed. (c) Water wheel torque. (d) I1G ac voltage. (e) PV array voltage. (f) PV array
current. (g) DC bus voltage. (h) load voltage(j) load currents. (k) active power(W).

In the second case, the proposed system, which consists of a hybrid hydro matrix and photovoltaic solar cell
model, incorporates a controller that utilizes a control unit connected to a battery bank storage system, as
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illustrated in Fig. 6. During The velocity of the water fluctuates between 1.45 m/s and 1.65 m/s within the hydro
stream system this condition for hydro matrix system. The sun irradiation variety between 1000 W/m? to 850
W/m2 during the day, and its temperature variety between 250 to 370 will apply to the multistage PV solar cell
system. This hybrid hydro with PV system will feed an isolated variable (static and dynamic) load, as shown in
Fig 6. The load connected to the hybrid model will be increased by 3 kW after each three sec. The results derived
from this case are illustrated in Fig. 8. The load voltage, in this case, has a very minimal variation due to connected

Current(a)

with control unit with battery storage system, as shown in Fig 8b.
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FIGURE.8. The obtained results from hybrid hydro matrix wheel/ PV solar system simulation without control (case number
one) (a) water velocity. (b) 1G rotor speed. (c) Water wheel torque. (d) I1G ac voltage. (e) PV array voltage. (f) PV array
current. (g) DC bus voltage. (h) load voltage. (j) load currents. (k) active power(W).

5. CONCULUSION

This study proposed to investigate how to generate a sustainable energy from a new hybrid system to feed
variable loads besides the main channels of the Nile in Egypt. Based on multi stage hydro-matrix under shot
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wheels combined with multi stage PV solar cells. The proposed combined multi-hydro-matrix wheels as a first-
stage of power generation unit and the multi-PV solar cell system as a second-stage Furthermore, the first stage
of this hybrid model generation unit is composed of three multi-stage 1G connected with three multi-stage
undershot water wheels as turbines. Including an uncontrolled rectifier, a buck DC/DC converter, a DC/AC
inverter, a battery storage system, and the associated variable (dynamic and static) loads. The subsequent phase
of this hybrid system consists of six multistage PV solar cell systems, which are linked to the initial system via a
DC bus. It is suggested to constrict the primary channel into smaller, broader, or more distinct slots, with the total
width of these slots approximating one-third of the main channel, resulting in an enhancement of water velocity.
Controllers that utilize PID algorithms are appropriately designed, and A battery storage bank is connected to
guarantee a fixed voltage level during any reduction in hydropower generation or any reduction in sun irradiation.
The simulations model in MATLAB have been conducted to assess the efficacy of the performance analyzed for
a hybrid multi-hydro matrix combined with multi-PV solar cells. The results demonstrate that the suggested
controller unit, when connected to a battery, effectively sustains the load voltage of a hybrid hydro-matrix/PV
solar model across all variations, maintaining its desired values of both magnitude and frequency consistently.
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