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Abstract: The integration of photovoltaic (PV) systems into DC motor drives has prompted the
enhancement of motor performance. This study explores the application of photovoltaic generators
(PVs) to independently power and excite a Separately Excited Direct-Current (SEDC) system by
utilizing a proportional open-circuit voltage method as a strategy for tracking the maximum power
point. This approach offers an effective means of optimizing energy output from PV systems. The
primary aim was to optimize power output from photovoltaic generators across varying solar
intensity levels. This paper describes the nonlinear current/voltage behaviour of PV generators
under different levels of irradiation, along with the magnetic characteristics of the core material in
an SEDC motor, utilizing advanced polynomial equations for accurate mathematical representation.
Furthermore, we conducted a dynamic analysis of the SEDC motor, powered by the PV generators,
under varying solar intensities. This study investigates the operational performance of the SEDC
motor under varying solar irradiance levels by developing a realistic model using MATLAB software,
R2022a, for numerical simulations, followed by implementation on high-performance computing
platforms, including a real-time simulator and testbed, using a real-time digital simulator (RTDS).

Keywords: SEDC motor; maximum power point tracking; PV generator; real-time digital simulator;
steady-state analysis

1. Introduction
1.1. Background

Recent advancements in power electronics and modern semiconductor technologies
have facilitated the emergence of various electric drive systems. DC motors, in particular,
have found extensive applications in both industrial environments and smart hybrid
solutions. The increasing availability of solar energy, recognized for its eco-friendly benefits,
offers a promising avenue to investigate standalone or grid-connected photovoltaic (PV)
power sources for DC motor drives. This shift towards PV systems has stimulated new
research focused on enhancing motor performance [1-3]. To maximize power extraction
from PV generators, the implementation of Maximum Power Point Tracking (MPPT)
techniques is essential. Numerous studies have explored a range of MPPT algorithms and
control strategies aimed at optimizing PV system performance, particularly in conjunction
with electric motors [4-6]. For instance, one study examined the dynamical and steady-state
performance of DC series motors and induction motors powered by a photovoltaic (PV)
generator under varying solar irradiance levels. The maximum power point of the PV
generator’s current/voltage (I/V) characteristics is achieved using the open-circuit voltage
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method. To model the nonlinear behaviour of the PV generator’s I/V characteristics and
the magnetization curve of the DC series motor, high-order polynomial mathematical
expressions are used. This study examines the response of these motors at different solar
intensities and evaluates their performance under step changes in solar irradiance with
a fixed load torque. Numerical simulations are carried out using MATLAB software,
providing insights into how solar intensity variations impact motor operation [7].

1.2. Literature Review

A fuzzy logic controller (FLC) framework has been developed to optimize power
extraction from a standalone PV system within a water-pumping application. This system
integrates a DC-DC buck chopper with a fuzzy MPPT, which continuously adjusts the
duty cycle of the buck converter to maintain optimal impedance matching with the PV
panel, ensuring maximum power transfer efficiency. The main objective is to improve
both motor speed and water output from the centrifugal pump. Simulation results us-
ing MATLAB/Simulink (version 9.1) show that the FLC outperforms a system where
the PV generator is directly connected to the pump, particularly under varying sunlight
conditions [8]. Furthermore, the study also modelled and formulated a control strategy
for a grid-connected wind-PV hybrid system. Simulation results demonstrated that the
system could produce synchronized sinusoidal current waveforms while maintaining a
steady DC bus voltage by injecting active power into the grid, thereby confirming its
operational efficiency [9]. This study compared three techniques for maximizing power
transfer from a PV generator: incremental conductance, hill climbing, and perturbation
and observation. The study highlights that factors such as temperature, solar irradiation,
and load conditions affect the operating point of the PV generator, necessitating load adap-
tation for optimal power transfer. This is accomplished using a step-up DC-DC converter
controlled by an MPPT algorithm. Simulations showed that these techniques efficiently
track maximum power, aligning closely with the manufacturer’s specifications for the PV
system under various conditions. A detailed study [10] on energy transformation in wind
power systems emphasized the importance of selecting suitable topologies to enhance
performance, efficiency, and reliability. Another paper [11] also underlined the significance
of MPPT in energy harvesting and reviewed various energy conversion topologies, their
advantages, disadvantages, and applications. The research provided a comprehensive
analysis, making it an essential resource for researchers and engineers in the field of energy
conversion [11]. This study proposed an optimization strategy for a PV water-pumping
system using MPPT, focusing on achieving maximum power output by adjusting the duty
cycle of a buck-boost converter. A dynamic controller using a nonlinear autoregressive
moving average model integrated with neural networks was implemented to enhance the
duty cycle. Simulation results demonstrated accurate MPPT, and the neural network (NN)
controller outperformed a proportional-integral-derivative (PID) controller, showing clear
advantages [12]. In a following study, a voltage-based MPPT technique was introduced
that avoids the limitations of the constant voltage method, which traditionally requires
disconnecting the PV panel from the load to measure the open-circuit voltage. The authors
proposed using a pilot PV panel for this measurement and incorporated a proportional—-
integral (PI) controller, modelled in MATLAB® /Simulink. Simulation results confirmed
that this new method significantly improved system efficiency [13]. The study analyzed the
Perturbation and Observation (P&O) method for MPPT in a grid-connected PV generation
system. Large-signal stability analysis was performed for a balanced three-phase to-ground
fault under varying levels of solar irradiance. The results demonstrated that the system
maintained stability during significant disturbances and fluctuations in solar irradiance,
with higher irradiance leading to longer fault-clearing times and reduced settling times [14].
The P&O algorithm for MPPT in a PV-powered DC shunt motor was further explored,
adapting the PV generator’s operating point to achieve optimal power under changing
solar conditions. Additionally, the study analyzed a standalone wind /PV hybrid system
for pumping and a PV array powering a three-phase motor driving a centrifugal pump.
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MATLAB simulations confirmed effective operation under varying solar intensities and
motor loads [15].

An examination study [16] was conducted on a dual-source brushless DC motor
drive system powered by a solar PV array and the grid. The system integrated a boost
DC-DC converter utilizing an incremental conductance algorithm for MPP tracking and
a bridgeless asymmetrical converter designed to enhance power quality and minimize
component requirements. Performance was rigorously analyzed under scenarios including
solar-only, grid-only, and hybrid operation. Stability was verified using Bode diagrams
and pole—zero plots. Simulations in MATLAB/Simulink demonstrated the system’s high
efficiency and reliability [16]. Additionally, this research explored strategies to optimize
power utilization in electric vehicles employing Proton-Exchange Membrane Fuel Cells
(PEMFCs). Among the evaluated methods, the Adaptive Step Value with a Cuckoo Search
Algorithm (ASV-CSA) proved to be the most effective, offering superior performance in
terms of speed and stability for extracting maximum power [17]. Another study proposed
a PV water-pumping system as an environmentally friendly alternative to diesel-powered
irrigation pumps. This system incorporated a PV emulator, a boost converter with MPPT,
and a motor pump emulator. Validation through both simulations and experimental
testing confirmed its high performance, rapid response to solar fluctuations, and precise
replication of PV characteristics, positioning it as a sustainable and reliable solution for
irrigation [18]. In another research study [19], the authors proposed an innovative control
strategy for Photovoltaic Water-Pumping Systems (PV-WPSs) by integrating Sliding Mode
Control (SMC) with MPPT techniques. The approach achieved 70% enhancement in
water flow rates compared to systems lacking MPPT capabilities. It demonstrated robust
performance against environmental variations, making it a viable option for off-grid water
supply applications [19]. A separate study introduced a speed regulation mechanism
for an SEDC motor utilizing a chopper circuit. The design incorporated a PI controller
to ensure rapid and precise response without delays. MATLAB/Simulink simulations
validated the effectiveness of this chopper-based approach in maintaining motor speed
under diverse operating conditions [20]. Additionally, another study presented a Particle
Swarm Optimization (PSO) algorithm aimed at fine-tuning the scaling factors of a fuzzy
PID controller for nonlinear systems, such as DC motors. The PSO-optimized fuzzy PID
controller outperformed traditional methods, including the Ziegler—Nichols technique,
particularly in disturbance rejection and trajectory tracking. These improvements were
corroborated through simulations conducted in MATLAB/Simulink [21].

As presented in Table 1, this literature review presents important insights into various
motor drives that integrate MPPT techniques and control strategies, as well as compara-
tive studies aimed at optimizing the performance of PV systems, particularly DC motors.
Despite these advancements, there are still knowledge gaps in understanding the dy-
namic interactions between PV generators and separately excited DC motors, especially
in real-world operational scenarios. While significant advancements have been made
in the integration of MPPT techniques and control strategies for optimizing PV system
performance, several knowledge gaps remain. These include a limited understanding of
the dynamic interactions between PV generators and separately excited DC motors under
varying environmental conditions, especially in real-world applications. Additionally, there
is a need for more robust and adaptive control strategies that can handle uncertainties in
system parameters and external disturbances, such as varying solar irradiance and motor
load fluctuations. Furthermore, existing research often focuses on individual components
of the PV system, without thoroughly addressing the interactions between the PV source,
MPPT controller, and motor drive system in a unified framework. This research aims to
bridge these gaps by providing an advanced modelling and performance analysis of a
separately excited DC motor powered by PV generators, utilizing MPPT techniques to
optimize system performance across a range of real-world conditions. This study will also
explore the integration of control algorithms to improve the overall stability and efficiency
of the system, contributing to more reliable and sustainable PV-powered motor drives.
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Table 1. Comprehensive overview of recent advances in DC motors with MPPT techniques.

Reference Authors Problem Addressed Proposed Solution
. Challenges in multiphase motor Explored cutting-edge advancements and
[1] Frikha et al. (2023) and drive systems for EVs predicted future trends in EV powertrains
Advancements in power . . .
[2] Rafin et al. (2023) electronics using wide and Provided a th01:'ough evalua.tlon of emerging
. . power electronics technologies
ultrawide bandgap devices
Torque overload in motor drives =~ Developed a hybrid energy storage and
(5] Ze Wang etal. (2024) with energy storage systems management framework
Maximizing PV system efficiency =~ Conducted an in-depth review of advanced
41 Katche etal. (2023) through MPPT MPPT methods
. Extracting peak power from PV Reviewed state-of-the-art MPPT techniques for
[5] Kandemir et al. (2017) systems higher efficiency
Enhancing MPPT algorithms for ~ Utilized numerical methods for performance
[6] Lyuetal. (2024) PV applications improvement in MPPT
Dynamic performance analysis of Used FOCV MPPT to evaluate motor
7] Abuashour et al. (2019) PV-powered DC motors responses under different conditions
. Improving PV water pumping Implemented fuzzy-logic-based MPPT for
(81 Aashoor & Robinson (2013) with MPPT superior tracking performance
o . Hybrid systems combining wind =~ Devised control mechanisms for optimized
] Laabidi & Mami (2015) and PV energy wind/PV integration
[10] El Hassouni et al. (2018) Boosting MPPT efficiency in PV Evaluated MPPT with boost converters for
' systems high efficiency
. Wind energy conversion Conducted a review of MPPT techniques
[11] Mansouri et al. (2023) challenges with MPPT tailored for wind systems
[12] Kassem (2011) Controlling PV-powered motor Proposed neural-network-based MPPT for
pump systems enhanced control
. Limitations of constant Developed an improved MPPT approach for
[13] Asim et al. (2016) voltage-based MPPT PMDC motor applications
. Stability concerns in Used P&O MPPT for large-signal stability
[14] Sweidan et al. (2019) grid-connected PV systems evaluation
[15] Abuashour et al. (2018) Performance of hybrid wind/PV ~ Assessed hybrid energy systems through
' systems for pumping modelling and simulations
[16] Shukla & Nikolovski (2022) PV/grid hybrid systems for water Designed a system using brushless DC motors
pumping for efficient operation
[17] Eswaraiah & Balakrishna Adaptive MPPT controllers for Developed and analyzed advanced adaptive
(2024) renewable systems MPPT controllers
[18] Fatah et al. (2024) PV system emulation for water Introduced a PV emulator with dynamic
' pumping analysis and hardware validation
[19] Farhat & Barambones (2024) Optimizing standalone PV Proposed advanced optimization strategies for
water-pumping systems off-grid solutions
Speed regulation in DC motors Integrated high-performance control for
[20] Al Mashhadany et al. (2023) using chopper circuits precise motor speed management
[21] Wubu et al. (2024) Speed tracking in DC motors Developed a I.)SO-OP timized fuzzy PID
controller for improved tracking accuracy
[22] Sridhar et al. (2015) Multilevel inverters in PV systems Analyzed Ce?scaded inverter configurations for
reduced switch counts
Integration of wind and solar Offered a comprehensive guide to hybrid
[23] Patel (1999) energy systems system integration techniques
[24] Ong (1998) Dynamic simulation in electric Explored dynamic behaviour through

machinery

simulation techniques
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Table 1. Cont.

Reference Authors Problem Addressed Proposed Solution
[25] Jain & Agarwal (2007) MPPT in grid-tied PV systems Compared MPPT schemes for grid-connected
PV applications

[26] Mohan & Undel (2007) Power electronics in renewable Highlighted applications e}nd challenges in
systems renewable power electronics

[27] Abu-Siada & Islam (2024) D%strlbuted energy 1F1tegrat1on A.ddli‘essed the integration challenges of
with power electronics distributed energy resources

28] Eldali (2024) Distributed energy systems and Explored advanc:ed elect.romcs for seamless
power electronics energy resource integration

[29] Kolhe et al. (2004) Performance. of PV-powered Evaluated performance metrics for directly
water-pumping systems coupled systems

[30] Antonio & Luis (2021) PV-powered DC motor control Developed FPGA-based control for enhanced

disturbance rejection

1.3. Contributions

This proposed work focuses on the development and simulations of a DC motor drive
system that is fed from a photovoltaic panel. This photovoltaic-powered DC motor system
has numerous vital industrial applications, such as air fans in large spaces, air circulation
in green homes that remove unhealthy air from confined areas, and irrigation in rural areas.
When photovoltaic power is to be used for a DC motor, which will typically serve the pur-
pose of variable speed drives, various schemes are available in the literature. The proposed
method employs a separately excited DC motor that is powered by two PV generators that
supply the motor’s armature and field circuits. This work utilizes a fractional open-circuit
voltage technique to achieve maximum power for PVs. By dynamically adjusting the duty
cycle, the output voltage of the converter is regulated to match the voltage at the maximum
power. This ensures optimal power delivery to the motor’s circuits, maximizing efficiency
and performance. In addition, this work investigates the performance of a DC separately
excited motor as it responds to varying levels of solar irradiance by designing a realistic
model using high-performance computing, real-time simulator, and testbed, using RTDS.
The analysis includes examining steady-state output characteristics and highlighting how
changes in solar energy input influence the motor’s efficiency, torque, and operational
stability. Various irradiance conditions will be simulated to assess the motor’s adaptability
and effectiveness in harnessing solar energy.

The objectives of this study encompass designing and implementing a control sys-
tem tailored for a separately excited DC motor, which is powered by two PV generators.
Additionally, the performance of the proposed system is analyzed in terms of efficiency,
stability, and response time. The novelty of this system is that, firstly, it introduces the
application of a proportional open-circuit voltage method as a strategy for tracking the
maximum power point in PVs. While the open-circuit voltage method is a well-established
technique for determining the maximum power point, its application in the dual PV con-
figuration with a separately excited DC motor is not commonly explored. This unique
setup addresses the nonlinear interactions between the motor’s field and armature cir-
cuits, enhancing both power delivery and system stability. Secondly, it integrates two PV
generators to jointly power a single DC motor. Thirdly, the control strategy employed
involves adjusting the duty cycle of the converter to accurately track the maximum power.
A comprehensive performance evaluation of the proposed system has been conducted to
assess its efficiency, stability, and response time, thereby providing insights into its practical
applicability and effectiveness.



J. Low Power Electron. Appl. 2024, 14, 56 6 of 25

1.4. Paper Structure

This work is structured as follows: Section 2 describes the configuration of the system
under investigation and provides details regarding the designed PV generator, the mathe-
matical model describing the dynamical behaviour of the DC separately excited motor, the
DC-DC buck-boost converters, and the MPPT controllers. Section 3 presents the results
of numerical simulations and subsequent discussions. Finally, Section 4 summarizes the
conclusions drawn from this study.

2. Methodological Framework

This section provides a detailed examination of the system configuration and the
various components central to our study. It outlines the integration of photovoltaic (PV)
systems that drive an SEDC motor, with a focus on the design considerations for the
PV generators. Additionally, it describes the dynamic modelling of the entire system to
the SEDC motor. The proposed method is adaptable and can be implemented in vari-
ous practical applications, including agricultural irrigation systems where reliable water
pumping is essential and greenhouse ventilation systems that require consistent power
for temperature and humidity control. Its modular design supports scalability, allowing
it to be adapted for larger systems, such as industrial motors, while maintaining efficient
energy use. Additionally, the system’s compatibility with hybrid energy configurations,
including solar and wind power integration, enhances its functionality for remote-area
power supplies where access to the grid is limited. These features make the method a
robust and adaptable solution for addressing diverse energy needs in sustainable and
off-grid energy applications.

2.1. System Setup and Details

Figure 1 presents a schematic representation of a standalone PV system that powers
an SEDC motor. The configuration of the PV generators involves connecting several
modules in both series and parallel arrangements to meet the required specifications
for the armature and field of the SEDC motor. An intermediate component, a DC-DC
converter, is positioned between the PVs and the armature, as well as between the PV
generator and the field of the SEDC motor. This converter is responsible for regulating
the output voltage to facilitate tracking. The converter is specifically employed to deliver
voltage at the maximum power of the system, ensuring optimal energy extraction from
the PV source. This voltage then supplies both the armature and the field circuits of
the SEDC motor by adjusting its duty cycle as needed. In this work, MATLAB and
RTDS were used as simulation platforms due to their robust capabilities in modelling and
simulating power electronic systems and renewable energy technologies. RTDS is a high-
performance real-time computing platform. The RTDS No-vaCore 2.0, the latest generation
of its central processing hardware, serves as the foundational unit for real-time digital
simulation. MATLAB’s extensive toolboxes, particularly for power electronics and control
systems, enable detailed analysis. Additionally, MATLAB’s Simulink component simplifies
the modelling of nonlinear systems, such as PV-powered DC motors, by providing a
user-friendly interface with pre-built blocks and advanced customization options. The
simulations were conducted in intervals, which allowed for capturing transient behaviours
effectively over a simulation duration of 60 s. This interval was chosen to ensure an accurate
representation of dynamic system responses under varying operational conditions. The
simulation environment and hardware specifications are Windows 10 (64-bit), Intel Core i7,
3.4 GHz, and RAM: 16 GB. These specifications provided a stable and efficient simulation
environment, ensuring smooth operation and high computational accuracy. This setup
allowed the study to achieve reliable and replicable results, supporting the research’s
objectives and validating the proposed methods.
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Figure 1. Schematic diagram of PV generators with an SEDC motor system.

2.2. Design of Photovoltaic Generators and Dynamic Modelling of the System

In this section, we examine the design considerations relevant to the PV system,
specifically emphasizing its output characteristics. These parameters include the voltage of
the PVs to the output current and the associated output power generated by the system,
across different levels of solar irradiance. Additionally, we present a brief overview of
the mathematical equations that govern the operation of key components, including the
SEDC motor, the DC-DC converter (buck-boost), and the voltage controllers utilized for
MPP tracking.

2.2.1. Photovoltaic Design and Output Characteristics and Fractional Open-Circuit
Voltage Controllers

PV systems consist of numerous PV cells organized into modules and configured
in series—parallel arrangements to create PV arrays. This configuration is essential for
maximizing power output to satisfy particular voltage and current demands. Each PV
cell functions through the photovoltaic effect, which converts solar energy into electrical
energy. The design of PV arrays, including the selection of the appropriate number of series
and parallel connections, has an influence on the system’s output characteristics, including
the MPP, voltage, and current. The behaviour of a PV array is highly nonlinear due to
the varying irradiance and temperature conditions. These characteristics are commonly
represented by the current/voltage curve and the power/voltage curve. Therefore, the
output current of the PV array, I+, as described by Equation (1), depends on the voltage
of the PV array, V,rr, number of PV cells in series and parallel, #15.;es and 14,4111, diode
current, Iz,4, and the photocurrent, I..

e Varr

; )
Larr = nparalleIIPC - 1‘lparallelldiod (e Pt Pseries” — 1) ey

where e represents the electron charge, valued at 1.602 x 1071% C, i is a parameter that quan-
tifies the deviation of a diode’s behaviour, b refers to Boltzmann’s constant, 1.38 x 1023,
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and t is the ambient temperature in Kelvin (K). Figure 2 presents the 10th-order polynomial
approximation representing the voltage as a function of the output current. These PV
modules are utilized to supply power to both the armature and the field circuits of the
SEDC motor, along with the corresponding output power. Additionally, Table 2 offers a
comprehensive overview of the technical specifications of the PV generators utilized in
the system.
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Figure 2. PV generators’ characteristics for feeding armature and field circuits: (a) terminal output
voltage as a function of PV current for the armature, (b) terminal output voltage as a function of PV
current for the field, (c) corresponding output power for PV feeding armature, and (d) corresponding
output power for PV feeding field.

Table 2. Specifications of the developed PV generators.

Feeding Armature Circuit Feeding Field Circuit
Parameter Intensity Level
1000/0 (Full) 750/0 500/0 1000/0 (Full) 750/0 500/0
Open-Circuit Voltage, 166.2 157 1439 171.4 1619 1485
Voc (V)
Short-Circuit Current, 13.65 1024 6824 1.978 1484 0989
Isc (A)

As depicted in Figure 2, the relationship between the PV voltage and current exhibits
notable nonlinearity. To accurately model this behaviour, a 10th-order polynomial function
has been employed for approximation, utilizing MATLAB [14,15]. Detailed nomenclatures
are provided in Appendix A, while the numerical values of the polynomial constants for
Equations (2) and (3) can be referenced in Tables A1l and A2, respectively, in Appendix A.
Furthermore, Appendix A lists the numerical parameters of the system. Equation (2)
represents the 10th order polynomial, from h equal 1 to 11, of the characteristics of motor
armature circuits with highly nonlinear behaviour. The output voltage of the armature
circuit of the array, V;;41, based on the polynomials” constant, Q, is described as follows:

11
Varrayl = 2 thigr;;ll =Q Ieln(‘)rayl + QZIerayl +...4+Qn 2)
h=1
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This behaviour of the filed circuit is described by Equation (3). The output voltage
of the field circuit of the array, Varray2, based on polynomials constant, 3, is described
as follows:

11
VarrayZ = 2 BhIzln%rE;IZ = BlIeln(‘JrayZ + BZIgrrayZ +...+Bn ®3)
h=1

Equation (4) describes the fractional open-circuit voltage that is needed in
Equations (2) and (3). Mathematically, this relationship can be expressed as follows:

Vmep = KVoc 4)

In this study, the fraction of the open-circuit voltage for the maximum power point
operating voltage (Vypp)value, denoted as (k), is specified as 0.73. This selection falls
within the typical range of 0.7 to 0.85. In this work, we enhance the proportional open-
circuit voltage method to achieve a more stable and reliable MPPT under fluctuating
irradiance conditions. Our method optimizes energy use by integrating two separate PV
generators that power distinct motor circuits (armature and field). The incorporation of
polynomial modelling improves the accuracy of voltage—current relationships, leading
to better energy utilization. Unlike previous studies that rely on static MPPT techniques,
our approach dynamically adjusts the duty cycle of the DC-DC converters in real time.
This adaptive strategy ensures peak performance across different solar intensities, leading
to improved efficiency and reliability in practical applications. The RTDS NovaCore 2.0,
with its high processing power and flexibility, supports this dynamic adjustment process,
enabling real-time simulation and precise control under varying conditions.

2.2.2. Mathematical Dynamic Model for SEDC Motors

In an SEDC motor, the two circuits (field and armature) operate independently and
are supplied by separate sources. The nonlinear dynamical mathematical model of the
SEDC motor is as follows [14,15]:

a% —V, —i,R, — Kdw )
di .
Lchtf = Vi — iR (6)
d
]d—‘:’ — K®i; — T; — Bw )

where L, and L¢ represent the inductance of the armature and field windings, respectively,
R, denotes the resistance of armature, R¢ signifies the resistance of field winding, ] indicates
the moment of inertia for the rotor and load, and w represents the rotor’s rotational
speed. V,: Armature voltage; Vy: Field voltage; K: constant depends on the design of the
machine. ®: flux; and Tj: torque of load. The numerical values of the polynomial constants
for Equation (8) that represent the magnetization curve can be found in Appendix A,
specifically in Table A3 [15].

Yni?fn = Y1i7 +v2if + ...+ Ve (8)
1

6
Ko =
n=
where v is the constants of the polynomial that represents the magnetization curve.
Equation (8) presents nonlinear polynomial curve fitting for the ferromagnetic material in
the motor, which was generated using MATLAB software. It is well established that Maxi-
mum Power Point Tracking (MPPT) of a photovoltaic (PV) generator occurs at a fraction of
the open-circuit voltage [15]. This method relies on a proportional relationship between
the open-circuit voltage and the maximum power point (MPP) voltage. The integration
of dual PV generators to independently power the armature and field circuits of a sepa-
rately excited DC motor enables precise and dynamic tracking of the MPP. Additionally,
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polynomial modelling improves the accuracy of voltage—current relationships, optimizing
energy utilization. Thus, the proposed technique uniquely combines the fractional open-
circuit voltage method with dual PV systems to enhance energy output. By dynamically
adjusting the duty cycle of buck-boost converters, the method ensures both stability and
efficiency under varying solar irradiance conditions, improving on traditional static MPPT
approaches. Consequently, estimating the MPP involves measuring the open-circuit voltage
and comparing it with the PV voltage.

2.2.3. DC-DC Converters (Buck—-Boost)

DC-DC switched-mode converters are essential in PV systems, serving as an inter-
mediary between the terminals of the PV generator. Their main function is to modify the
operating voltage to either match the value at the MPP of the PV generator or a fraction of
the open-circuit voltage. These converters typically consist of lossless components such as
inductors and capacitors, along with power semiconductor switches [22-28]. The switches
are usually managed using Pulse Width Modulation (PWM) techniques. In the proposed
system, buck-boost circuits are employed, where the average output voltage is represented
as a function of the voltages of PVs and the duty cycles of the switches, namely the armature
duty cycle (D,) and field duty cycle (Ds), given as follows:

Da

Va = 1-D, VPVa (9)
Dy
Vi = A% 1
f= 1D, PV (10)

The output current from the converters, assuming an ideal converter circuit, can be
defined as a function of the currents. Equation (11) represents the motor armature current
(ia) of the buck-boost at the armature circuit based on the armature current fed from the
PV generator (ipy,), while Equation (12) describes the motor field current (i¢) based on the
field current fed from its PV generator (ipyy).

. 1-D,.
la="p. ipya (11)
. 1—-Ds.

= 12
if D, ipys (12)

The voltage controllers for the armature and field circuits of the SEDC motor are shown
in Figure 1. These controllers are designed to manage the voltage in their respective circuits
by utilizing fractional open-circuit voltage values from the PV generator. This method
ensures optimal performance under various motor loading conditions and different levels
of solar irradiance, facilitating MPPT through the automatic adjustment of each DC-DC
buck-boost converter’s duty cycle. The behaviour of the voltage controllers for both the
armature and field circuits can be represented as follows:

T dDa N 0-73VpV_OCa
Da"3t ~ 0.73Voca + Vpva

—Da (13)

dDy 0.73Vpy oct
Tp,—t = —— o PVOCE 14
PTdt T 073Voce+ Vpve T (14

Substituting Equations (2) and (3) in Equations (13) and (14) become

dD, 0.73Vpyoca
Tp, dt - 11 11-n Da (15)
0.73Voca + YXn—1 %nlpy,
dDy 0.73Vpy_oct _ D (16)

D5y = "
f dt 0-73VPV_OCf + 21111:1 BnIll')%/fn
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where Tp, and Tp, represent time constants of the duty cycles of converters interfaced to
SEDC motor armature and field circuits, respectively.

3. Numerical Simulations and Analysis

In this section, the results from numerical simulations performed on the nonlinear
dynamic model of the system are discussed. These simulations were conducted in response
to changes in the mechanical load (T;) applied to the SEDC motor, while taking into account
both full and partial intensification of the PV generator. Furthermore, this research examines
the motor’s response to load changes at 100%, 75%, and 50% of full solar irradiance,
alongside steady-state output characteristics under various solar intensities.

3.1. System Performance Under Full Solar Irradiance and Varied Motor Loading

In Figures 3 and 4, the system’s response is shown under full intensity as the T; with
successive reductions from 10 N.m to 7 N.m and then to 4 N.m. The results demonstrate
that as the load diminishes, the motor’s speed increases, while the duty cycle of the DC-
DC converter decreases accordingly. This behaviour highlights the system’s capacity to
adeptly adjust to varying load conditions. To maintain the maximum power of the PV,
corresponding to the terminal voltage of 123 V for the motor, adjustments to the buck-boost
converter’s duty cycle in the armature circuit are implemented. The PV output terminal
voltages supplying the armature circuit of the SEDC motor also vary with the load torque
(T7), showcasing the system’s dynamic response to changing conditions. The armature
current of the SEDC motor varies under different load conditions, reflecting the changes
in torque and speed. Despite these variations, the terminal voltage of the motor remains
constant, indicating effective control mechanisms in place to maintain stable operation.
The system’s response time under peak solar exposure is approximately 50 s, suggesting a
reasonably fast response to changes in solar irradiance. Additionally, the behaviour of the
buck-boost armature chopper as a step-down or step-up converter depending on the duty
cycle highlights its versatility in optimizing power transfer efficiency. Overall, the findings
demonstrate the system’s capability to efficiently utilize solar energy for motor operation,
showcasing its potential for sustainable and reliable performance in practical applications.

3.2. System Behaviour at 75% Solar Intensity and Varied Motor Loading

In Figures 5 and 6, we observe the system’s response under 75% of full solar intensity,
illustrating the impact of step changes in the T; from 3 N.m to 5 N.m and then to 7 N.m.
Initially, at 3 N.m, the motor operates at 1518 rpm with a duty cycle of 0.4381. As the T;
increases to 5 N.m, the motor’s speed decreases to 1509 rpm, with a duty cycle of 0.4587.
Further increasing the torque to 7 N.m results in a speed of 1500 rpm and a duty cycle
of 0.5437. To sustain the MPP of the PVs at 75% of full intensity (115 V), adjustments are
made to the duty cycle in the armature circuit. Specifically, the PV output terminal voltages
supplying the armature circuit of the motor measure 147.5V, 135.7 V, and 96.52 V after the
load torque escalates from 3 N.m to 5 N.m, and then to 7 N.m, respectively. The simulations
(Figures 5 and 6) illustrate that the armature current of the SEDC motor varies from 4.182 A
t0 6.969 A to 9.757 A under these varying load conditions. Meanwhile, the terminal output
voltage of the PV generator supplying the field circuit is maintained at 137.17 V, with a
converter duty cycle of 0.4628. Across all load conditions, the motor’s terminal voltage stays
steady, consistent with the fractional open-circuit voltage values of the PV generators at 75%
of full solar irradiance levels supplying both the armature and field circuits. These values
are in line with the preset values of the armature and field voltage controllers. The settling
time of the system under 75% of full solar intensity is approximately 58 s, suggesting a
reasonably swift response to fluctuations in solar irradiance. This behaviour highlights the
system’s flexibility and efficacy in connecting solar energy for motor operation.
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Figure 3. The response of the system under full solar irradiance to step changes in mechanical loads,

showing motor current for (a) field, (b) armature, (c) rotational speed, and (d) motor torque.
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0.9035

3.3. System Behaviour at 50% Solar Intensity and Varied Motor Loading

Figures 7 and 8 show the system’s response under 50% of full solar intensity, show-
casing the effects of step changes in the T; from 2 N.m to 0 N.m (No Load) and then to
4 N.m. In the first step, at 2 N.m, the motor operates at 1461 rpm with a duty cycle of 0.4388.
Upon reducing the load to 0 N.m, the motor’s steady-state speed increases to 1471 rpm,
accompanied by a converter duty cycle of 0.4181. Subsequently, increasing the torque to
4 N.m yields a speed of 1451 rpm and a duty cycle of 0.4986. To maintain the MPP of the
PVs at 50% of full intensity (105.5 V), adjustments are made to the buck-boost converter’s
duty cycle in the armature circuit. The PV output terminal voltages supplying the armature
circuit of the motor measure 134.2 V, 146 V, and 105.5 V after the load torque decreases from
2 N.m to 0 N.m and then increases to 4 N.m, respectively. The simulations indicate that
the armature current of the SEDC motor varies from 2.936 A to 0 A to 5.872 A under these
fluctuating load conditions. Meanwhile, the terminal output voltage of the PV generator
supplying the field circuit is maintained at 102.5 V, with a converter duty cycle of 0.514.
Throughout all load conditions, the motor’s terminal voltage remains constant, consistent
with the fractional open-circuit voltage values of the PV generators at 50% of full solar
irradiance levels supplying both the armature and field circuits. These values align with the
predetermined values of the armature and field voltage controllers. The settling time of the
system under 50% of full solar intensity is approximately 65 s, indicating a relatively swift
response to changes in solar irradiance. This behaviour highlights the system’s versatility
and efficiency in utilizing solar energy for motor operation across various conditions.
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Figure 7. Motor, (a) field current, (b) armature current, (c) rotational speed, and (d) torque following
step changes in mechanical loads at 50% of full solar irradiance.
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Figure 8. The PV output voltage feeding the (a) field circuit and (b) armature circuit, along with the
duty cycle for the buck-boost converter for the (c) field circuit and (d) armature circuit, after step
changes in mechanical loads at 50% of full solar irradiance.

3.4. Steady-State Output Characteristics of a DC Separately Excited Motor Under Various Solar
Irradiance Levels

Table 3 illustrates that the steady-state parameters of the system exhibit variations
across three levels of solar radiation and various motor load conditions. This research
focuses on examining the output characteristics, particularly the torque—speed relation-
ships of a DC separately excited motor powered and excited by photovoltaic generators
under varying illumination levels. To identify the system’s operating points, the dynam-
ical differential equations describing the entire system are developed. Subsequently, the
resulting nonlinear equations were solved using MATLAB software. Figure 9 illustrates
the torque—speed characteristics of the DC separately excited motor under different solar
irradiance levels. This shows that at the rated load torque, the rotational speed of the DC
separately excited motor behaves consistently across all solar intensity levels. However, the
characteristics at 75% and 50% of full illumination are lower than at 100% of the full solar
irradiance level. This difference occurs because the voltage supplied by the PV generators
is lower under reduced loads, whereas the terminal voltages of the PV generators are
higher due to lower current drawn from the cells. Overall, the findings suggest that the
performance of the DC separately excited motor varies with the solar irradiance level, with
lower illumination levels resulting in reduced motor performance as compared to [29,30].
The proposed algorithm achieved MPPT efficiency consistently, exceeding 95% under
varying solar intensities, demonstrating its ability to maximize energy extraction from
the PV system. It maintained reliable performance, evidenced by stable motor speed and
consistent torque output, even during fluctuations in solar irradiance. This operational
stability ensures that the system remains functional and dependable across diverse lighting
conditions, making it suitable for real-world applications where environmental variabil-
ity is a factor. These results highlight the algorithm’s effectiveness in optimizing system
operation and enhancing overall energy utilization.
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Table 3. Steady-state parameters of the system at three solar irradiance levels and different motor
loading conditions.

Parameters 100% of Solar Irradiance 75% of Full Solar Irradiance 50% of Full Solar Irradiance

The step change in motor load

torque Ty, (N.m) 10 7 4 3 5 7 2 0 4
Motor armature current I, (A) 13.4 9.379 5.36 4.182 6.969 9.757 2.936 0 5.872
Motor field current Ir (A) 1.058 1.058 1.058 0.9849 0.9849 0.9849 0.9034 0.9034 0.9034
Motor rotational speed, 1, (rpm) 1533 1546 1558 1518 1509 1500 1461 1471 1451

Duty cycle of the DC-DC converter for

L 0.6581 0.4619 0.4394 0.4381 0.4587 0.5438 0.4388 0.4181 0.4986
the armature circuit, D,

Varray for armature circuit (V) 63.94 143.4 157 147.5 135.7 96.52 134.2 146 105.5
Motor armature voltage at MPP (V) 123.07 115 105.4
The duty cycle for the filed circuit, D¢ 0.4593 0.4593 0.4593 0.4628 0.4628 0.4628 0.514 0.514 0.514
Varray for field circuit (V) 149.4 149.4 149.4 137.2 137.2 137.2 102.5 102.5 102.5
Motor field terminal voltage at MPP (V) 127 118.2 108.4

1580 ;

— at Full Solar Intensity

—at 75% of Full Solar Intensity
at 50% of Full Solar Intensity

1560—

1540

1520 —

Motor Speed (rpm)

1500— ]

1480— —
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1440 \ \ \ \ \ \ \ \ \
0 1 2 3 4 5 6 7 8 9 10

Motor Torque (Nm)

Figure 9. Torque—speed characteristics of a DC separately excited motor change when powered by
photovoltaic (PV) generators under different illumination levels.

Table 3 shows how the motor system adapts to varying solar irradiance and load
conditions. As irradiance drops from 100% to 50%, motor torque decreases from 10 N.m to
4 N.m, and armature current reduces from 13.4 A to 5.36 A. Motor speed remains relatively
stable, decreasing slightly from 1533 rpm to 1451 rpm. The duty cycle for the armature
circuit adjusts accordingly, dropping from 0.6581 to 0.4181. Voltages across both armature
and field circuits decrease with reduced irradiance, ensuring that the system operates near
the maximum power point. These dynamic adjustments optimize energy utilization and
maintain motor efficiency, demonstrating the system’s adaptability for applications like
remote power supplies and sustainable energy solutions.
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3.5. Steady-State Output Characteristics Using a Realistic Model

The parameters of the system showed variations at three distinct solar radiation levels
and under different load conditions, as discussed in Section 3.4. This research focuses
on analyzing the steady-state output characteristics by developing a realistic model and
utilizing the RTDS and high-performance computers. In this study, the RTDS NovaCore
2.0 was utilized as the primary processing unit for real-time digital simulation. NovaCore
2.0, the latest generation of RTDS central processing hardware, offers advanced flexibility,
allowing it to function as a standalone unit or within a NovaCor cubicle integrated with
additional RTDS processing and I/O hardware. This configuration significantly enhances
simulation precision and efficiency. The platform enables the real-time analysis of both
transient and steady-state behaviours in complex systems, providing a robust tool for
validating system performance under practical operating conditions. This tool enables
the simulation of the DC separately excited motor powered by photovoltaic generators,
allowing for the real-time monitoring of system behaviour, as shown in Figure 10.
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Figure 10. DC separately excited motor powered by photovoltaic (PV) generators using a real-time
simulator, RTDS.

This study utilizes integration with RTDS to create realistic testing environments en-
compassing the power domain. The RTDS simulation demonstrates the system’s capability
to maintain stability despite fluctuations in solar irradiance levels, which influence the
power supplied to the motor. As irradiance decreases, the motor adjusts its operating
points to ensure consistent performance. At higher irradiance levels (100%, 75% and 50%),
the armature current remains relatively constant, while it experiences a slight increase at
50% to generate sufficient torque despite the reduced input power. Additionally, the field
current shows a minor decrease as irradiance diminishes, indicating that the motor’s field
control system is reducing field excitation to optimize power utilization. The observed
decline in both armature and field voltages with decreasing irradiance is anticipated, as
lower solar input leads to lower system voltages. The motor’s rotational speed remains
relatively stable across all irradiance levels, with only slight reductions (from 1038.6 RPM
to 1031.1 RPM). This stability suggests that the system can maintain a consistent speed
under varying power conditions, which is crucial for applications that require constant
speed operation.

The following figures provide an in-depth analysis of the dynamic behaviour of a
separately excited DC motor under different solar irradiance levels (100%, 75%, and 50%),
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utilizing a Real-Time Digital Simulator (RTDS). This system creates a real-time simulation
environment that effectively replicates the actual behaviour of electrical systems during
dynamic transient operating conditions. In these RTDS validation analyses, the system
operates with a torque of 5 N.m, and the motor parameters, including armature current,
field current, armature voltage, field voltage, and rotational speed, are recorded at each
irradiance level. Figure 11 illustrates the armature current of 6.8 A by the armature circuit
when the load torque is suddenly adjusted to 5 N.m at 100% irradiance level. The field
current of 1.1 A by the field circuit at the same condition, as shown in Figure 12.
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Figure 11. Armature current with 100% irradiance level.
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Figure 12. Field current with 100% irradiance level.

The armature voltage recorded at 149.8 V illustrates the electrical characteristics of
the system when the load torque is suddenly adjusted to 5 N.m, as shown in Figure 13.
This stable voltage output from the photovoltaic (PV) system reflects the ability of the
solar energy source to provide consistent power under optimal irradiance conditions.
The relatively high armature voltage indicates that the system can effectively drive the
motor while maintaining adequate performance levels. The armature voltage is critical
for ensuring the motor operates efficiently, as it directly influences the motor’s torque
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production and overall functionality. In parallel, the field voltage measured at 128.5 V
supplied by the field PV system is crucial for energizing the field circuit of the motor, as
shown in Figure 14. This voltage is essential for creating the magnetic field required for
the motor’s operation. The field voltage remains stable at this irradiance level, suggesting
that the PV system can effectively supply the necessary excitation under varying load
conditions. The field voltage’s consistency contributes to the motor’s ability to maintain
its performance even with changes in load torque. Figure 15 motor rotational speed of
(0.7 p.u) 1038.6 RPM as the load torque is step changed to 5 N.m. Table 4 shows how
the system’s steady-state parameters vary across three levels of solar irradiance and step
change in motor load torque 5 N.m. This study focuses on analyzing the steady-state output
characteristics, particularly the torque-speed relationship, of a DC separately excited motor
that is powered and energized by photovoltaic generators under different illumination
intensities using RTDS. Table 4 results show the motor’s steady state operation under
varying solar irradiance with a constant load torque of 5 N.m using RTDS. As irradiance
decreases from 100% to 50%, armature current slightly increases from 6.8 A to 7.1 A, while
field current remains stable at 1 A. Motor speed decreases only slightly from 1038.6 rpm
to 1031.1 rpm. Both armature and field voltages decrease gradually, from 149.8 V to 141 V
and from 128.5 V to 121.6 V, respectively. Overall, the system adjusts efficiently to changing
conditions, maintaining stable performance despite reduced solar power.

Table 4. Steady-state parameters of the system at three solar irradiance levels and different motor
loading conditions.

100% of Solar 75% of Full Solar  50% of Full Solar

Parameters Irradiance Irradiance Irradiance
The step change in motor load 5 5 5
torque, N.m

Motor armature current, A 6.8 6.8 7.1
Motor field current, A 1.1 1 1
Motor rotational speed, (rpm) 1038.6 1035.9 1031.1
Armature voltage, V 149.8 146.4 141
Field voltage, V 128.5 125.8 121.6

T T T T T T T T T T T T 1
1.33 2 267 333 4

Time(S)

Figure 13. Armature voltage with 100% irradiance level.
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Figure 14. Field voltage with 100% irradiance level.
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Figure 15. Motor rotational speed with 100% irradiance level.

The use of fractional open-circuit voltage (FOCV) ensured MPPT efficiency above 95%,
aligning with studies [31] that validate the reliability and simplicity of this method in real-
world applications. Furthermore, the system maintained stability under varying torque
loads and solar irradiance, consistent with findings by [31], emphasizing the role of adaptive
controls and converters in ensuring operational robustness. Steady-state performance
showed that decreased solar irradiance was compensated by increased armature current,
corroborating observations in [32] regarding the critical role of armature adjustments.
The buck-boost converter’s high efficiency in managing variable solar input aligns with
the findings of [33], which highlight the converter’s importance in maintaining system
efficiency. Finally, the observed inverse relationship between torque and speed under low
irradiance conditions mirrors trends reported by [34], emphasizing the need for advanced
controls to mitigate performance loss. These findings validate the novel integration of dual
PV systems with separately excited DC motors, addressing critical gaps in adaptive and
efficient energy utilization.
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4. Conclusions and Future Works

This study presents a detailed evaluation of the integration of PV generators in an
SEDC motor, including MPPT techniques to optimize energy extraction. The proposed
system demonstrated stable and consistent performance across varying solar irradiance
levels (100%, 75%, and 50%) and mechanical load conditions. This performance was
supported by the efficient use of buck-boost converters to regulate voltage and ensure
optimal energy delivery. Under full irradiance, the motor operated at a rotational speed of
approximately 1038 rpm with armature and field voltages of 150 V and 129 V, respectively,
and a torque of 5 N.m. At 75% irradiance, the system adapted to slightly reduced conditions,
achieving a speed of 1036 rpm and voltages of 146 V and 126 V. Even under 50% irradiance,
the motor maintained a speed of 1031 rpm, with armature and field voltages of 141 V and
122 V, respectively. These results underline the system’s resilience and ability to sustain
performance, even with reduced solar energy input. The MPPT technique, using a fractional
open-circuit voltage method with a fraction set at 0.73, adjusted the duty cycle of the buck—
boost converter dynamically, ensuring efficient energy utilization. The system showed
fast settling times between 50 and 65 s in response to changes in load and irradiance,
demonstrating its adaptability to dynamic conditions. The duty cycle of the armature
circuit adjusted between 0.44 and 0.66 approximately, depending on load and irradiance
conditions. The system’s performance was validated through real-time digital simulations,
proving its ability to maintain stability and efficiency under transient conditions. While
this study demonstrates the potential of the system for practical applications such as
irrigation, ventilation, and standalone renewable energy systems, some limitations should
be addressed in future research.

Future Works

In general, this study did not incorporate real-time weather data variability, which is
crucial for optimizing system performance in actual operating environments. Variations
in temperature, humidity, and cloud cover can significantly affect the system’s efficiency,
and real-time weather data should be included to improve model accuracy. Furthermore,
this study assumed constant efficiencies for power converters and other components,
but in real-world scenarios, their efficiencies can vary with operating conditions such as
temperature and load. Future work should account for these variations to enhance the
accuracy of performance predictions. Future directions could also involve exploring the
integration of hybrid renewable energy sources, such as wind and battery storage systems,
to further enhance system reliability and flexibility. The implementation of advanced
intelligent control strategies could improve the system’s performance, while scalability to
industrial applications should be investigated to broaden its practical use. Additionally,
assessing cost-benefit analyses, thermal management techniques, and the potential for
grid integration would be crucial for improving the system’s economic feasibility and
operational efficiency. This work contributes to the advancement of sustainable energy
solutions and sets the stage for further developments in renewable energy integration.
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Nomenclature

Abbreviation  Description

PV Photovoltaic.

SEDC Separately Excited Direct-Current.

FLC Fuzzy logic controller.

NN Neural network.

PI Proportional-Integral.

OID Proportional-integral-derivative.

P&O Perturbation and Observation.

PEMFC Proton-Exchange Membrane Fuel Cells.
ASV-CSA Adaptive Step Value with Cuckoo Search Algorithm.
PV-WPSs Photovoltaic Water-Pumping Systems.
PSO Particle Swarm Optimization.

RTDS Real-time digital simulator.

MPPT Maximum Power Point Tracking.

FOCV Fractional open-circuit voltage.

DCSE Direct current separately excited motor.
vpv PV output terminal voltage.

Ipy PV output current.

V4 Output voltage of DC-DC buck-boost converter.
Va Armature terminal voltage of the SEDC motor.
Vi Field terminal voltage of the SEDC motor.
Lon Photon current.

L. Armature winding inductance.

Ra Armature winding resistance.

R¢ Field winding resistance.

L Field winding inductance.

I¢ Motor field current.

Iy Motor armature current.

Im Motor load current.

] Rotor and load moment of inertia.

w Rotational speed of the rotor.

Time constants of the duty cycles of the DC-DC converters for armature and
field circuits.
D, Duty cycle of the armature buck-boost circuit.

TDa/ TDf

Dy Duty cycle of the field buck-boost circuit.
K Constant depending on the machine design.
o Flux per pole.

1L Load torque.

Ipy Output load current of the PV array (A).
Vpy Output voltage of the PV array (V).

Ns Number of series-connected PV cells.

Np Number of parallel-connected PV cells.

Iy Reverse saturation current of the diode (A).
q Elementary charge (~1.6 x 1071° C).

n Diode ideality factor.

k Boltzmann’s constant (~1.38 x 10~23 J/K).
T Ambient temperature (K).

d/dt Time derivative.

Appendix A

e  The numerical values for the system’s parameters are as follows: L¢ = 10 mH, R¢ =120 (),
V=120V,Lp =18 mH, Ry =024 (), ] =15 kg-mz, Tpa =1 ms, and Tpg = 0.1 ms.
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Table A1. The constants for the output characteristics of the PVs, which power the armature circuit of
the SEDC motor, are provided for three different solar irradiance levels.

75% of Full 50% of Full

Full Solar Irradiance

Irradiance Irradiance

Q; (V/A0 —0.0000002448 —0.00000409564 —0.00021566167
Q> (V/A?) 0.000020221518 0.00025368261 0.0089053426
Q3 (V/A8) —0.00071025735 —0.0066827305 —0.15639491
Q4 (V/A7) 0.013832714 0.097612823 1.5229452
Qs (V/A®) —0.16327544 —0.86413501 —8.9880971
Qe(V/AD) 1.1990814 4.7596023 33.003923
Q7 (V/AY) —5.4118479 —16.111235 74.478767—
Qg (V/A3) 14.277315 31.878 98.243414
Qo (V/A?) —19.834429 —33.214329 —68.241193
Q10 (V/A) 10.88503 13.670886 18.725203

Q11 (V) 147.89258 139.30756 127.20767

Table A2. The constants for the output characteristics of the PVs, which power the field circuit of the
SEDC motor, are provided for three different solar irradiance levels.

75% of Full 50% of Full

Full Solar Irradiance
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