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Abstract: This study presents a standalone solar power system that incorporates a photovoltaic (PV)
module, a boost converter, an H-bridge inverter, a low-pass filter (LPF), and a microcontroller unit
(MCU). A novel cake sweetness maximum power point tracking (CS MPPT) algorithm and adjustable
frequency and duty cycle (AFDC) control strategy has been proposed and efficiently applied to the
solar power system for optimizing the system efficiency and output power quality. The experimental
results show that the proposed CS MPPT algorithm achieves an efficiency of 99% under both the
uniform irradiance conditions (UIC) and partial shading conditions (PSC). Subsequently, the AFDC
control strategy is applied to the H-bridge inverter which improves the output AC voltage and AC
current and thereby improving the power quality. The system ensures a stable 110 V;ms/60 Hz AC
output voltage with only 2% total voltage harmonic distortion of voltage (THDy), and produces a
high-quality output voltage with reduced LPF volume and better economic benefits. The comparative
analysis demonstrates that the characteristics and the performances of the CS MPPT algorithm in
combination with the AFDC control strategy is better than the existing several maximum power point
tracking (MPPT) techniques and inverter control strategies. The research output affirms the potential
of the proposed solar power system to fulfill the actual daily needs of electricity by harnessing the
maximum power from PV modules.

Keywords: standalone solar power system; cake sweetness maximum power point tracking; adjustable
frequency and duty cycle; total voltage harmonic distortion

1. Introduction

Renewable energy has gained unprecedented attention due to the increasing global
concerns about environmental protection, energy conservation, carbon reduction, and
achieving net zero emissions. Renewable energy sources including solar power, wind
power, hydropower, and tidal power are sustainable alternatives to fossil fuels. Solar power
generation is an exceptional renewable energy source owing to its abundance and free
availability, noise-free operation, low maintenance cost, prolonged service life of up to
20 years and inherent ability to directly convert sunlight into electrical energy through
semiconductor technology [1,2].

Solar power generation systems can be categorized as standalone, grid-connected, and
hybrid types. The grid-connected and hybrid systems can be interconnected with the grid,
battery banks, diesel generators, and other renewable energy devices [3-5] which allow
them to support each other and enhance grid stability. However, their installation costs
are relatively high. In contrast, the standalone solar power system market has witnessed
a significant growth in recent years [6,7]. Several factors can be attributed to this growth:
Firstly, the efforts of governments across the globe to reduce carbon emissions and mitigate
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greenhouse effects [8], have led to a strong demand for solar power system development.
Secondly, the ongoing research endeavors for improving the efficiency and reliability of
standalone power systems, offer longer operation time and lower maintenance costs [9-11].
Thirdly, the standalone solar power systems can provide power to regions without access
to the grid or regions with unstable power supply, thus enhancing energy security. Lastly,
the commercial standalone systems are now modularized which allows users to assemble
and deploy them more conveniently. Therefore, this study focuses on developing control
strategies to enhance the performance of standalone solar power generation systems.

Numerous research works have already been performed in the field of solar maximum
power point tracking (MPPT) algorithms which play a significant role in optimizing the
energy harvest from solar modules [12-18]. Some of the recently proposed algorithms are
mentioned here with their advantages. In 2021, Fares et al., proposed the squirrel MPPT
algorithm that can quickly track the maximum power point (MPP) in a shaded environment
and achieve an efficiency of 99% [12]. In the same year, King et al., presented a hybrid
algorithm combining the fireworks algorithm with the particle swarm optimization (PSO),
which resulted in a 20% improvement in tracking speed [13]. Zhao et al. (2020) introduced
the grain-eating bird (GEB) algorithm combined with a dynamic particle algorithm for
MPPT control, enhancing the tracking speed and performance as compared to traditional
dynamic particle algorithms [14]. Li et al. (2019) developed a weather-adaptive MPPT tech-
nique that substantially surpassed the conventional perturb and observe (P&O) methods,
addressing the limitations of power converters and significantly improving efficiency under
specific conditions [15]. Furthermore, Mirza et al. (2019) presented a novel rooster swarm
algorithm, which demonstrated better performance and speed in MPPT compared to the
GEB algorithm and P&O method [16]. Xu et al. (2023) proposed a hybrid quantum particle
swarm optimization (HQPSO), which optimizes the particle swarm optimization (PSO),
and can effectively capture MPP under PSC. Moreover, the convergence speed of HQPSO
surpasses that of the P&O method and PSO [17]. Roh (2022) introduced the deep learning
(DL) MPPT algorithm for judging the irradiance level. This algorithm can track changes
in irradiance level and adjust the duty cycle to capture MPP. The DL MPPT algorithm
demonstrates better performance than the P&O method [18].

The architecture of standalone solar power systems consists of a DC/DC power
converter connected to a DC/AC inverter. The primary purpose is to convert the DC power
from the solar modules into AC power and produce a single-phase AC 110 Vp,s/60 Hz for
the load. Several studies [19-24] have focused on controlling the DC/AC inverter to ensure
excellent power quality, avoid load flickering, and prolong the lifespan of the electrical
equipment. Tamer et al. (2009) proposed a new PSO algorithm combined with a multilevel
inverter to eliminate voltage harmonics and provide high-quality power [19]. Similarly,
Tamer et al. (2008) employed a genetic algorithm combined with a multilevel inverter to
reduce complex computations and rapidly decrease voltage harmonics, thus improving
power quality [20]. Hamid et al. (2014) presented a three-phase power compensation
scheme to reduce voltage harmonics and provide AC sinusoidal voltage at the output [21].
Moreover, Sayari et al. (2016) proposed a self-tuning algorithm for harmonic compensation,
ensuring AC sinusoidal output voltage from the inverter [22]. Jiao et al. (2023) proposed a
system with multiple H-bridge inverters in series and adjusted their phase angles. This
reduced the THD while improving the system output power quality [23]. Muhammad et al.
(2023) introduced a hybrid technology for minimizing the THD. This technique includes
multi-level inverters and adaptive control, which can effectively reduce power harmonics.
However, the control strategy is complex [24].

This study gained inspiration from the contribution made by various scholars on
MPPT and power control techniques for solar power systems. The proposed standalone
solar power system includes PV modules connected to a boost converter, which is further
connected to an H-bridge inverter and a low-pass filter (LPF). The Cake Sweetness (CS)
MPPT algorithm has been proposed to achieve MPP in combination with the boost con-
verter. Additionally, an adjustable frequency and duty cycle (AFDC) control strategy is
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employed for the inverter to improve power harmonic content and reduce the size of the
low-pass filter (LPF). In this study, the proposed novel control strategy helps to enhance
the efficiency and economic benefits of the solar power system.

Table 1 presents a comprehensive comparison of eight MPPT algorithms in terms
of their characteristics and performance. The proposed CS MPPT algorithm does not
require prior knowledge of parameters, has a simple structure, fast convergence time, and
exhibits high efficiency under both uniform irradiance conditions (UIC) and partial shade
conditions (PSC). Hence, the proposed CS MPPT algorithm outperforms the other seven
MPPT algorithms. Table 2 presents a comparison of seven inverter control strategies in
terms of their characteristics and performance. The proposed AFDC control strategy does
not require prior knowledge of parameters, has a simple structure, and exhibits low power
harmonics distortion. Consequently, the proposed AFDC control strategy outperforms the
other six control strategies.

Table 1. Comparison of characteristics and performance of several MPPT algorithms.

MPPT Algorithm Parameter Complexity Convergence Time  UIC Performance  PSC Performance
[12] Necessary Medium Medium High High
[13] Necessary Medium Medium High High
[14] Necessary High Fast High High
[15] Necessary Medium Medium High Medium
[16] Necessary Medium Medium High Medium
[17] Necessary Medium Fast High High
[18] Unnecessary Medium Fast High Medium
Proposed CS Unnecessary Simple Fast High High

Table 2. Comparison of characteristics and performance of several inverter control strategies.

Control Strategy Parameter Complexity Amount of Total Harmonic Distortion
[19] Unnecessary Low Medium
[20] Unnecessary Low Medium
[21] Necessary Medium Medium
[22] Necessary Medium Low
[23] Unnecessary Medium Medium
[24] Necessary Complexity Low
Proposed AFDC Unnecessary Low Low

2. PV Module Specification and Traditional Maximum Power Point Tracking Algorithm
2.1. PV Module Specification

Figure 1 shows the equivalent circuit of a solar cell. The different parameters of this
circuit are the output current of the solar cell (I»), photo-generated current (I,,), reverse
saturation current (I;s), solar cell output voltage (V), solar cell equivalent series resistance
(Rs), solar cell equivalent parallel resistance (Ryy,), thermal voltage (V) and diode ideality
factor (A). The relationship between these parameters is mentioned in Equation (1) [25].

Vpo+Rslpo Vi I,,R
)_1:|_(t+ po 5) (1)

Ipv = Iph — L [6( AVy Rsh
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Figure 1. Equivalent circuit of a solar cell.

Equation (2) describes the relationship between thermoelectric voltage (V;), number
of solar cells connected in series (N;), Boltzmann constant (k), Kelvin temperature (T), and

electric charge (g) [25].
NskT
= @)
q

Equation (3) establishes the relationship between the solar cell fill factor (FF), MPP

current (Ispp), MPP voltage (Vpipp), short-circuit current (I;;), and open-circuit voltage
(Voc) [26].

Vi

FF = (Vmpp - Impp) / (Voc - Isc) (3)

Equation (4) defines the relationship between solar cell output power (Py,), output
voltage (V}), and output current (Io).

va = va : Ipv 4)
Equation (5) depicts the relationship between Iypp, current factor (k;), and I.

Ipmpp = ki “Isc ()
Equation (6) describes the relationship between Vpp, voltage factor (k,), and V.

VMPP = kv - Voc (6)

Multiple solar cells are interconnected in series and parallel configurations to form a
PV module. Table 3 shows the specifications of a single PV module used in this study. At
a solar irradiance of 1000 W/m? and a temperature of 25 °C, the PV module exhibits the
following characteristics as displayed in Table 3.

Table 3. Specification of a single PV module.

Parameter Value

Open-circuit Voltage (V) 365V
Short-circuit Current (I5) 95 A
Maximum power point voltage (Vpp) 285V
Maximum power point current (Ipp) 85 A
Maximum power point power (Pjpp) 242 W

2.2. Traditional Maximum Power Point Tracking Algorithm

Solar power generation systems are susceptible to changes in the environment, which can
affect their output power. Therefore, it is essential to employ an MPPT algorithm to capture
the MPP and ensure high efficiency in solar power generation systems. Traditional MPPT
algorithms include the open-circuit voltage method, short-circuit current method, hill-climbing
(HC) algorithm, P&O method, and three-point weight method [27-31]. The advantages of
these methods are their simplicity, ease of implementation, and cost-effectiveness. However,
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their disadvantages include the inability to capture the MPP under shading conditions
and their perturbative characteristics, which can impact system efficiency. To address the
shortcomings of the traditional MPPT algorithms, the Cake Sweetness (CS) MPPT algorithm
has been introduced in this study. The CS MPPT algorithm is capable of capturing the MPP
under both the UIC and PSC, thus improving its perturbative characteristics as well as
enhancing the system efficiency.

3. Proposed System
3.1. Stand-Alone Solar Power System Architecture

The architecture diagram of the proposed control strategy applied to a standalone
solar power system has been illustrated in Figure 2. Firstly, the system architecture consists
of a PV module connected to a boost converter, followed by an H-bridge inverter and
an LPE Secondly, the boost converter incorporates the CS MPPT algorithm, enabling the
solar power system to capture the MPP during operation. Finally, the H-bridge inverter
integrates the AFDC control strategy and allows the system to provide a 110 Vyms/60 Hz
output power supply with a low harmonic distortion amount.

L D

L .
PWM S

)JE} .. N ' MM J_ T

S, C

e Tivr Visr | Vores

PV module ADC [ 1/0 port ] [ ADC ] [ 1/0 port ] ADC
T
[ Timer ]—)[ processor
CS MPPT algorithm AFDC control strategy

Figure 2. Architecture diagram of the proposed control strategy applied to a standalone solar
power system.

The relationship between the variable V), output voltage (V.), and duty cycle (D) of
the boost converter in continuous conduction mode (CCM) are represented as follows [25].

Ve 1

Voo 1-D @)

Equation (8) gives the relationship between the I, output current (Ic), and D in the
boost converter CCM [25].
Ic == Ipv(l - D) (8)

The equation relating the inductor value of boost converter (L), minimum input voltage
(Vyomin), D, switching frequency (f;), and peak-to-peak inductor current (Al) are given as
follows [32].

I = \@ : va,min -D
fs- Al

Equation (10) describes the relationship between the system output AC voltage [v,(t)],
output peak voltage (v,), and phase difference (¢) [32].

©)

o (t) = vy sin(wt + @) (10)
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The equation defining the relationship between the root mean square voltage of system
output (vyms), vo(t), and period (T) is provided as follows [32].

T
Drms = 1 /% /0 (00 (1)t (11)

The equation for the LPF resonant frequency (f,), inductor value (L1), and capacitor
value (C;) are expressed as follows [32].

1
fo N 27‘[\/L1 . C1

Equation (13) depicts the relationship between the total voltage harmonic distortion
(THDy), fundamental frequency voltage [v1], and each order of voltage harmonic [32].

(12)

o]

o)

[r1e

1

THD, = (13)

The equation for the total current harmonic distortion (THD;), fundamental frequency
current [{(], and each order of current harmonic amount are provided as follows [32].

ﬁ
El

THD; = @ (14)

—

3.2. Novel Maximum Power Point Tracking Technique

The Ppy~Vpy characteristics of the PV module under different atmospheric conditions
are demonstrated in Figure 3. Figure 3a shows the P}~V characteristic of the PV module
under the UIC which exhibits a single MPP. Figure 3b displays the Py,—V}, characteristic of
the PV module under the PSC, which exhibits a single MPP but two peak power points
(PPP) PPP; and PPP;.

P/?\' A P/J\'

(W) - (W) _—

»
>

MPP

PPP,

»

Vp (V) Ve (V)
(a) (b)

Figure 3. The Pp,~V)y, characteristic of the PV module: (a) under uniform irradiance conditions,

(b) under partial shade conditions.

To overcome the limitations of traditional MPPT algorithms [25-29] in capturing
the MPP under both the UIC and PSC, a novel CS MPPT algorithm has been developed.
Inspired by a cake-shaped design, the PV module is divided into six proportional slices
as depicted in Figure 4. The sweetness level of each slice is analyzed to determine the
proximity to the MPP, with higher sweetness indicating a higher P,. Through an iterative
approach, the CS MPPT algorithm narrows down the MPPT range and ultimately captures
the MPP. This method is applicable to both UIC and PSC.
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Figure 4. Schematic diagram of the proposed CS MPPT algorithm.

The proposed CS MPPT algorithm is combined with a boost converter for MPPT (as
shown in Figure 2). After the CS MPPT algorithm performs its calculations, it outputs
the duty cycle to drive the boost converter to capture the MPP. The relationship between
Py, and the duty cycle in the proposed CS MPPT algorithm is depicted in Figure 5, which
corresponds to the slices shown in Figure 4. Using this Py,—V), characteristic, the curve
is divided into six segments: 0-V1, V1=V, V—-V3, V3-Vy, V4—V5, and V5—V, each of
which corresponds to a binary linear equation. Equation (15) is used to calculate the
Ppy for each segment. The sweet point corresponding to the MPP can be estimated with
these calculations.

Ppo =2 (Vpo)* +y - Vpo +2 (15)
k) A
o
&
£ MPP
-
= PPP>
PPP:
>
0 Py (W)

Figure 5. Relationship diagram of Py, and the duty cycle in the proposed CS MPPT algorithm.

The parameters x, i, and z are the coefficients in the above equation.

The proposed CS MPPT algorithm will generate four distinct states by dividing the
PV curve into six segments. Each state is determined using Equation (15), resulting
in three power points for each state (as shown in Figure 6). State 1 represents the region
of the curve with the peak power point, while State 3 represents the region with local low
points. State 2 and State 4 represent regions that have not yet reached the MPP and the
PPP, respectively.

Four distinct states of the Pp,~V, curve of the PV module are demonstrated in Figure 6.
Firstly, the proposed CS MPPT algorithm will exclude State 2, State 3, and State 4 to enhance
the efficiency of MPPT execution. Next, the Pj,—V, curve exhibits three peak power points.
Further comparison is conducted to identify two possible peak power points, denoted as
PPP; and PPP,, along with the actual MPP (as shown in Figure 6). Finally, the proposed CS
MPPT algorithm can quickly search for the MPP under both UIC and PSC. This significantly
improves the efficiency of the solar power generation system and effectively mitigates the
shading issues that the PV module may encounter, which could otherwise lead to decreased
system efficiency.
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Figure 6. Four different states of Pp,~V)y curve of PV module.

3.3. Novel Control Strategy for H-Bridge Inverter

In this article, the adjustable frequency and duty cycle (AFDC) control strategy has
been adopted for the H-bridge inverter in the standalone solar power generation system.
This control strategy enables the solar energy system to produce a stable 110 Vs AC
voltage at a frequency of 60 Hz while maintaining high power quality. Additionally, the
AFDC control strategy facilitates a reduction in the LPF size and leads to improved system
performance and economic benefits. The AFDC control strategy operates as follows.

Figure 7 displays a representation of the adjustable frequency control strategy. Figure 7a
illustrates the relationship between the sinusoidal control signal Vs, triangular wave V,,;,
and duty cycle. The duty cycle is obtained by comparing Vs with V;,;, and this research
controls Vy,; to adjust the frequency of the duty cycle. Figure 7b shows the mechanism of
the adjustable frequency control with the relationship between v,, Vs, and time. Here, v, is
110 Vims, and t; is 16.66 ms (i.e., frequency is 60 Hz). The control of V,,; is divided into five
intervals, namely T; to Ts. The duration of each interval is as follows: T; interval is from
0 to 2 ms, T, interval is from 2 ms to 6.33 ms, T3 interval is from 6.33 ms to 10.33 ms, Ty
interval is from 10.33 ms to 14.66 ms, and T5 interval is from 14.66 ms to 16.66 ms. The V,;.
frequency is set to 5 kHz for Ty, T3, and T intervals, while it is set to 1 kHz for T, and Ty
intervals, constituting the adjustable frequency control strategy in this research.

> A

g - Vi

WA A44 4/
2

» t

A

Duty cycle(V)

1]

:

7

1l

@

4
0 >t (ms)
SIS B e
A
\/ o
Tn T2 T3 Ts Ts

(b)

Figure 7. Diagram of adjustable frequency control strategy: (a) Illustration of the relationship between
sinusoidal control signal V, triangular wave V,;, and duty cycle, (b) Illustration of the adjustable
frequency control mechanism with the Illustration of the relationship of v,, Vs, and time.
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Figure 8 displays the diagram of adjustable duty cycle control strategy and depicts
the relationship between v,, duty cycle, and time. V is 110 Vs and ¢; is 16.66 ms (i.e.,
frequency is 60 Hz). The duty cycle range is set from 0.05 to 0.95. The parameters 4, b, and c
are utilized to modulate the duty cycle D through time to control the H-bridge inverter. The
relationship between D and parameters 4, b, and ¢ with the system output voltage [v,(t)]
are expressed in Equation (16).

D=a-[vo()*+b-[vo(t)] +c (16)

where,a=1 x 107°, b = 0.005, and ¢ = —0.07.

A
+155
S\ |-
SN Vt
=Ibh [ :
A
0.95 [Py
-
o
g3 O e 2
270 o>t (ms)
Ti T | Tz ¢ Ta {Ts

Figure 8. Diagram of adjustable duty cycle control strategy with relationship of v,, duty cycle,
and time.

The proposed AFDC control strategy involves variable frequency and modulated duty
cycle to effectively control the four Power MOSFETs in the H-bridge inverter, reducing
power harmonics distortion and achieving a high-quality output power of 110 Vs /60 Hz.
Additionally, this control strategy operates at the frequency of 1 kHz and 5 kHz, thereby
improving the conventional operation at 60 Hz, thus addressing the issue of bulky LPF.
This improvement results in reduced LPF size and enhanced economic benefits.

The flowchart for the proposed control strategy is depicted in Figure 9. Initially, the
output current of PV module must be between 0 and 9.5 A (as Table 3). This means that
the system has a connected load that can provide power. In cases where the current is
greater than 9.5 A and exceeds the design capacity, the system must be stopped. The
output voltage of PV module is then checked which should be greater than 15 V. If it meets
the condition, the boost converter is activated to control the voltage output at 155 Vpc.
Subsequently, the AFDC control strategy is initiated, enabling the H-bridge inverter to
operate and resulting in a system output power of 110 Vs /60 Hz. If the boost converter
output voltage cannot achieve the desired 155 Vpc, the proposed CS MPPT algorithm
is activated which allows the boost converter to adjust its output voltage in the range
of 140 Vpc to 155 Vpc. Upon entering the desired range, the AFDC control strategy is
triggered, and the H-bridge inverter starts to operate and provides the system output
power of 110 Vs /60 Hz. In cases where the boost converter’s output voltage cannot be
adjusted within the range of 140 Vpc to 155 Vpc despite using the proposed CS MPPT
algorithm, the system will stop operating. Finally, this study combines the standalone solar
power generation system with novel control techniques, namely, the proposed CS MPPT
algorithm and the AFDC control strategy. This novel control technique offers advantages
such as reduced LPF size, enhanced system performance, improved power quality, and
economic benefits.
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No
0 </, <9.5A

System stop i»

Boost converter
itput voltage =155V,

Proposed CS MPPT
algorithm start up

Boost converter
output voltage range of
140Vpe ~ 155V

Proposed AFDC control strategy start up
and the system output 110 V7,,/60 Hz

Figure 9. Flowchart for the proposed control strategy.

4. Hardware Implementation and Experimental Results
4.1. Implementation of the Proposed Novel Control Strategy to Standalone Solar Power
Generation System

The proposed novel control strategy has been applied to the stand-alone solar power
generation system and is physically illustrated in Figure 10. Initially, the standalone solar
power generation system is constructed using a PV simulator (as detailed in Table 3) which
is supervised by a computer. Subsequently, the PV simulator output terminal is connected
to the boost converter, which is embedded in controller 1 (MCU 1). The MCU 1 receives the
PV simulator output voltage signal (V) and the current signal (I,), and the output
voltage signal (V) of boost converter. A voltage regulation control is further performed
through the proposed control strategy (as Figure 9). Thereby, the boost converter controls
the output voltage to 155 Vpc. However, if the boost converter output voltage cannot
reach 155 Vpc, the proposed CS MPPT algorithm (as Equation (15) and Figure 6) will
be implemented to allow the boost converter to control the output voltage within the
range of 140 Vpc—155 Vpc. Secondly, the boost converter output terminal is connected to
the H-bridge inverter, which is embedded in controller 2 (MCU 2). The MCU 2 receives
the output voltage signal V,, ;s from the stand-alone solar power generation system and
further implements the AFDC control strategy (as Equation (16) and Figures 7 and 8). The
execution of the AFDC control strategy allows the H-bridge inverter produce an output
voltage with lower THD. Finally, an LPF is connected at the output terminal of the H-bridge
inverter to achieve a high-quality AC output of 110 Vs /60 Hz.

Table 4 shows the specifications of the equipment/components used during the hard-
ware implementation of the proposed novel control strategy for the stand-alone solar power
generation system. The proposed solar power generation system has been validated as
shown in Figures 11-14. These experimental results demonstrate that the proposed solar
power generation system has high efficiency and excellent power quality.
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Figure 10. Hardware implementation of the proposed novel control strategy to the standalone solar
power generation system.

Table 4. Specifications of the equipment used in hardware implementation of proposed control strategy.

Equipment/Components Specification
PV simulator Chroma, 62020H
Scope Keysight, DSOX1204A
Power supply Gwinstek, GPS—4303
Load 130 2 and 200 Q)
Computer HP, Victus
Microcontroller unit 1 (MCU 1) Microchip, 18F452
Microcontroller unit 2 (MCU 2) Microchip, dsPIC33F]64GS606
Boost converter Input voltage:15 Vpc—40 Vpc, output voltage: 155 Vpc
H-bridge inverter Input voltage: 155 Vpc, output voltage: 110 Vims/60 Hz
. Inductance value 100 uH
Low-pass filter (LPF) Capacitance value 400 Vg, 20 uF
y P-V Curve
Vo
I
£
a
P,

(b)

Figure 11. Waveforms of the experimental result of the proposed CS MPPT algorithm under the
UIC with solar irradiance of 1000 W/m? and temperature of 25 °C: (a) actual output Ppy—Vy curve
from the PV simulator, (b) waveforms of Vi, Iw, and Py, from the PV simulator (Vyy: 20 V/div, I
20 A/div, Ppy: 300 W/div, horizontal axis: 2 s/div).
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Figure 12. Waveforms of the experimental result of the proposed CS MPPT algorithm under the
UIC with solar irradiance of 500 W/m? and temperature of 25 °C: (a) actual output Ppy—Vy curve
from the PV simulator, (b) waveforms of Vi, Ip, and Py, from the PV simulator (Vp,: 20 V/div, Iy
20 A/div, Ppy: 300 W /div, horizontal axis: 2 s/div).

Figure 13. PV module under shading condition at solar irradiance of 1000 W/m? and temperature of

25 °C.
Vo
I
g 5
- P,

to

(b)

Figure 14. Waveforms of the experimental result of the proposed CS MPPT algorithm under the
PSC with solar irradiance of 1000 W/m? and temperature of 25 °C: (a) actual output Pp,—Vy curve
from the PV simulator, (b) waveforms of Vi, Iyn, and Py, from the PV simulator (Vpp: 20 V/div, Ly
20 A/div, Ppy: 300 W/div, horizontal axis: 2 s/div).



Processes 2023, 11, 2770

13 of 17

4.2. Experimental Results of the Proposed CS MPPT Algorithm

The waveforms of the experimental result of the proposed CS MPPT algorithm under
UIC with a solar irradiance of 1000 W/m? and temperature of 25 °C are presented in
Figure 11. Figure 11a shows the actual output Pp,~V, curve from the PV simulator and
exhibits the MPP at 242 W. Figure 11b displays the waveforms of V), Iy, and Py, from
the PV simulator. At time ty, the proposed CS MPPT algorithm is activated and quickly
operates at the MPP. At this moment, V), is 28.5 'V, I, is 8.45 A, and Py, is 241 W (as
depicted in Figure 11a), and yields an MPP efficiency of 99%.

The waveforms of the experimental result of the proposed CS MPPT algorithm in the
UIC with a lower solar irradiance of 500 W/m? and temperature of 25 °C are demonstrated
in Figure 12. Figure 12a illustrates the actual output Pp,~V), curve from the PV simulator,
and exhibits the MPP at 120 W. Figure 12b shows the waveforms of V}, I, and Py, from
the PV simulator. At time ty, the proposed CS MPPT algorithm is activated and quickly
operates at the MPP. At this moment, V), is 28 V, I, is 4.25 A, and Py, is 119 W (as depicted
in Figure 12a) and yields an MPP efficiency of 99%.

The schematic diagram of a PV module experiencing a shading condition, with solar
irradiance of 1000 W/m? and temperature of 25 °C are illustrated in Figure 13. The diagram
is simulated using a PV simulator, having a total of 36 solar cells, out of which 25 cells are
shaded. In this scenario, the MPP of the PV module is 81.5 W, with Vpp of 18.5 V and
Ippp of 4.4 A. Figure 14 presents the waveforms of the experimental result of the proposed
CS MPPT algorithm in a PSC with solar irradiance of 1000 W/m? and temperature of 25 °C.
Figures 13 and 14 provide the complementary information. Figure 14a shows the actual
output Ppy—Vy characteristic from the PV simulator, which exhibits two peak power points
and one MPP and exhibits the MPP at 81.5 W. Figure 14b displays the waveforms of V), Iy,
and Py, from the PV simulator. At time to, the proposed CS MPPT algorithm is activated
and rapidly operates at the MPP, resulting in V), of 18 V, I, of 4.5 A, and Pp, of 81 W (as
indicated in Figure 14a) and yielding an MPP efficiency of 99%.

It is obvious from Figures 11, 12 and 14 that the proposed CS MPPT algorithm can
quickly capture the MPP under both the UIC and PSC and achieve a system efficiency
of 99%. The performance of the proposed MPPT algorithm under PSC is better than the
algorithms used in ref. [15,16] (as shown in Table 5).

Table 5. Comparison of efficiency between three MPPT algorithms under PSC.

Algorithm Efficiency
[15] 97%
[16] 94%
Proposed CS MPPT algorithm 99%

4.3. Experimental Results of the Proposed AFDC Control Strategy

Figure 15 shows the measured waveforms of the output voltage (v,) and current (i,)
of the standalone solar power generation system. In Figure 15a, the system is connected
to a load of 130 ), resulting in v, of 110 Vs /60 Hz, i, of 0.85 Amms/60 Hz and voltage
total harmonic distortion (THDy) of 2%. In Figure 15b, the system is connected to a load of
200 €, resulting in v, of 110 Vims /60 Hz, i, of 0.55 Aims /60 Hz and THDy, of 2%.

The implementation of the AFDC control strategy in the standalone solar power
generation system ensures the stable operation of v, at 110 Vims/60 Hz with a THDv of 2%.
The proposed AFDC control strategy is applied to the standalone solar power generation
system, allowing v, to stably operate at 110 V;ns/60 Hz with a THDy, of 2%. This control
strategy not only ensures excellent power quality but also facilitates the LPF size reduction
and thereby reduces the overall system design cost.
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Figure 15. Output voltage (v,) and current (i,) waveforms of the standalone solar power generation
system at different load: (a) load of 130 ), (b) load of 200 Q. (v,: 50 V/div, ip: 0.75 A/div, horizontal
axis: 5 ms/div).

From Figure 15, it is obvious that the proposed AFDC control strategy exhibits excellent
power quality with a THDy of 2%. The THD, of the proposed system is better than the
control methods used in the ref. [19,21] (as shown in Table 6).

Table 6. Comparison of the THDy of three control strategies.

Control Strategy THDy
[19] 5.4%
[21] 9.7%
Proposed AFDC control strategy 2%

5. Discussion and Conclusions

This research introduced a novel control strategy designed for standalone solar power
generation systems, aiming to enhance the system efficiency and reduce the THD of the
system output voltage. By improving the power quality, reducing the system size, and
promoting cost-effectiveness, the proposed approach contributes to the advancement of
solar power technology. The developed CS MPPT algorithm and AFDC control strategy
were successfully implemented into the standalone solar power generation system and
validated through experimental tests. The system achieved 99% MPPT efficiency under
both UIC and PSC. The AC output voltage was controlled at 110 Vs /60 Hz and THD,,
of 2%, ensuring stable and high-quality power supply. Furthermore, the AFDC control
strategy’s operation at the frequencies of 1 kHz and 5 kHz effectively addresses the issue of
bulky LPF associated with traditional 60 Hz frequency operation. Therefore, the system’s
cost-effectiveness is optimized by reducing the LPF size. The performance of the proposed
method was evaluated and then compared with seven existing MPPT techniques and
six inverter control strategies. The results clearly demonstrate that the proposed method
outperformed comparative approaches in terms of efficiency and characteristics. The solar
power generation system in this research efficiently converts solar energy into electricity
and thus can be used to meet real-world electricity demands effectively.

In this study, the proposed novel control strategy when combined with a stand-alone
solar power generation system, exhibits excellent performance which has been validated
through experimental results. The proposed CS MPPT algorithm can capture MPP under
both the UIC and PSC with a single PV module. It can analyze the P~V characteristic
curve of the PV module in a wide range, and then capture MPP. Therefore, this technique
can also be applied to PV arrays. In addition, an H-bridge inverter combined with an AFDC
control strategy are used in the system which can generate high-quality output power.
However, if this AFDC control strategy is used in a three-phase inverter, additional phase
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shift control must be added to facilitate the use of different inverters. As the proposed
novel control strategy design has been used for conventional solar power generation
system hardware, the control strategy can suitably be expanded to larger stand-alone solar
power generation systems. It can even be used in grid-connected and hybrid solar power
generation systems.

In the future, the proposed control strategy can be applied to other renewable energy
systems and integrated with the grid and energy storage systems. Further extensions could
involve combining it with high-gain power converters to alleviate the burden of voltage
boost, thereby enhancing the performance of various renewable energy systems.

Author Contributions: Conceptualization, H.-D.L., J.-T.L. and X.-W.L.; formal analysis, H.-D.L.,
J.-T.L. and X.-W.L.; investigation, H.-D.L., J.-T.L. and X.-W.L.; software, H.-D.L., J.-T.L. and X.-W.L,;
methodology, H.-D.L., J.-T.L. and X.-W.L.; data curation, H.-D.L., ].-T.L. and X.-W.L.; visualization
H.-D.L, J.-T.L. and X.-W.L.; funding acquisition, H.-D.L.; supervision, H.-D.L.; writing—original
draft, H-D.L.,, J.-T.L., X.-W.L., C.-H.L. and S.-A.F,; writing-review & editing, H.-D.L., ].-T.L., X.-W.L,,
C.-H.L. and S.-AF. All authors have read and agreed to the published version of the manuscript.

Funding: This research is funded by the National Science and Technology Council, Taiwan, R.O.C.,
grant number NSTC 112-2221-E-003-003, and NTUS innovation cooperation 11212151003.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

Iy Output current of the solar cell Sa,Sp, Sc, Sp  H-bridge inverter’s power
MOSFET

Ly, Photo-generated current Ly Inductor of low-pass filter

Irs Reverse saturation current C1 Capacitor of low-pass filter

Vpw  Solar cell output voltage fs Switching frequency

Rs Solar cell equivalent series resistance Al Peak-to-peak inductor current

Rg,  Solar cell equivalent parallel resistance Uo(t) The system output AC voltage

Vi Thermal voltage Q Phase difference

A Diode ideality factor Vrms Root mean square voltage of
system output

Vi Thermoelectric voltage fo Resonant frequency

N;  Number of solar cells connected in series ~ v(!) Fundamental frequency voltage

k Boltzmann constant i Fundamental frequency current

T Kelvin temperature Parameter x of Equation (15)

X
q Electric charge y Parameter y of Equation (15)
k; Current factor z Parameter z of Equation (15)
ky Voltage factor a Parameter a of Equation (16)
S1 Boost converter’s power MOSFET b Parameter b of Equation (16)
c

L Boost converter’s inductor Parameter c of Equation (16)
Dy Boost converter’s diode Vs Sinusoidal control signal
Co Boost converter’s capacitor Vi Triangular wave
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